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Preface 

he first question any lover of classical music usually asb an acoustician 

is, "Which are the best halls in the world?" The response-the three halls 

rated highest by world-praised conductors and music critics of the largest newspapers 

were built in 1870, 1888, and 1900-always prompts the next query: "Why are 

those so good while many halls built after 1950 seem to be mediocre or failures?" 

You will find answers to these questions in this book the result of a half-century's 

research into the very complex field of acoustics of halls for music. 

The dialog re-enacted above bears a close resemblance to another illustration 

that typically troubles music lovers. They frequently asl<, "Why is a Stradivarius 

violin so good and so many built since then not in the same league?" In this case, 

we know that Antonio Stradivari, working at the turn of the eighteenth century, 

employed the utmost skill, a good ear, and perhaps a little luck to capture the dozens 

of details that mal<e up a great violin. Subsequent violinmal<ers have learned that 

only by producing close copies of his masterpieces can they expect their instruments 

to be highly acceptable. 

Indisputably, the acoustics of halls for music are more diverse than those of 

violins . .& this book will explain in depth, halls for music encompass a broader 

range of different types with very different acoustics, and one should always remem­

ber that composers often wrote music for a particular concert hall or opera house. 

Consequently, a given composition usually sounds best when performed in its in­

tended acoustics. For instance, Gregorian chants were written for performance in 

large churches with high reverberance; a small, quiet church never comes close to 

doing it justice . .& Chapter 1 discusses, compositions of different musical periods­

Baroque, Classical, or ROmantic, for example-sound best in halls whose rever­

beration times vary from medium low to relatively high. Can one hall serve all 

purposes? Halls with variable acoustics are among those treated here. 
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Since we can, today, identify the acoustical characteristics of the finest halls 

in existence, we could create an unerring duplicate of anyone of the several best 

and thus reproduce its acoustics exactly. Why not do so? Because building com­

mittees generally select architects not to make exact copies of a great hall but to do 

something original and visually inspiring, with the hope that the ha!!s wi!! have exce!!ent 

sound. Most architects will not argue with that approach. who would be awarded 

an architectural prize for the construction of an exact copy? Consequently, the 

acoustical consultant is faced with a dilemma. To have the best acoustics, the hall 

should be close in design to one of the great halls-and should yield similar electro­

acoustic data when measured. So the consultant usually follows a subtle path, push­

ing for as many similarities as possible and making recommendations, where dif­

ferences occur, of features-often novel-that may salvage the new design. 

For every new hall, with its untried acoustics, opening night may become a 

trial by fire. of course, the local orchestra and conductor may do all in their power 

to adapt their playing style to the new acoustics, as the history of the Philadelphia 

Academy of Music in Chapter 1 illustrates. But well-traveled music critics, often 

in attendance only this once, may judge the acoustics of the new venue against those 

of the four or five top-ranked old halls, and opening night reviews may set the 

reputation of the hall, negatively, for years to come. On occasion, these assessments 

turn out to be unjust, failing to account for how a hall's acoustics may be adjusted 

over time or the possible misuse of the hall that first night. Such bad fortune befell 

one important hall that was designed for a standard-sized orchestra playing the bnds 

of compositions that maIze up the bulk of the repertoire of today's symphonic con­

certs. For the opening night, however, the conductor chose a new composition, with 

a double-sized orchestra and a chorus of several hundred. The stage had to be 

extended to over twice its normal size, and the choristers in the baclz row stood on 

bleachers so high that their heads threatened to touch the stage ceiling, thus am­

plifying their voices unevenly. In some parts of the composition, the musicians 

created unusually loud sound effects, in one case by hitting a suspended three-meter 

section of railroad traclz with a sledge hammer. Nearly everybody in the audience 

went home with a headache. The music critic's response? The hall was at fault. 

Following the first chapters, which establish a base for understanding the ef­

fects of acoustics on composers, performers, and listeners, and guiding the reader 

to a common vocabulary, the bullz of this book, Chapter 3, contains the write-ups, 

photographs, drawings, and architectural details on 100 existing halls in 31 coun­

tries. Thirty of the halls are completely new. Although the remainder appeared in 

earlier boolzs by the author, the materials have been updated wherever necessary. 

The later chapters present the relation of a hall's acoustics to its age, shape, type 
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of seats, and the materials used for the walls and ceiling. The sequence of events 

that led to Boston Symphony Hall's excellent acoustics, which opened in 1900, is 

covered in detail-although it went through a troubled first few years because the 

leading local music critic considered the predecessor hall as better. Detailed discus­

sions also appear for balcony, box, stage, and pit designs. All the known electro­

acoustical measurements on 100 existing halls are examined and compared with 

the rank orders of 58 concert halls and 21 opera houses that were obtained from 

interviews and questionnaires. Finally, the optimal electro-acoustical results are pre­

sented for concert halls and opera houses used for today's repertoires. 

Three appendices supplement the chapters: the first gives definitions of all of 

the major acoustical and architectural terms and symbols used in the book; the 

second provides the electro-acoustical data available on the 100 halls; and the third 

presents in tabular form much of the dimensional and electro-acoustical data for 

the 100 halls. 
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For the "biographies" of the 100 halls, the architectural drawings for 64 were 

produced by Richard Shnider, 30 by the late wilfred Malmlund, and 6 by Daniel 

Chadwick. Important editorial assistance on the first two chapters was rendered by 

Ondine E. Le Blanc. 

To all of the above, lowe my deepest thanks. 

LEO BERANEK 

October 2003 

t 



Contents 

Preface Vl1 

CHAPTER ONE 

~USIC AND dCOUSTICS 

What Are Good Acoustics? 1 

Acoustics and the Performers 3 

Conductors 3 

Performers 7 

Acoustics and Musical Periods 8 

Baroque Period 8 

Classical Period 10 

Romantic Period 12 

Twentieth-Century Music 13 

European Opera 14 

Acoustics and Listeners 15 

1 



xii 

CHAPTER Two 

~E YANGUAGE OF 

~USICAL cmCOUSTICS 19 

Definitions and Explanations of Selected Terms 19 

Reverberation and Fullness 0/ Tone 20 

Direct Sound, Early Sound, Reverberant Sound 23 

Early Decay Time (EDT) (Also Early Reverberation Time) 23 

Speed 0/ Successive Tones 24 

Definition (or Clarity) 24 

Resonance 27 

Intimacy or Presence and Initial-Time-Delay Gap 27 

Liveness and Mid-Frequencies 29 

Spaciousness 29 

Warmth 30 

Listener Envelopment 30 

Strength of Sound and Loudness 30 

Timbre and Tone Color 31 

Acoustical Glare 31 

Brilliance 32 

Balance 32 

Blend 32 

Ensemble 32 

Immediacy 0/ Response (Attack) 33 

Texture 33 

Echoes 33 

Dynamic Range and Background Noise Level 33 

Detriments to Tonal Quality 35 

Uniformity 0/ Sound in Audience Areas 35 

Summary 0/ the Musical Qualities Affected by Acoustics 35 

CONTENTS 



Contents 

CHAPTER THREE 

{)NE @UNDRED c&ONCERT 

~LLS AND {)PERA @~USES 

(See listing on p. xvii) 

CHAPTER FOUR 

37 

~OUSTICS OF c&ONCERT ~LLS 491 

Rank-Orderings of Acoustical Quality of 58 Concert Halls 

Developed from Interviews and Questionnaires 494 

Reverberation Time: Musicians' Preferences 495 

Reverberation Time for Occupied Halls 497 

Architectural Basics 498 

Age 498 

Shape 499 

Music Power 500 

Audience Absorption and Type of Chairs 501 

Materials for Walls, Ceiling, and Stage 502 

Physical Measures of Acoustical Quality 503 

Reverberation Time (RT) 503 

Early Decay Time (EDT) 505 

Binaural Quality Index (BQ!) 506 

Loudness, the Strength of the Sound (G) 509 

Warmth, Bass Ratio (BR) and Bass Strength (Glow) 512 

Intimacy, Initial-Time-Delay Gap (ITDG) 513 

Lateral Fraction (LFE4) 519 

Acoustical "Glare" and Sur/ace Di/lusivity Index (SD!) 521 

Listener Envelopment 524 

xiii 



xiv 

Clarity 525 

Texture 527 

Orthogonality 0/ Objective Acoustical Measures 528 

CONTENTS 

Special Structures for Reducing Acoustical 'iolare" and for Diffusing Sound 528 

BriRiance 533 

Noise, Vibration and Echo 534 

Further Architectural Considerations 535 

Pre/erred Values for Acoustical Parameters 535 

Preliminary Design Procedures 538 

Stage Design 541 

Balconies 545 

Models 545 

Multipurpose Halls 549 

Architectural Design of Chamber Music Halls 550 

Concluding Remarks 552 

CHAPfERFIVE 

@¢CaUSTICS OF {)PERA @oUSES 553 

Questionnaire Rank-Orderings of Acoustical 

Quality of 21 Opera Houses 554 

Objective Measurements of the Acoustical 

Properties of 23 Opera Houses 556 

Measurement Procedure 556 

Sound Quality Parameters 559 

Orchestra Pits 564 

Types 0/ Orchestra Pits 565 

Boxes and Balconies 968 

Echo and Distortion 570 

Concluding Remarks 573 



APPENDIX 1 Terminology, Definitions, and Conversion Factors 575 

APPENDIX 2 Acoustical Data for Concert Halls & Opera Houses 583 

APPENDIX 3 Equations, Technical Data, and Sound Absorption 615 

Bibliography 641 

Name Index 647 

Subject Index 653 



Concert Halls and Opera Houses 

UNITED STATES 

1 Aspen, Colorado, Benedict Music Tent 39 

2 Baltimore, Joseph Meyerhoff Symphony Hall 43 

3 Boston, Symphony Hall 47 

4 Buffalo, Kleinhans Music Hall 51 

5 Chicago, Orchestra Hall in Symphony Center 55 

6 Cleveland, Severance Hall 61 

7 Costa Mesa, California, Orange County Perfo=ing Arts Center, 67 

Segerstrom Hall 

8 Dallas, Eugene McDermott Concert Hall in Morton H. 75 

Meyerson Symphony Center 

9 Denver, Boettcher Concert Hall 81 

10 Fort Worth, Texas, Bass Perfo=ance Hall 85 

11 Lenox, Massachusetts, Seiji Ozawa Hall 89 

12 Lenox, Massachusetts, Tanglewood, Serge Koussevitzky 93 

Music Shed 

13 Minneapolis, Minnesota Orchestra Association Orchestra Hall 99 

14 New York Avery Fisher Hall 103 

15 New York, Carnegie Hall 107 

16 New York, Metropolitan Opera House 113 

17 Philadelphia, Academy of Music 119 



xviii CONCERT HALLS AND OPERA HOUSES 

18 Philadelphia, Verizon Hall in the Kimm.el Center for the 

Performing Arts 

123 

19 Rochester, New York, Eastman Theatre 129 

20 Salt Lake City, Abravanel Symphony Hall 133 

21 San Francisco, Louise M. Davies Symphony Hall 137 

22 San Francisco, War Memorial Opera House 141 

23 Seattle, Benaroya Hall 145 

24 Washington, DC, John F. Kennedy Center for the Performing 149 

Arts, Concert Hall 

25 Washington, DC, John F. Kennedy Center for the Performing 153 

Arts, Opera House 

26 Worcester, Mechanics Hall 

ARGENTINA 

27 Buenos Aires, Teatro Co16n 

AUSTRALIA 

28 Sydney, Concert Hall of the Sydney Opera House 

AUSTRIA 

29 Salzburg, Festspielhaus 

30 Vienna, Grosser Musikvereinssaal 

31 Vienna, Konzerthaus 

32 Vienna, Staatsoper 

BELGIUM 

33 Brussels, Palais des Beaux-Arts 

BRAZIL 

34 Sao Paulo, Sala Sao Paulo 

157 

161 

165 

169 

173 

177 

181 

185 

189 



Concert Halls and Opera Houses 

CANADA 

35 Montreal, Salle wilfrid-Pelletier 

36 Toronto, Roy Thompson Hall 

CHINA 

37 Hong Kong, Cultural Center, Concert Hall 

38 Shanghai, Grand Theatre 

DENMARK 

39 Copenhagen, Radiohuset, Studio 1 

40 Odense, Nielsen Hall in Odense Koncerthus 

ENGLAND 

41 Birmingham, Symphony Hall 

42 Sussex, Glyndebourne Opera House 

43 Liverpool, philharmonic Hall 

44 London, Barbican, Concert Hall 

45 London, Royal Albert Hall 

46 London, Royal Festival Hall 

47 London, Royal Opera House 

48 Manchester, Bridgewater Hall 

FINLAND 

49 Lahti, Sibelius/talo 

FRANCE 

50 Paris, Opera Bastille, 

51 Paris, Opera Garnier: 

52 Paris, Salle Pleyel 

193 

197 

201 

207 

211 

215 

219 

225 

229 

233 

237 

245 

249 

253 

257 

263 

267 

271 



xx CONCERT HALLS AND OPERA HOUSES 

GERMANY 

53 Baden-Baden, Festspielhaus 

54 Bayreuth, Festspielhaus 

55 Berlin, Kamme=usiksaal der philha=onie 

56 Berlin, Konzerthaus Berlin (fo=erly, Schauspielhaus) 

57 Berlin, Berlin philha=onie 

58 Bonn, Beethovenhalle 

59 Dresden, Semperoper 

60 Leipzig, Gewandhaus 

61 Munich, Herkulessalle 

62 Munich, philharmonie am Gasteig 

63 Stuttgart, Liederhalle, Beethovensaal 

GREECE 

64 Athens, Megaron, the Athens Concert Hall 

HUNGARY 

65 Budapest, Magyar Allami Operahaz 

66 Budapest, Patria Hall, Budapest Convention Centre 

IRELAND 

67 Belfast, Waterfront Hall 

IS RAE L 

68 Jerusalem, Binyanei Ha'Oomah 

69 Tel Aviv, Fredric R. Mann Auditorium 

ITALY 

70 Milan, Teatro Alia Scala 

71 Naples, Teatro di San Carlo 

277 

283 

289 

293 

297 

301 

305 

309 

315 

319 

325 

331 

335 

339 

343 

347 

351 

355 

359 



Concert Halls and Opera Houses 

JAPAN 

72 Kyoto, Concert Hall 

73 Osaka, Symphony Hall 

74 Sapporo, "Kitara" Concert Hall 

75 Tokyo, Bunka Kaikan 

76 Tokyo, Dai-ichi Seimei Hall 

77 Tokyo, Hamarikyu Asahi Hall 

78 Tokyo, Metropolitan Art Space Concert Hall 

79 Tokyo, New National Theatre, Opera House 

80 Tokyo, NHK Hall 

81 Tokyo, Orchard Hall 

82 Toho, Suntory Hall 

83 Tokyo, Tol"yo Opera City, Concert Hall 

MALAYSIA 

84 Kuala Lumpur, Dewan Filharmonil" Petronas 

MEXICO 

85 Mexico City, Sala N ezahualcoyotl 

NETHERLANDS 

86 Amsterdam, Concertgebouw 

87 Rotterdam, De Doelen, Concert Hall 

NEW ZEALAND 

88 Christchurch, Christchurch Town Hall 

NORWAY 

89 Trondheim, Olavshallen 

363 

367 

371 

375 

381 

385 

389 

393 

399 

403 

407 

411 

417 

421 

425 

429 

433 

437 

XXI 



xx;; CONCERT HALLS AND OPERA HOUSES 

SCOTLAND 

90 Edinburgh, Usher Hall 

91 Glasgow, Royal Concert Hall 

SPAIN 

92 Madrid, Auditorio Nacional de Musica 

93 Valencia, Palau de la Musica 

SWEDEN 

94 Gothenberg, Konserthus 

SWITZERLAND 

95 Basel, Stadt-Casino 

96 Lucerne, Culture and Congress Center, Concert Hall 

97 Zurich, Grosser Tonhallesaal 

TAIWAN 

98 Taipei, Cultural Centre, Concert Hall 

VENEZUELA 

99 Caracas, Aula Magna 

WALES 

100 Cardiff, St. David's Hall 

441 

445 

449 

453 

457 

461 

465 

471 

475 

479 

485 



CONCERT 

HALLS AND 

OPERA 

HOUSES 

t 



* (f)(f)(f)(f) O N E (f)(f)(f)(f) * (f) (f) 
(f) (f) 
(f) (f) 
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(f) (f) 
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(f) 

* 
(f) 

(f) (f) 
(f) ) (f) HAT ARE GOOD ACO STICS? 

(f) Every concert hall and opera house has its own distinct (f) 
(f) acoustics . Any music lover, of course, feels the effect of a hall's (f) acoustical design, often without realizing its importance- unless 

(f) he or she has made a practice of listening to music in many dif- (f) ferent venues . Consequently, an attempt to determine which acous-

(f) tical qualities concertgoers prefer usually elicits recollections about 

(f) the particular concerts that gave a listener the deepest pleasul'e. For 

(f) (f) 

* (f)(f)(f)(f)(f)(f)(f)(f)(f)(f) * 
L. Beranek, Concert Halls and Opera Houses
© Springer-Verlag New York, Inc. 2004
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that individual, a number of elements come together to create that pleasure-the 

composition, the conductor, the orchestra, and the hall must in combination be 

excellent to produce a memorable listening experience. For the music professional, 

however, whether a conductor, a performer, or an acoustical engineer, it is vital to 

distinguish among these ingredients and to understand what each contributes to 

the totality. 

AlthQugh that task requires a precise language and a correspondingly concrete 

understanding of acoustics, most musicians and music lovers can agree in general 

on what makes a "good" concert hall. It must be so quiet that the very soft (pp) 
passages are clearly audible. It must have a reverberation time long enough to carry 

the crescendos to dramatic very loud (If) climaxes. The music must be sufficiently 

clear that rapidly moving violin passages do not melt into a general "glob." The hall 

should have a spacious sound, making the music full and rich and apparently much 

"larger" than the instrument from which it emanates. It must endow the music 

with a pleasant "texture," an indescribable, but hearable, quantity that can be dem­

onstrated by electronic measurements. The bass sounds of the orchestra must have 

"power" to provide a solid foundation to the music. Finally, there should be no 

echoes or "source shift"; that is to say, all or part of the orchestra should not seem 

to originate at some side or ceiling surface. 

In an effort to pin down, in physical terms, the qualities that mal~e up this 

optimum listening experience, I have interviewed well over a hundred conductors 

and music critics about their acoustical preferences. Those interviews have resulted 

in the ranl~-ordering of 58 concert halls according to their acoustical quality for 

today's symphonic repertoire (see Chapter 4). Physical measurements of the acous­

tics were made in these halls using the latest in electronic equipment. An analysis 

of the subjective responses made it apparent that of all acoustical elements, rever­

beration time comes to a conductor's mind first, because it directly affects his ability 

to achieve the clarity, fullness of tone, and phrasing consistent with his interpre­

tation of the composer's intention. 

N early all of my interviewees preferred to perform or listen to music of the 

classical and romantic periods in rectangular halls with reverberation times that fell 

into a specific window: between 1.7 and 2.1 secs, measured at mid-tones with the 

hall fully occupied. A shorter reverberation time, however, can provide a different 

benefit: halls with reverberation times at 1.5 sec or below seem to hone the overall 

performance quality of their home orchestras. At the Philadelphia Academy of 

Music (1.2 secs), the Cleveland Severance Hall (1.5 sec before recent revisions; 

now 1.6 sees), and Chicago Orchestra Hall (1.2 sec before recent revisions; now 

1.75 secs), for example, an orchestra must play precisely because no lingering re­

verberation smoothes over slight imperfections. Many thinl~ that the resident or-
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chestras in those three halls, at least in the years before the recent renovations, 

ranked highest in performance in the United States. Let us now review the question 

of good acoustics as viewed by performers, composers, and well-traveled listeners. 

mCOU STIC S AND THE PERFORMERS 

Conductors 

Herbert von Karajan, music director of the Berlin Philharmonic Orchestra, 

the Vienna philharmonic, the Vienna Staatsoper, and the Salzburg Festival for 

various overlapping time periods from 1955 until his death in 1989, was keenly 

aware of the acoustics of different music halls, as any well-traveled conductor must 

be. He also did not retreat from sharing his opinions. In 1943, for example, he 

wrote a damning criticism of the new Berlin Staatsoper: "I was obliged [after four 

concerts] to conclude that it is so constituted that a realization of the l<ind of 

performance I am expected to produce is not possible" [Karajan letter to H. Tietjen, 

12 May 1943, Osborne, Random House, Karajan, 1998, p. 164]. In 1956, he 

wrote to the competition judges of the prospective Philharmonie Hall in Berlin with 

his support for a particularly innovative design. "of all the designs submitted," he 

said, "one [by Architect Hans Scharoun] seems to stand out above the others; which 

is founded on the principle that the performers should be in the middle .... It seems 

to me ... that this arrangement with the orchestra centrally placed will be better 

suited than any known hall to the musical style of the Berlin Philharmonic" [Os­

borne, Karajan, p. 476]. With these well-placed words, Karajan helped break the 

tradition of the European rectangular hall as the only accepted performing space 

for symphonic music. 

In this situation, the judges most certainly valued Karajan's opinion as a 

performer, but other factors also unquestionably influenced them-factors that are 

evident in the completed hall. The space is visually breathtaking, at least on a first 

visit, particularly if one enters at one of the upper "vineyard" levels (See Hall 

No. 57, Chap. 3). The city also, undoubtedly, sought something different, some­

thing to attract attention. The choice did result in certain trade-offs, however: many 

of the seats in a surround hall are acoustically inferior to those in the great tradi­

tional shoebox halls. of course, the loss is balanced by a gain: listeners behind the 

stage trade acoustical quality for the opportunity to see the conductor face-on and 

to feel closer to the performers. 

The Berlin experiment, and other innovations in performance space around 

the world, demonstrates nothing if not that different halls provide different acoustics 
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almost always with a degree of give and take, of value lost and found. Karajan's 

preferences notwithstanding, conductors typically learn to play in and value the 

acoustics of their home space, thus adapting themselves and their orchestras to 

one hall's" strengths" and "weaknesses." At Philadelphia's Academy of Music, both 

Leopold Stokowski (conductor from 1912 to 1936) and his successor, Eugene 

Ormandy (from 1936 to 1980), taught the players of the Philadelphia Orchestra 

to stretch out the endings of notes so as to simulate the effects of hall reverberation; 

the violinists even had to learn to bow out of unison. These techniques would seem 

to defy logic, but in fact both conductors knew the same thing: the Academy had 

"dry" acoustics, which robbed music of the usual fullness it would derive from a 

hall's reverberation. * 

In the 1930s, Stokowski in Philadelphia and Serge Koussevitzky of the Bos­

ton Symphony Orchestra became objects of study for some students of acoustics 

at Harvard University. Isolating the different conducting techniques that each man 

used, the students deduced that each had adopted his approach to achieve his in­

dividual musical style in the distinct acoustics of his home hall. 

Stokowski was lmown for his emphasis on orchestral color-bar to bar and 

phrase to phrase-as well as on a long, rich, flowing melodic line. The dry, clear, 

warm acoustics of the Academy, however, lend high definition and rather low fullness 

of tone to compositions performed in it. The Harvard study suggested the bridge 

between his style and this space, surmising that Stokowski had developed an or­

chestral technique that rounded and prolonged the attack and release of each tone, 

tended to blend successive notes, and gave the performance a flowing sill~y tone. He 

required his violists to practice free bowing to assure smooth orchestral texture. The 

violas, cellos, and bases were coached to produce a smooth, rich foundation to the 

full ensemble. Stokowski's individual style became especially apparent when he con­

ducted in other halls, albeit perhaps not with the same effect as in the Academy of 

Music. 

Koussevitzky also emphasized orchestral color, but the lively acoustics of Bos­

ton's Symphony Hall favored that goal. The Harvard acoustics group observed that 

Koussevitzky made his attacks and releases more abrupt than Stokowski's, and he 

depended on the hall to enhance the fullness of tone. The bowing techniques of the 

cellos and basses were not so critical, since the reverberation of the hall elongates 

* It was said that Karajan emulated Stokowski's bowing techniques. Walter Legge, who was the classical­

recording manager of the British gramophone company EMI, put it this way in 1953, "[Karajan and IJ 

worked together for years on the theory that no entrance must start without the string vibrating and the 

bow already moving, and when you get a moving bow touching an already vibrating string, you get a beautiful 

entry. But if either of those bodies is not alive and already moving, you get a click, and Karajan had already 

calculated all that" (Osborne, Karajan, p. 307).J 
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and rounds the tones. Koussevitzky's violin tone-ringing, brilliant, and loud­

came easily in the acoustics of Symphony Hall, so much so that even slight im­

precisions could go unnoticed-something that Koussevitzky would not have tol­

erated had they been perceptible. He loved to build up a dramatic conclusion to an 

allegro finale, an effect particularly suited to the acoustics of Symphony Hall. 

Stokowski and Koussevitzl~y were themselves well aware of the different acous­

tics of their two halls. Each of them developed his technique to achieve his greatest 

perfection in his own hall and then strongly preferred that hall to all others. Kous­

sevitzky is known to have said, "the Academy of Music is good, but not nearly as 

good as Symphony Hall." And Stolwwski said, "Symphony Hall has good but not 

outstanding sound. The Academy of Music is the best concert hall in America. It 

has natural clear sound." 

Audiences also sensed the differences in the two men's techniques. An annual 

visit to Boston by the Philadelphia Orchestra prompted comments about the" over­

smooth, too-silky tone." In Philadelphia, the tone of the reciprocating Boston Sym­

phony Orchestra was described as "crisp, too clearly molded, and sometimes slightly 

imprecise." Both reactions are eminently understandable. The result was that many 

years ago the two orchestras ceased visiting each other's hall-the reason given then 

was that the halls were unable to sell enough seats in either city. And today? The 

Boston Symphony Orchestra does not perform in Philadelphia's Academy of Music 

and the Philadelphia Orchestra only comes to Boston's Symphony Hall about once 

in five years as part of a local banl~' s "Celebrity Series." 

Maestro James De Preist, Music Director of the Oregon Symphony, has had 

extensive experience in three of America's important East Coast halls, including 

the Academy of Music. Asked for his thoughts on the different reverberation times 

in these performing spaces, he wrote: 

A native Philadelphian, I grew up immersed in the splendid, luxurious velvet of the 

Philadelphia Orchestra. Hearing concerts in the highest perches of the Academy of 
Music remains one of the most vivid memories of my teen years. Not until years later, 

when I made my conducting debut with the Orchestra, did I realize how hard the mu­

sicians had to wor!. to produce the "Philadelphia Sound." 

Every concert hall has its individual acoustics, which demand different adjust­

ments and accommodations of the orchestra that plays there. The conductor in particular 

develops the performance of a composition in accordance with those acoustics-adjusting 

tempo, dynamics, structural spacing-to fashion an interpretation. The Academy of 

Music, with its dry acoustics [short reverberation time] that absorbs and even chokes 

sound, impedes leisurely tempi and long soaring lines. In response, the orchestra's con­

ductors have required endless bow arms of the players and directed them to attack and 

s 
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sustain notes in order to make the music "sing." That effort to compensate for the 

dryness of the hall, of course, had produced the orchestra's trademark opulence-its rich 

blending sonorities. 

I discovered the challenges of the Academy when I began working with the phila­

delphia Orchestra. It was in 1972 and I had chosen Schoenberg's ultra-romantic Pelleas 

and Melisande because I knew it would suit the rich, expansive sonority of the orchestra. 

Only when I stepped on stage for the first rehearsals did I realize that the dry acoustics 

of the hall undennined my plans for dynamics and tempi. However, the players' experi­

ence and intimate lmowledge of the hall allowed us to realize the printed dynamics of 

the composition. More than a decade later, albeit much more experienced with my or­

chestra and my hall, I encountered similar difficulties during rehearsals of Mahler's Fifth 

Symphony: diminuendi evaporated too abruptly and the exquisite pp and ppp string 

playing, which sounded fine to me on the podium, was but a hollow vapor in the hall. 

Because the Philadelphia Orchestra repeated this same program at Carnegie Hall, 

we had an opportunity to compare the effects of the two vastly different halls on the 

same orchestration-and to find out how the Philadelphians could exploit their distinc­

tive sound in a more helpful acoustic. Anthony Gigliotti, the orchestra's longtime prin­

cipal clarinet, felt that over time the Academy's acoustic became drier and drier, and by 

comparison the sound of the orchestra bloomed during its visits to Carnegie. The Mahler 

performance bore out his appraisal-in Carnegie Hall I could encourage the softest 

pianissimi and allow the hall to playa role in sustaining the notes. Although the ad­

justments were quite subtle-really a matter of recalibrating dynamics-Academy sub­

scribers who attended the Carnegie Hall program claimed that they had never before 

heard the full splendor of The Philadelphia Orchestra. 

A few years ago I had the chance to compare the effects of two very different 

acoustics in two halls on the playing techniques of their home orchestras-Boston Sym­

phony Hall and Philadelphia Academy of Music. The Boston Symphony Orchestra, 

playing in its legendary Hall, offered a Brahms 2nd Symphony that was lean, angular 

and sharply etched with splendid clarity: a crisp and highly articulated Brahms, which 

was ideal for the Hall's long reverberation time. A great hall tends to be permissive and 

inviting in the process of music making. A few months later I conducted the Philadelphia 

Orchestra in the Academy of Music. As with Boston, I invited the orchestra to repose 

into the Brahms of their tradition-a more rounded and expansive performance. The 

results were shaped as much by the acoustics of the hall as by any other factor. Both of 

these magnificent orchestras are products of their environments as their respective sonic 

profiles witness. 

As with every orchestra, the Philadelphia developed its sound in response to the 

acoustics of its home, and although some might view the blanl~eting effect of the Acad-
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emy as a drawback, it has in fact demanded of its musicians, lushness, a distinctive 

expansiveness, that would never have been realized in a more forgiving hall. 

Performers 

Conductors experience acoustics in relation to the orchestra as a whole; per­

formers, and especially soloists, need to think about the sound of their particular 

instrument in a space. Depending on the instrument he or she plays, a performer 

may react differently to an acoustical environment. As noted before, violins can 

suffer from a space that is too reverberant or too dry, and thus prefer a fine balance. 

Isaac Stern has explained this in detail: 

Reverberation is of great help to a violinist. As he goes from one note to another the 

previous note perseveres and he has the feeling that each note is surrounded by strength. 

When this happens, the violinist does not feel that his playing is bare or "naked" -there 

is a friendly aura surrounding each note. You want to hear clearly in a hall, but there 

should also be this desirable blending of the sound. If each successive note blends into 

the previous sound, it gives the violinist sound to work with. The resulting effect is velY 

flattering. It is lil~e walking with jet-assisted tal,eoff. 

Although both are keyboards, organs-especially pipe organs-and pianos 

illustrate just how divergent the needs of different instruments can be. Pianists 

appear to be satisfied with spaces less reverberant, "dryer," on the whole, than those 

preferred by other instrumentalists. One rarely hears a pianist complain of a short 

reverberation time with the same dissatisfaction as a violinist, probably because, 

when chordal change is slow, the pianist has a sustaining pedal that can prolong 

notes. Because there is a technique for merging a tone with its successor, and because 

the piano is itself loud and reverberant, the pianist depends more on his performance 

than on the hall to create the desired effects. Music for the pipe organ, on the other 

hand, needs special consideration. Since the organ has no sustaining pedal, the tone 

stops very soon after a l~ey is released. The performer can, with considerable effort, 

achieve some fullness of tone, but technique alone can never fully substitute for 

reverberation. 

As a result, much music for the organ has developed such that it depends on 

reverberation. E. Power Biggs, a prominent twentieth-century organist, wrote: 

An organist will take all the reverberation time he is given, and then ask for a bit more, 

for ample reverberation is part of organ music itself. Many of Bach's organ worl~s are 
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designed actually to exploit reverberation. Consider the pause that follows the orna­

mented proclamation that opens the famous Toccata in D minor. Obviously, this is for 

the enjoyment of the notes as they remain suspended in air. In harmonic structure, 

Mendelssohn's organ music is tailored to ample acoustics, for the composer played fre­

quently in the great spaces of St. Paul's Cathejral in London. Franck's organ music, 

like that of Bach, frequently contains alternation of sound and silence, and depends for 

its effect on a continuing trajectory of tone. In general, a reverberation period of at least 

two seconds, and preferably more, is best for organ and organ music. 

The performance spaces that dominated Europe, and North America, since the 

Renaissance have shaped, or were sometimes shaped by, the styles of music that 

prevailed through different periods in modern history. Today, this acoustical give­

and-take continues to influence efforts to match compositions with appropriate 

halls. So although the pipe organ itself cannot fake reverberation, the great com­

poser of organ music thought in terms of highly reverberant spaces and thus created 

compositions that still depend upon the acoustic of architecture at a particular 

moment in history. 

~COUSTICS AND MUSICAL PERIODS 

The conductor and performer, presented with a composition and a space in 

which to play it, meet the challenge of making that piece shine in that environment, 

no matter the disadvantages of the match. The composer, on the other hand, has 

often enjoyed the advantage of creating a piece of music with a particular space, or 

kind of space, already in mind. Obviously, the reverberation a composer imagined 

while working depended on the architecture that dominated musical performance 

in his surroundings. Consequently, we can look back upon a history of musical 

periods with particular and sometimes very divergent acoustical demands. 

Baroque Period 

In spite of differences in the music written between 1600 and approximately 

1750 by European composers scattered, the term Baroque gives us a convenient 

designation for the contrapuntal style from that period, a style best exemplified by 

Bach and Handel in the north of Europe and Correlli and Vivaldi in Italy. This 

century and a half witnessed the evolution of music from an unaccompanied choral 

song to a more highly rhythmic, harmonic-thematic balance in which voice and 

instrument frequently combined and the parts were not all of equal melodic interest. 
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The spacing of instrumental colors and the emphasis on contrast also typified Ba­

roque music; with each movement confined to a fixed palette, the variety occurred 

only from one movement to another. 

Acoustically, the Baroque period developed in two very divergent performance 

spaces, one highly reverberant and the other with high definition and low fullness 

of tone. Wholly famJiar with these acoustical environments, the Baroque composer 

wrote music to suit them. Secular music, or Baroque orchestral music, generally 

found its audience in the dry acoustic-in the rectangular ballroom of a palace, for 

instance, which had considerable intimacy, or in small theaters that replicated these 

private spaces. In either case, these were relatively small rooms with hard, reflecting 

walls and, when occupied, a reverberation time longer than that of a conventional 

living room, yet low-less than 1.5 sec. In the small theaters, such as Munich's 

Altesresidenz Theater (opened in 1753), the music sounded intimate because of 

the many nearby sound-reflecting surfaces; when full, it had an especially short 

reverberation time. Even today, we prefer to listen to this highly articulated music 

in a small space with fairly low reverberation time. 

The spaces avaJable for Baroque sacred music covered an unusually diverse 

range, presenting composers with certain challenges and possibilities. Bach may be 

the composer who best exploited that range. Because most of the important 

churches of the eighteenth century were very large and highly reverberant, listeners 

continued to prefer these for the musical forms of earlier times, such as the plain­

chant. On the other hand, much of the sacred music of this period was written for 

performance in private royal or ducal chapels with low reverberation times; to these 

rooms we owe the brisl< tempos of Bach's early fugues. Furthermore, during this 

same period, Europe saw the spread of converted and newly buJt Lutheran churches, 

in which the congregation occupied galleries as well as the main floor; the acoustics 

thus created were quite moderate-considerably less reverberant than that of the 

medieval cathedral. Hope Bagenal, the leading architectural acoustician of England 

in the mid-twentieth century, wrote, 

The reducing of reverberation in Lutheran churches by the inserted galleries, thus en­

abling string parts to be heard and distinguished and allowing a brisl. tempo was the most 

important single fact in the history of music because it lead directly to the St. Matthew 

Passion and the B-Minor Mass. 

Bach composed many choral works specifically for this unique environment 

and created many of his large works, including the B-Minor Mass and the St. 

Mathews Passion, during his tenure as cantor of the Thomasl<irche in Leipzig. 

Drawing on extant representations of the original Thomaskirche-lithographs and 

9 
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descriptions of the tapestries, altars, and other art works-we can estimate its acous­

tical qualities with a great deal of accuracy. The original building probably had a 

reverberation time of about 1.6 sec at mid-frequencies with a full congregation and 

of a little over 2 sec when partly full-a dry environment, as we would call it today, 

for ecclesiastical organ and choral music. B~ch was the supreme master of coun­

terpoint, the art of combining different melodic lines in a musical composition, and 

this environment made hearing the harmonic relationship between the lines ideaL * 

Classical Period 

From 1750 until roughly 1820, European audiences enjoyed music written 

in the "Classical" style. During this relatively short span of time, a wider secular 

appeal gave a new impetus to the composer. Although the church and the court still 

commissioned works throughout most of the eighteenth century, the growing in­

terest of music publishers, entrepreneurs, and purveyors of public entertainment 

increased the composer's influence and imposed changing demands on him. Haydn, 

Mozart, and Beethoven created their great symphonies in this period. 

From an acoustical point of view, the Classical symphony and sonata together 

constituted the most important development of the period. These forms typically 

synthesized a number of independent musical ideas-some related, some contrast­

ing-into a single unit. The way in which the ideas were put together-the struc­

ture of the music-sometimes became even more important than the musical ma­

terial itself. Characteristic of the Classical period is a diminished emphasis on the 

contrapuntal style, the new direction following the operatic idea of accompanied 

melody rather than the interweaving of equal parts that characterizes a Brandenburg 

Concerto. & Leonard Bernstein explains the Classical style in his The Joy 0/ Music 

[Simon and Schuster, New York, pp. 232-233 (1959)1: 

Counterpoint is melody, only accompanied by one or more additional melodies, running 

along at the same time .... [TJhis music is difficult for us to listen to .... Today, we 

are used to hearing melody on top with chords supporting it underneath like pillars­

melody and harmony, a tune and its accompaniment. 

Overall, the changes from Baroque to Classical resulted in a bigger sound, in which 

fullness and depth gained ground over the clarity and briskness that Bach had 

exemplified. In the Classical symphony, a wave of strings carried the main part of 

'After it acquired a higher c~Jing during a nineteenth-century renovation, the reverberation time at mid­

frequencies with full audience increased to about 1. 9 sec [L. Keibs and W. Kuhl, "Zur Akustik der Thomas­

kirche in Leipzig," AcusticQ, Vol. 9, pp. 365-370 (1959)]. 
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the melodic material, augmented by woodwind passages as these became more 

prominent. Bringing in the full orchestra emphasized larger movements. 

These new sounds developed concomitantly with the expanding audience. 

Growing in number throughout the eighteenth century, public concerts were per­

formed in London and Paris; by the end of the eighteenth century, public concerts 

became highly popular, owing mainly to historical and sociological developments 

but perhaps also to the new musical style. Significantly, Haydn composed twelve of 

his symphonies between 1791 and 1795 especially for Salomon's series of concerts 

at the Hanover Square Room in London. At the turn of the century, concert music 

as public entertainment spread across the continent, appearing in Leipzig, Berlin, 

Vienna, Stockholm, and elsewhere. 

While building in this period did reflect the growing popular appeal of or­

chestral performance, the architecture lagged behind the new potential of the music. 

The first real concert halls, built in the last half of the eighteenth century, still 

showed the influence of the court halls: they were almost all rectangular, seated 

audiences of 400 or fewer, and had relatively short reverberation times. The Holywell 

Music Room in Oxford, England, completed in 1748 and recently restored, seats 

about 300 and has a reverberation time of about 1.5 sec at mid-frequencies. Vi­

enna's Redoutensaal, which stood in Beethoven's time, seated an audience of 400 
people and had a reverberation time, with full audience, of about 1.4 sec at mid­

frequencies. The Altes Gewandhaus, which stood in Leipzig from 1780 to 1894, 
also seated 400 and had a reverberation time, when fully occupied, of not more 

than 1.3 sec at mid-frequencies. 

Toward the middle of the nineteenth century, the popular appeal of orchestral 

concerts became manifest in the construction of the first large halls specifically 

designed for concerts. These halls also had much longer reverberation times. For 

example, the old Boston Music Hall, which opened in 1863, retained the rectan­

gular shape of the earlier halls described above, but it seated 2,400 persons and had 

a reverberation time of over 1.8 sec, with full audience. The "Neues" Gewandhaus 

in Leipzig, completed in 1886 (and destroyed in World War II) embodied the same 

change on a slightly smaller scale: also rectangular, it held an audience of 1,560 
and had a reverberation time of 1.6 sec. The longer reverberation times of the best 

of these large concert halls added to their fullness of tone and, hence, to the dramatic 

value of the music, while at the same time their narrow rectangular shapes, which 

provided early reflections from the side walls, preserved the clarity necessary for 

Classical music. 

Today the preferred reverberation times for music of the Classical period appear 

to be in the range of 1.6 to 1.8 sec, which is reasonably consistent with the acoustics 

of the Leipzig, Oxford, and Vienna halls of that time. Beethoven's symphonies, 

// 
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particularly his later ones, showed the immense scope of his imagination-he wrote 

almost as though he anticipated the large reverberant halls that would be built in 

the next 150 years. 

Romantic Period 

For the next hundred years a succession of composers-from Schubert and 

Mendelssohn, through Brahms, Wagner, Tchaikovsky, Richard Strauss, Ravel, and 

Debussy-created a body of music that, together with the Classical symphonies, 

make up the preponderant part of today's orchestral repertoire. From Haydn on­

ward, each generation of composers increased the size and tone color of the orchestra 

and experimented with the expressive possibilities of controlled definition. The mu­

sic no longer required listeners to separate out each sound they heard to the same 

extent that Baroque and Classical music had. In some Romantic compositions, a 

single melody might be supported by complex orchestral harmonies; in others, a 

number of melodies interweave, their details only partly discernible in the general 

impression of the sound; and in some musical passages no melody seems to emerge, 

only an outpouring of sound, perhaps rhythmic or dramatic, often expressive or 

emotional. 

The music of this period, as normally performed, thrives in an acoustical 

environment that provides high fullness of tone and low definition. Conductors and 

musicians confirm the experience of recording engineers that these qualities are 

achieved with a relatively long reverberation time, about 1.9 to 2.1 sec, and a small 

ratio of sound that arrives directly from the performing group or from nearby side 

walls to the reverberant sound energy that follows. That finding reflects the pref­

erences of performers and concertgoers today, and not surprisingly it matches the 

choices made in concert hall construction in the last half of the nineteenth century. 

Composers of this period sometimes wrote with a specific concert hall in mind. 

Wagner composed ParSIfal expressly for his Festspielhaus in Bayreuth, Germany, for 

example, and Berlioz composed his Requiem for Les Invalides in Paris. In the last 

half of the nineteenth century, halls built specifically for the performance of concert 

music reflected the composers' desire for acoustics with high fullness of tone. The 

Grosser Musil<vereinssaal in Vienna, for example, completed in 1870, has a rever­

beration time at mid-frequencies of about 2 sec when the hall is fully occupied. The 

hall is small enough for ff orchestral effects to sound very loud, and its narrowness, 

which emphasizes the early sound reflections from sidewalls, lends both significant 

definition and spaciousnes,s to the music. The Concertgebouw of Amsterdam, which 

was completed in 1887, also has a reverberation time of 2.0 sec at mid-frequencies, 

but as it is wider it emphasizes the early sound reflections less; therefore, the music 



Music and Acoustics 

played in it emerges with less clarity and more fullness of tone. The Concertgebouw 

has excellent acoustics for music of the late Romantic period. 

Twentieth Century 

Since the 1880s, concert going has grown into a well-established cultural 

activity in Europe and the Americas. More recently, an impressive surge of interest 

in concert-hall music has swept Japan, and Tokyo might soon become the world 

capital of concert-hall music. Japan boasts a large number of symphony orchestras 

and music conservatories, as well as widespread public patronage; over eighty concert 

halls have gone up across the country just since World War II. Tokyo alone has more 

than ten symphonic orchestras, of which two, perhaps, are world-class; descriptions 

of nine Tokyo halls appear in Chapter 3 of this book. 

The buJding as well as renovation of performance spaces at this time brings 

with it the challenge of accommodating earlier styles and meeting the developments 

of more recent compositions. The concert music of the twentieth century presents 

audiences with a great deal of variety, some of it reflecting earlier styles and some 

of it largely unprecedented. Many contemporary composers have written for large 

orchestras along lines simJar to those developed in the second half of the nineteenth 

century, though with the addition of new harmonies, new instruments, and new 

effects. Some of these worl~s evince a return to the clearer sound of pre-Classical 

periods, which requires smaller instrumental combinations and sometimes calls for 

instruments directly patterned on those of that earlier epoch. At the same time, 

new musical innovations emerge every year, including experiments with sound from 

sources other than conventional instruments-the electronics laboratory, the tape 

machine, and the computer all furnish the components of a new music or at least 

novel sounds. 

Daniel Pinkham, an active composer in New England, illustrates the dilemma 

faced by a composer today working primarJy in the "Baroque" environment of 

King's Chapel in Boston (1749). He writes, 

Music that I have composed for King's Chapel is in a style which might sound muddy 

when performed in a reverberant concer!: hall, but which sounds at its best in that rather 

dry environment, which transmits the details of each line with crystalline clarity while 

still providing a useful blend for the various lines. When I was preparing my Easter 

Cantata for Chorus, Brass and Percussion, the rehearsals were held in Jordan Hall, Boston, 

which is fairly live. For the actual performance that followed in a TV studio, I found 

that the only way to cope with the dead acoustics was to permit the percussion instru­

ments to ring as long as they would, and this gave the whole sound the impression of 
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adequate reverberation. & a result of this experience, I have written my Conceriante 

No.3 for Organ and Percussion Orchestra so that the after-ring of the percussion following 

each phrase is deliberately carried over into the beginning of the next phrase; in a dead 

hall this will compensate for the lack of reverberation, while in a live hall it may either 

enhance the reverberant sound of the room or the percussion ring may be curtailed at 

the will of the performers to minimize confusion. On the other hand, I have found great 

difficulty, even with highly experienced musicians in performing in a live hall some music 

that had originally been written for the dead acoustics of the TV studio. 

To meet the needs of modern concert music, a contemporary hall would best ac­

commodate a variety of styles. Music of the transparent, "intellectual" type wants 

a hall with relatively high definition, of the l~ind required for Bach. New halls now 

exist that fulfill this requirement; often referred to as "hi-fi" halls, they combine 

high definition with reverberation times at or near 1.4 sec at mid-frequencies when 

occupied. Modern music of a more passionate or sentimental quality sounds best 

in a hall with high fullness of tone and low definition, the same profile typical of 

many late-nineteenth-century spaces. 

A real need persists, however, for halls that can straddle a range of musical 

styles-halls with variable acoustics. Some attempts at such designs appear in 

Chapter 3 of this book, including halls that make use of devices that reduce rever­

beration times, such as retractable curtains, and devices that increase reverberation 

times, such as operable doors that permit the addition of large reverberant chambers. 

A few major halls are experimenting or have experimented with electronic augmen­

tation-an art and craft that is slowly gaining in acceptance-but this effort still 

applies mostly to halls that need to correct for basic acoustical deficiencies. 

European Opera 

Of all the types of halls for music ever designed, the European opera house 

has proved the most consistent over time. From at least 1700 on, the horseshoe­

shaped theater has been built with rings of boxes one atop the other and a crowning 

gallery of low-priced seats. The form reached its apogee in the Teatro alIa Scala, the 

well-loved La Scala of Milan, completed in 1778. Its horseshoe design has cropped 

up in nearly every important city in Europe and on other continents as well. This 

ubiquitous opera house, with its relatively short reverberation time (1.2 sec), has 

allowed composers a unique creative privilege: to write opera with one kind of acous­

tics in mind. 

The acoustical requirements of opera differ from those for orchestral concerts. 

Because the vocal part functions, lil~e speech, as a form of communication, listeners 
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should be able to hear the words clearly. To preserve a libretto's intelligibility, es­

pecially at the tongue-twisting musical speeds of Mozart and Rossini, the perfor­

mance space must provide a relatively short reverberation time, so that the rever­

beration from one sound or chain of sounds will not mask successive syllables. 

Many opera houses satisfy these requirements, especially in Europe, where 

audiences usually hear an opera in their own language. The opera houses of Naples 

San Carlo, Paris Garnier, London Royal Opera, Vienna Staatsoper, Munich Staats­

oper, and Academy of Music in Philadelphia exemplify this type of acoustic. In 

these houses, the singers' voices reach the audience with clarity and sufficient loud­

ness, and the orchestra sounds clean and undistorted. This balance between or­

chestra and vocalists is assisted by the acoustical design as well as by the conductor's 

control of the orchestra. In the Americas and in Japan, where audiences typically 

listen to an opera in the language of its original composition, the need for precision 

becomes less important. Consequently, in these houses, the reverberation can be 

longer-more attuned to the music than to following the libretto. One hears this 

acoustic at, for example, Teatro Colon in Buenos Aires (l.6 sec), Metropolitan 

Opera in New York (l.5 sec), and New National Theater in Tol~yo (l.5 sec). 

The worl~s of Richard Wagner constitute the one exception to the European 

standard: Wagner brol~e with the tradition of Baroque-l~e opera and evolved a style 

closely related to the traditions of the Romantic period, albeit still wholly distinctive. 

From his pen flowed some of the most unusual and stirring of operas, "musical 

dramas" as he called them. Wagner's rich Romantic music is best supported by high 

fullness of tone and relatively low definition. His orchestral passages, with their 

relatively low speed, sound best in a hall with a long reverberation time, approxi­

mately 2 sec at mid-frequencies; however, in order for the libretto to remain intel­

ligible the reverberation time needs to be somewhat shorter, in the vicinity of 1.6 sec. 

In an effort to achieve the perfect acoustical environment for his musical style, 

Wagner designed his own opera house-the Festspielhaus at Bayreuth, Germany­

a house that combines a relatively long reverberation, l.6 sec at mid-frequencies, 

fully occupied, with a thoroughly blended orchestral tone. Although performances 

here use a very large orchestra (100 to 130 pieces), proper balance is maintained 

between singers and orchestra by means of a sunken and covered pit, which, through 

a slot in the cover, also imparts a mysterious quality to the music. 

&COUSTICS AND LISTENERS 

In the end, any study of performance hall acoustics has one goal: to perfect 

the audience's enjoyment. All the constituent elements-the architecture, the com-
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position, the conductor, the performers, everything-come together in the listener's 

experience of live music. And listeners take in the haIl as a whole, rather than as a 

diagrammatic breakdown of reflective and absorbing surfaces. For example, as men­

tioned regarding the Berlin Philharmonie above, a layout that impedes the acoustics 

of a haIl may still please the audience, since it can add to the visual experience. 

In an effort to make sense of what listeners prefer in a concert haIl, one 

naturaIly gravitates toward those institutions with outstanding reputations on the 

assumption that audiences intuitively recognize superior acoustics. Although the 

ingredients that create a hall's reputation may seem to have little to do with acous­

tics-positive reviews, high-profile guest composers, etc.-many are nonetheless 

traceable, at some level, to the physical dynamic of the space. 

Music critics are, in a sense, audience members with exceptional experience 

and a heightened awareness for the details of a performance. They can be of vital 

importance when it comes to gauging a hall's reputation for its acoustical quality. 

Every critic knows that the acoustics of a hall form the conduit between the per­

forming body and the listener and, hence, shape what the latter hears. Every critic 

also knows that a musical composition was probably composed for performance in 

a particular acoustical environment. This knowledge, then, contributes to the critic's 

assessment of a performance. 

Critics have a significant influence on a hall's reputation when the institution 

holds its gala opening or inaugural performance after major renovations. At that 

opening concert, the critic probably asks him or herself an array of questions all of 

which reveal something about the new building's acoustics. Are the tone qualities 

of and the balance among the different sections of the orchestra to my liking? Is 

the sound as good or better than that in the hall{s} that I regularly attend? Is the 

haIl overly bright or reverberant or too clinical or dry? Did the principal piece sound 

as good as the best performance of that composition that I have ever heard? If not, 

was the orchestra at fault or the acoustics? Were there any echoes or disturbing 

sound reflections? Was there any acoustic distortion? 

Of course, a careful critic realizes that it may be too early for pronouncements: 

it takes months for an orchestra to adjust to the acoustics of a new hall and later 

"tuning" of the hall may improve its sound {several famous halls received low critical 

acclaim based on their first concerts, but rose to their present high estimation over 

the years}. Nonetheless, the critic must analyze the music heard that night to pro­

duce the review, the wording of which will affect, possibly substantially, the hall's 

reputation. Taken together, the judgments of a number of writers average out, 

with the most weight going to the most prestigious publication with the widest 

circulation. 
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Undeniably, a hall also wins large, regular, and satisfied audiences when it can 

feature visiting musical dignitaries season after season, as well as a strong home 

orchestra. Carnegie Hall is famous not only because its acoustics are favorable but 

also because the great orchestras and performers of the world appear there. In this, 

the relationship between good acoustics and good seasons is symbiotic, as demon­

strated above: the best performers will gravitate to the best halls because that acoustic 

enhances their sound. The combination produces the excellent performance that 

leaves listeners profoundly happy. 

The conductors and soloists-the most high-profile performers-make judg­

ments based, in part, on factors that the audience is not aware of, such as the 

response to their ears of the stage enclosure, the ability of the musicians to hear 

each other, and the early reflections from the auditorium that reach their ears. If 

every conductor says that Hall "X" is one of the great halls of the world, their 

combined opinion will outweigh any results of questionnaires that might be ad­

dressed to that hall's concertgoers. 

From these dense and unscientific phenomena-reputation, listening plea­

sure, etc.-the acoustical engineer must find a way to tease out acoustical quality 

and to relate that to how listeners respond. Unfortunately, we do not have recent 

studies to go on: no comprehensive, modern, laboratory-controlled tests of listeners' 

preferences for a concert hall's acoustical characteristics. Nonetheless, many halls 

are undergoing renovations, with the principal object of improving their acoustics, 

typically by increasing their reverberation times. Orchestra Hall in Chicago, for 

example, now has a reverberation time of 1.75 sec, up from 1.2 sec in 1994. For 

halls that generally feature standard orchestral repertoires, those changes indicate 

that the mid-frequency reverberation times should be in excess of 1.6 sec, but 

optimally between 1.8 and 2.1 sec with the hall fully occupied. 

A recent in-depth study of 24 opera houses has attempted to determine which 

acoustical characteristics most affect conductors' judgments of acoustical quality in 

those venues (Hidaka and Beranek, 2000). The survey obtained responses from 21 
well-known opera conductors and six or more opinions on 21 houses. The ques­

tionnaires contained a rating scale for each house, with the options "Poor" and 

"One of the Best" at the two extremes and "Passable," "Good," and "Very Good" 

in between. The average ratings of the houses by the conductors extended from half­

way between "Passable" and "Good" to half-way between "Very Good" and "One of 

the Best," with the Buenos Aires Opera Colon at the top and the very large Tokyo 

NHK Hall at the bottom. 

The reverberation times of the six best opera houses ranged from 1.24 sec 

(Milan, La Scala) to 1.6 sed (Dresden, Semperoper) with the mean value for all of 
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1.4 sec. The best halls seated less than 2,500 persons, and thus were not too wide, 

creating a sense of "intimacy," which is provided only if there are sound-reflecting 

surfaces near the proscenium. The loudness of the singers' voices in the audience 

area depended on the type of scenery on stage and whether the singers stood near 

the apron of the stage or farther bacl~. In th~ best houses, the singers' voices were 

judged as "clearer" than the sound of the orchestra, because singers are more ex­

posed. The conductors were also asked to give separate grades for the acoustics as 

heard in the audience and as heard in the pit. In only three houses (Munich, Prague, 

and New York) was the sound in the pit (the conductor's position) judged signifi­

cantly better than the sound in the audience. Finally, the "texture" of the sound in 

the best houses rated above that in the least good houses (see Chapter 2 for a 

definition of texture and the usual method of measurement). 

WIth this general introduction, we shall move in the next chapter to the ter­

minology used in musical acoustics and to an understanding of the acoustical factors 

that are believed, at this stage of acousticall<nowledge, to determine the quality of 

a concert hall or opera house. 
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A third group, music critics, provide a useful foil. Since they need to convey 

their reactions to a lay public in vivid terms, they use a subjective language that is 

rarely amenable to precise definition. They may describe the acoustics of a new 

concert hall as "overbearing," "ravishing," "shimmering," or "shattering." While 

such words cannot serve as guides to succes~ful acoustical design, they do have a 

purpose. Because the critic is a perceptive, experienced listener, both the musician 

and the acoustician must pay attention to this language, gleaning from it infor­

mation that facilitates their own professional goals. 

, The 25 terms defined here cover all the important aspects of music performed 

in the acoustics of a closed space (a chart at the end of this chapter provides an 

overview). Accompanying each definition is an explanation of the physical charac­

teristic that affects the defined acoustical parameter. please keep in mind that these 

definitions and the discussions in this book concern concert halls and opera houses 

seating more than 700 persons, with occasional references to churches and halls 

for chamber music. The acoustics of small rooms and broadcast studios, which 

typically have problems at the low frequencies, are not treated here. 

Reverberation and Fullness 0/ Tone 

Reverberation, to the acoustician, is the continuation of a musical sound in 

a hall after the instrument that produced it ceases to sound. This "after-ring" is 

particular to music played indoors; outside, a note has no reverberation-sounds 

simply become weaker as they travel outward. Imagine that a violinist on stage in 

a concert hall plays a single note. The acoustical wave that radiates outward from 

the violin in all directions encounters the surrounding surfaces-walls, balcony 

fronts, ceiling, and the audience area. A listener, as shown in Fig. 2.1, hears first 

the direct sound wave, followed, after a brief interval, by a succession of "first" 

reflections (designated in Fig. 2.1 as Rl1 Rz, R3 , etc.). Those first reflections will 
go on to encounter more surfaces, including the audience "surface," and more waves 

of reflections ensue. In one second, in fact, because sound travels so rapidly, the 

single note from that violin can impinge on and be reflected from a room's surfaces 

some 20 times. of course, the sound loses some energy at each encounter-par­

ticularly at the audience area-so that what the listener hears gradually dies down 

to inaudibility. 

In the work that acousticians do in concert halls, "reverberation time" (RT) 

holds a key position. In general terms, the reverberation time of an enclosed space 

refers to the amount of time it takes for a loud sound in that space to become 

completely inaudible after ib is stopped. In more technical terms, reverberation time 

is the number of seconds it takes for a loud tone to decay 60 decibels after being 
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~ RE 2.1. An illustration of the paths that sound travels from player to 

listener, including the direct sound and four early reflected sound waves out of 

many that may occur in the early time period of 80 msec. These additional 

reflections may occur from balcony faces, rear wall, niches, and any other 

surfaces, including the audience "surface." 

stopped, also lznown as the "sound decay process" (Fig. 2.2). A sound created in an 

unoccupied concert hall, with hard interior surfaces and without sound-absorbing 

materials (carpets, for example), will continue to reverberate for three or more sec­

onds after cessation; that is to say, the room has a reverberation time of three or so 

seconds, unoccupied. The addition of an audience, which reflects but also absorbs 

sound, will cause the reverberation to die out sooner. The most famous halls have 

reverberation times, fully occupied, at middle frequencies (the frequencies between 

350 and 1400 Hz; see definition below), in the range of 1.8 to 2.0 sec. 

Reverberation is in itself neither desirable nor undesirable; it is one of the 

components available to the composer (and the performer) for producing a musical 

effect. Because the reverberant sound fills the spaces between new notes as they are 

played, it provides the "fullness of tone" that musicians may employ or restrain, as 

2/ 
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~ RE 2.2. A diagram of sound decay at a listener's ears. Here the direct 

sound and its strength appears as the vertical line at the left of the diagram, 

followed by the initial-time-delay gap (ITDG). The ITDG is followed by a succes­

sion of sound reflections that decrease in amplitude as they suffer loss at each 

reflection from surfaces in the room. The reverberation time of the room is 

defined as the length of time required for the reverberant sound to decay 60 

decibels. This time is usually measured from - 5 dB to - 35 dB and multiplied 

by a factor of 2 to give the equivalent of a 60 dB decay. Starting the measurement 

after the sound has dropped 5 decibels eliminates the !TDG from the result. In 

this drawing, the length of the ITDG is exaggerated, shown as about 200 msec, 

nearly 10 times the length found in the best concert halls, which have rever­

beration times of about 2.0 sees, fully occupied. 

their needs demand. Beginning in the sixteenth century, composers wrote choral 

and liturgical music for performance in both large highly reverberant cathedrals and 

smaller, less reverberant churches or chapels. In every period, composers have written 

chamber music for small groups of instruments played in small rooms, where the 

reverberation times are short. Between 1700 and 1850 much orchestral music was 

written for groups that performed in larger but reasonably narrow public halls and 
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in ballrooms in the palaces of Europe. The reverberation times in these spaces 

reached a maximum of 1.5 sec at mid-frequencies. Similarly, opera was usually 

performed in relatively small, and narrow, horseshoe-shaped opera houses, such as 

the Teatro di San Carlo in Naples, Italy, which has a reverberation time of only 

about 1.2 sec. 

This array of venues, with their distinct acoustical personalities, has allowed 

composers to conceive their musical works with particular ranges of reverberation 

times in mind. Ideally, every performance of a work finds an environment suited to 

its composition-or an orchestra skilled at negotiating discrepancies between com­

position and hall. When a work is performed in a hall with an unsuitable reverber­

ation time, a sophisticated listener will quicl;(ly realize the mismatch. & the organist 

E. Power Biggs once said, "The listener immediately senses something wrong when 

he hears one of the organ works composed for performance in a cathedral played in 

a small college auditorium." 

Direct Sound, Early Sound, Reverberant Sound 

Direct sound is the first sound a listener hears coming from an instrument 

on the stage-that is, the sound that travels directly from instrument to listener. 

In Figs. 2.2 and 2.4, it appears as the vertical line at the left of the graph. The 

term early sound encompasses the direct sound plus all the reflections that reach a 

listener's ears in the first 80 milliseconds (msec) after arrival of the direct sound 

(a millisecond is equivalent to one-thousandth of a second; 100 msec is a tenth of 

a second). The reverberant sound includes all the reflections that arrive after 

80 msec. In the paragraphs that follow, frequent references appear to the ratio of 

the energy in the early sound to that in the reverberant sound. 

Early Decay Time (EDT) (Also Early Reverberation Time) 

When a musician or ensemble plays rapidly, only the early part of the sound 

decay process remains audible between successive notes (see "speed" below). "Early 

decay time" (EDT) designates that initial phase of sound decay. More specifically, 

it is the exact amount of time it tal;(es for a sound from a musical note to decay 10 
decibels after it is cut off, multiplied by a factor of 6. Why the factor of 6? Ten 

decibels of decay occurs in a time period roughly equivalent to one-sixth of the time 

required for 60 decibels of decay, defined above as the reverberation time. The factor 

6 allows a direct comparison between EDT and RT (both in seconds). The descrip­

tions of the concert halls iri Chapter 4 include a correlation between each hall's 

subjective rank-ordering, gathered from interviews and questionnaires, and its EDT 
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and RT measurements. The results make it apparent that EDT indicates acoustical 

quality better than RT does, because notes played by violinists in symphonic com­

positions usually follow each other very rapidly. 

Speed 0/ Successive Tones 

When a musician performs, the speed at which he or she plays has a vital 

relationship with the acoustics of the hall. In particular, the speed at which successive 

tones follow one another interacts with reverberation time and thus shapes what the 

audience hears. The two graphs in Fig. 2.3 demonstrate this process: each graph 

shows two successive tones played on a musical instrument in different acoustical 

environments. If the reverberation time is long, as in Graph A (3 secs), the second 

tone falls beneath the reverberant sound and becomes inaudible. In other words, 

music played at this speed in a hall with high reverberation time will have little 

clarity (see "Definition," below). Graph B shows the same two notes in relation to 

a reverberation time of 1 sec. In this case, the second tone comes through clearly, 

as does its ensuing reverberation. 

The faster the musicians play, the more quicl~ly notes pile up under even short 

reverberation times. Were the speed of successive notes as represented in Graph B 
to increase, the second tone would move to the left because the time between the 

two notes becomes shorter. If the speed is great enough the second tone will fall 

below the reverberation line for the first tone even for a I-sec reverberation time 

and will become inaudible. If there is no reverberation (RT = O), the notes will 
stand out clearly whether played fast or slow, just as with music outdoors. 

We must emphasize, however, that for any given tempo, the number of notes 

squeezed into a musical measure may be large, particularly for stringed instruments, 

thus the separation between notes is a fraction of a second, and the strengths of the 

successive notes are not greatly different. Thus the presentation in Fig. 2.3 of two 

successive notes 15 decibels apart in strength, and played very slowly, demonstrates 

principle only, not actuality. 

Definition (or Clarity) 

The terms "definition" and "clarity" are synonyms for the same musical qual­

ity. They name the degree to which a listener can distinguish sounds in a musical 

performance. Definition is discernable in two forms: horizontal, related to tones 

played in succession, and vertical, related to tones played simultaneously. In either 

case, definition results from a complex of factors, both musical and acoustical-a 

certain piece of music, played in a certain way, in a certain acoustical environment. 
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~RE 2.3. A demonstration of the way a long reverberation time "masks" 

(hides or drowns out) a musical note. Graph A shows the first note starting at 

the left side of the graph and dying out (- 60 dB) 3 secs later. A second note 

(very weak with a strength that is 15 dB less than the first note) is sounded 

0.5 sec later. It is masked by the falling reverberation of the first note. Graph B 

shows that if the reverberation time is shorter (1 sec), the second tone and its 

falling reverberation will remain audible. The decaying ofthe first note "bridges" 

the gap between the two notes, which adds "fullness of tone" to music. 

"Horizontal definition" refers to the degree to which sounds that follow one 

another stand apart. The composer can specify certain musical factors that deter­

mine the horizontal definition, such as tempo, repetition and number of tones in 

a phrase, and the relative loudness of successive tones. The performer can vary the 

horizontal definition with phrasing and tempo. Both, however, have to work within 

the acoustical qualities of the hall. Horizontal definition increases both as the length 
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of the reverberation time decreases and as the ratio of the loudness of the early 

sound to that of the reverberant sound increases. 

Horizontal definition is usually defined by acousticians as the ratio expressed 

in decibels of the strength of the early sound to that of the reverberant sound. Thus, 

if the definition, in decibels, is a positive quantity, the early sound dominates. If 

negative, the strength of the reverberant sound dominates. If zero, they are alil<e. 

"Vertical definition" refers to the degree to which notes that sound simulta­

neously are heard separately. Like horizontal definition, vertical definition depends 

on the score, the performers, and the auditory acuteness of the listener, as well as 

on the acoustics of the room. The composer specifies the vertical definition by 

choosing which tones sound at once, the instrument(s} for each tone, and the 

relation among the tones; the latter can vary, for instance, depending on whether 

the composition is hymnlike, chordal, contrapunta1, or simply an accompanied mel­

ody. Performers can alter the vertical definition by varying the dynamics of their 

simultaneous sounds and by the precision of their ensemble. The performance space 

shapes vertical definition vis-a.-vis acoustical factors such as balance among the 

sounds of the various instruments as they reach the audience; the degree to which 

the tones from the different instruments in the stage enclosure blend together; the 

relative response of the hall at low, middle, and high frequencies; and the ratio of 

the energy in the early sound to that in the reverberant sound. 

To communicate a piece of music faithfully to an audience, the musicians and 

conductor need to discern and follow the degree of definition that the composer 

intended; success in that endeavor requires a thoughtful choice of hall. Gregorian 

chant-with its slow melodic lines that build and recede gradually-is best per­

formed with little horizontal definition, preferably in a cathedral-lil<e room with a 

very long reverberation time and lots of reverberant energy compared to the early 

sound energy. Bach's Toccata in D Minor for organ needs a reverberation time of at 

least 3 sec in order to realize its full sonorities. At the other end of the spectrum, 

a piano concerto by Mozart-with its rapid solo passages and the delicate interplay 

of piano and different orchestral voices-needs considerable horizontal and vertical 

definition. It should be performed in a room that has a relatively short reverberation 

time and that allows for a larger amount of energy in the early sound relative to 

that in the reverberant sound. Mozart, after listening to a performance of Die 

Zauberf/ote from various locations in an unoccupied opera house, wrote in October 

1791: "By the way, you have no idea how charming the music sounds when you 

hear it from a box close to the orchestra-it sounds much better than from the 

gallelY." Mozart learned what later generations have confirmed, that even in a hall 

with a relatively short reverb.eration time, his style of music sounds best at a location 

where the amount of early energy exceeds that of reverberant energy. 
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Resonance 

In speal<ing of concert hall acoustics, a musician may use the terms "rever­

berance" and "resonance" interchangeably, but an acoustician employs each to sig­

nify very specific-and distinct-phenomena. The time-worn musical example of 

resonance is the story of the soprano who hits a certain high note and shatters a 

crystal stem-glass. The explanation? The frequency (tone) of her loud high note 

coincided with the frequency of a "natural mode of vibration" of the glass, thereby 

inducing a vibration vigorous enough to break the glass. 

Every body or object, even those that appear to be wholly inanimate, is con­

stantly in motion on a molecular level. By the same token, every object vibrates, 

quite naturally, at certain frequencies. Resonance refers to the specific coincidence 

of two phenomena: the glass resonates (I) because an external sound, vibration, or 

other force-the soprano's high note-matches (2) one of the glass's natural modes 

of vibration and causes it to vibrate vigorously at exactly that frequency. When you 

stril<e the head of a tympani with a mallet the tones you hear come from one or 

several of its natural modes of vibration: the air column inside the tube beneath the 

bar of a xylophone will resonate when the frequency of the bar matches the air 

column's natural mode of vibration. 

For technical discussions, it is also necessary to distinguish resonance from 

"augmentation of loudness," although musicians may conflate the two. For exam­

ple, when the string on a violin is set in motion by the bow, the body of the violin 

will amplify the string's tone: the violin's large surface area radiates sound many 

times better than does the small area of the string. The amplification does not occur 

because the string's frequency matched the frequency of a natural mode of vibration 

of the body. An even louder tone is generated, however, when a natural mode of 

vibration of the violin body coincides with the frequency of the tone generated by 

the vibration of the string. 

Intimacy or Presence and Initial-Time-Delay Gap 

A small room has visual intimacy-people in the room see the walls and other 

objects relatively nearby. By the same token, a hall can have" acoustical intimacy" 

if sounds seem to originate from nearby surfaces. (Professionals in the recording 

and broadcast industries would say that such a hall has "presence.") 

This phenomenon matters to the acoustical engineer because it arises from 

the specific physics of a space. The degree of musical intimacy in a space corresponds 

to how soon after the direct sound the first reflection reaches the listener's ears. As 

described above, any listener in a performance hall hears first the direct sound, 
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which travels in a straight line from an instrument to the person's ears in just a few 

hundredths of a second. The reflected sound waves follow just behind. If the time 

difference between the direct sound and first reflection, also lmown as the initial­

time-delay gap (lTD G) (Figs. 2.2 and 2.4), is short, the hall sounds intimate. Acous­

tical measurements show that in the center of the main floor of the best-liked halls 

the ITDG remains at or below 25 msec. In a lower-grade hall, the ITDG exceeds 

35 mseci in a poor hall, it reaches 60 msec or greater. 

Usually the first reflection arrives from a sidewall or a balcony front. Thus, 

for a low ITDG, a hall should be narrow and have near-parallel sidewalls. In a fan­

shaped hall, the early reflections are reflected into the back corners, so that the first 

reflection a listener in the center of the main floor hears will probably come from 

a high ceiling, which means that the ITDG may greatly exceed 30 msec. In that 

case, hanging reflecting panels or "saw-toothed" panels along the sidewalls can be 

used to guide early sound to the listener and to reduce the ITDG to the 20-msec 

region. 
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£RE 2.4. A "reflection pattern" diagram, useful for measuring the initial­

time-delay gap (lTOG). It illustrates the sequence in which sounds travel to a 

listener's ears and the relative loudness of each sound. The vertical line at the 

left shows the sound that travels directly from the performer to the listener, the 

first sound to arrive. After the ITOG, reflections from the walls, ceiling, stage 

enclosure (see Fig. 2.1), and other reflecting surfaces arrive in rapid succession. 

The height of the direct sound plus the height of the series of reflections sug­

gests the loudness of the sound. 
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Liveness and Mid-Frequencies 

A "live" hall has a long reverberation time; a hall with a short reverberation 

time is called "dead" or "dry." "Liveness," a largely subjective term, corresponds 

generally to the reverberation times at the frequencies between 350 and 1400 Hz 
(for orientation, the note A above middle C on the piano keyboard has a frequency 

of 440 Hz) because a person's hearing is more sensitive in that region. The average 

of the reverberation times in this frequency range, called the reverberation time at 

mid-frequencies, constitutes a part of the description for each hall in the next chapter. 

In a concert hall, when a tone is sounded and then suddenly turned off, the rever­

beration time at mid-frequencies remains audible for about 1.5 to 2.2 sec. In an 

opera house the range is generally 1.2 to 1.6 sec. 

Spaciousness 

When a cello, for example, plays in a relatively narrow, shoebox-shaped con­

cert hall, the sound appears to the listener to emanate from a space substantially 

wider than the actual width of the cello. This phenomenon, l~nown as spaciousness, 

comes primarily from lateral reflections in the hall, such as reflections from sidewalls 

and side-balcony fronts. Properly measured, the degree of spaciousness ranks as one 

of the primary reasons why one concert hall or opera house sounds better than 

another. 

A listener takes sound into the brain binaurally-that is, through the two ears 

that are separated from each other by the head; this configuration and the way the 

brain interprets the resulting transmission of information from the two ears is 

responsible for the perception of spaciousness. When a listener faces a source of 

music outdoors, the sound that reaches him or her will be identical at both ears and 

thus bereft of spaciousness; however, when a sound comes from one side, one ear 

hears it slightly sooner than does the other. Furthermore, the sound that arrives at 

the second ear will be of lower strength because the intervening head shadows it 

slightly. In a hall, where many reflections converge at various angles on the audience 

in the first 80 msec, a substantial portion of those heard will be lateral (Fig. 2.1). 
If the lateral reflections combine at each listener's two ears with the right degrees 

of difference, the spaciousness that results will cause the hall to be judged as having 

superior acoustics. Lesser spaciousness than this optimum amount results in re­

duced acoustical quality. Acoustical engineers measure spaciousness with instru­

mentation that yields a quantity called Binaural Quality Index (BQI), detailed in 

Chapter 4. Incidentally, the presence of strong bass sounds will also add somewhat 

to a hall's spaciousness, but bass strength is treated separately below. 

29 



8(} THE LANGUAGE OF MUSICAL ACOUSTICS 

Warmth 

In general, "warmth" of music in a concert hall is directly related to whether 

the bass sounds are clearly audible when the full orchestra is playing. In technical 

terms, "warmth" in music is determined by the strength of the bass tones, simply 

measured by a sound level meter at various audience seats in a hall during which 

time a standardized loudspeaker radiates a 125-Hz tone from the stage. Problems 

with warmth can arise at either extreme. Musicians sometimes describe as "dark" a 

hall that has too strong a bass, which only occurs because the high frequencies 

become too attenuated by draperies, carpets, or other sound-absorbing materials in 

the hall. Conversely, the music willlaclz warmth if the walls or the ceiling surfaces­

or both-are constructed of thin wood paneling, which soaks up low-frequency 

sounds. The pipes and swell boxes of a pipe organ or overly thiclz upholstery on the 

seats can also absorb low frequenCies in significant amounts. 

Listener Envelopment 

"Listener envelopment" refers to the degree to which the reverberant sound 

seems to surround the listener-to come from all directions rather than from lim­

ited directions. In Boston's Symphony Hall, where the acoustics are judged excel­

lent, the reverberation appears to originate in the entire upper-hall space and arrives 

at the audience from above, ahead, and behind. By contrast, any person seated on 

the main floor of a hall with a steep audience balcony at the baclz will perceive the 

reverberation as coming primarily from the front of the hall. Although the electronic 

measures for listener envelopment are too involved to discuss here, one can estimate 

it with a visual inspection of a hall. Just observe whether the sound waves have the 

freedom to travel around the overhead surfaces at the front, sides, and rear of the 

hall (imagine the freedom that a billiard ball has to bounce around the four sides 

of a pool table); note the presence of any significant irregularities and ornamentation 

on the sidewalls, ceiling, and balcony fronts, which will help spread the sound re­

flections to all surfaces. 

Strength 0/ Sound and Loudness 

The word loudness as employed by acousticians bears a strong resemblance to 

the lay person's use of the term -the subjective perception of the volume or force 

of a sound at one's ears. But acousticians use "strength of sound," measured in 

decibels, to formulate loudness with much greater precision. Measuring a sound's 

strength with a microphone and a calibrated sound-level meter, engineers look at 

loudness in two stages of its arrival at a listener's ears: early and reverberant. Loud-
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ness of the early sound comprises the sound that comes directly from the source 

and the energy received from the early reflections in the first 80 msec. Loudness of 

the reverberant sound is defined as the total sound energy that reaches a listener in 

the period following the first 80 msec. Parenthically, if the strength of a sound 

increases or decreases by about 10 decibels, its loudness as one hears it is doubled 

or halved, respectively. 

From these definitions, one can estimate different levels of loudness from hall 

to hall, depending on the physical design of each. A sound emitted uniformly in a 

concert hall seating 1,000 listeners would be louder than that in a hall seating 

3,000 to 5,000 if both halls have the same reverberation time. (Note that in the 

usual concert hall at mid-frequencies the audience area actually absorbs up to 80 
percent of the total sound radiated by the orchestra.) Thus, the total sound power 

that the orchestra emits is divided almost equally among the number of listeners, 

and each of 1,000 listeners will receive three times the amount of sound energy (5 
decibels more) as each of 3,000 listeners. Music also sounds somewhat louder in a 

highly reverberant hall than in a dead hall, even though both may seat the same 

number of listeners. 

Timbre and Tone Color 

"Timbre" is the quality of sound that distinguishes one instrument from 

another or one voice from another. "Tone color" describes balance between the 

strengths of low, middle, and high frequencies, and balance between sections of the 

orchestra. The acoustical environment in which the music is produced affects tone 

color. If the hall either amplifies or absorbs the treble sound, brittleness or a muffled 

quality may mar the music. If the stage enclosure or the main ceiling directs certain 

sounds only toward some parts of the hall and not toward others, the tone color will 
be affected differentially. 

Acoustical Glare 

If the sidewalls of a hall or the surfaces of hanging panels are flat and smooth, 

and are positioned to produce early sound reflections, the sound from them may 

tal~e on a brittle, hard, or harsh quality, analogous to optical glare. This "acoustical 

glare" can be prevented either by adding fine-scale irregularities to those surfaces or 

by curving them. In the eighteenth and nineteenth centuries, baroque carvings or 

plaster ornamentation provided fine-scale irregularities on sound-reflecting surfaces 

which reduced glare very effectively. 
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Briniance 

A bright, clear, ringing sound, rich in harmonics, is described as "brilliant." 

A brilliant sound has prominent treble frequencies that decay slowly. In a concert 

hall, the high frequencies, to some extent, will diminish naturally because they are 

absorbed in the air itself through which the waves travel. A serious lack of brilliance, 

however, arises primarily from the presence of carpets, draperies, or any significant 

amount of sound-absorbing materials. By contrast, sound may become overly bril­

liant with improper additions of electronic amplification. 

Balance 

Good "balance" entails both the balance between sections of the orchestra 

and balance between the orchestra and a vocal or instrumental soloist. Some of the 

ingredients that combine to create good balance are acoustical and others are mu­

sical. A performance can lose balance if the stage enclosure or some other surface 

near the players overemphasizes certain sections of the orchestra or if it fails to 

support the soloists adequately. Beyond that, balance is in the hands of the musi­

cians, their seating, and the conductor's control of the players. In an opera house, 

balance between singers and orchestra is achieved by the stage design, the early 

reflective surfaces provided near the stage to assist the singers' voices, the pit design, 

and, again, the conductor's control of the orchestra. 

Blend 

"Blend" describes a mixing of the sounds from the various instruments of the 

orchestra such that the listener finds them harmonious. Blend depends partly on 

the placement of the orchestra, which should be spread neither too wide nor too 

deep. Blend also depends heavily on the design of the sound-reflecting surfaces close 

to the stage, such as those of a stage enclosure. 

Ensemble 

"Ensemble" refers to the ability of the performers to play in unison-to 

initiate and release their notes simultaneously so that the many voices sound as 

one. Orchestral ensemble depends on the ability of the musicians to hear (and 

perhaps to see) their fellow performers. The sound-reflecting surfaces near and above 

the performers should cany the sound from the players on one part of the stage to 

those on other parts. Risers on the stage are often used to enable the musicians to 
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see each other better (they can also allow the audience on the main floor to see the 

players at the rear of the orchestra). 

Immediacy of Response (Attack) 

F rom the musician's standpoint, a hall should give the performers the feeling 

that it responds immediately to a note. This can depend largely on the hall's "im­

mediacy of response": the manner in which the first reflections from surfaces in the 

hall arrive bacl< at the musician's ears. If the reflections occur too long after the 

note is sounded, the players will hear them as an echo. Conversely, if the musicians 

hear reflections only from the nearby surrounding stage walls, they will have no 

sense of the hall's acoustics. 

Texture 

"Texture" refers to the listeners' subjective impression of the music based on 

the patterns in which the sequence of early sound reflections arrives at their ears. 

In an excellent hall those reflections that arrive soon after the direct sound follow 

in a more-or-Iess uniform sequence. In other halls there may be a considerable 

interval between the first and the following reflections. High-quality texture requires 

a large number of early reflections, uniformly but not precisely spaced apart, allowing 

no one to dominate. 

Echoes 

"Echo" describes a delayed reflection sufficiently loud to annoy the musicians 

on stage or the listeners in the hall. Ceiling surfaces that are very high or that focus 

sound into one part of the hall may create echoes. Echoes may also result from a 

long, high, curved rear wall whose focal point is near the front of the audience or 

on the stage. Echoes are more obtrusive in halls with short reverberation times. 

Dynamic Range and Background Noise Level 

"Dynamic range" is the spread of sound levels over which music can be heard 

in a hall. This range extends from the low level of background noise produced by 

the audience and the air-handling system up to the loudest levels produced in the 

performance. All extraneous sources of noise-including traffic and aircraft 

noise-must be avoided in: order to obtain a wide dynamic range. 
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Abundance of lateral reflections 

. Low correlation between early sounds 
atthe two ears at mid-frequencies 

Reverberation time optimum for type 
of music performed 

Adequate strength 

Irregular surfaces in hall 

Adequate strength of sound in the 
frequency range 80-355 Hz 

Hall must not be too large 

Hall must contain minimum of 
sound-absorbing materials 

Proper ratio of direct sound energy 
to reverberant sound energy for the 
music being performed 

Restricted reverberation time 

Affected by speed of music 

Affected by texture, balance, and 
blend of music in sound field 

Irregularities on hall surfaces 

Balance of tonal spectrum 

Musicians' ability to hear each other 

Hall not too large 

Minimum of background noise 

~RE i.5. A chart showing the interrelations between the audible factors 

of music and the acoustical factors of the halls in which the music is performed. 
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Detriments to Tonal Quality 

Like a fine instrument, a concert hall can have fine tonal quality-the faithful 

transmission of the sounds from the instruments without any added (or subtracted) 

sounds, distortion, or shift of source. Tone quality can suffer any number of injuries, 

such as a rattle in a metallic surface or metal bars in the front of an organ that 

resonate in unison with certain musical notes. Sometimes a special kind of distor­

tion will intrude-some architectural or decorative aspect of the hall may add a 

rasping sound to the orchestral music. Fine-scale irregularities on reflecting plane 

surfaces alleviate this type of distortion. A "shift of source," heard at certain seats 

in even some of the best halls, can also distort the tonal quality. If a particular 

sound-reflecting surface focuses a large amount of sound toward one part of the 

audience, the listeners there will hear the sound as emanating from that surface 

rather than as coming directly from the orchestra. 

Uniformity 0/ Sound in Audience Areas 

The same music, tonal quality, etc., should reach every listener. The quality 

of a listener's experience will suffer if he or she is seated under a deep overhanging 

balcony or at the sides of the front rows in the hall. In certain locations, reflections 

may overemphasize one section of the orchestra or produce echoes, muddiness, or 

lacl;: of clarity. Musicians sometimes speal;: of "dead spots" where the music is not 

as clear or as live as it is in other arts of the hall. Acousticians reserve that term 

only for locations where the music is especially weal;:. 

Summary of the Musical Qualities Alfected by Acoustics 

Figure 2.5 summarizes the interrelations between the musical qualities heard 

in a concert hall and the acoustical factors that affect those qualities. This chart, 

together with the definitions of this chapter, covers the lmown interrelations among 

the qualities of music performed in a concert hall. Much of the information also 

applies to opera houses, but there are sufficient differences to require a separate 

discussion (see Chapter 5). 
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ONE HUNDRED CONCERT HALLS AND OPERA HOUSES 

would stand alone as the one thing in the world not possessed of different degrees 

of quality. 

Even music lovers who frequent live performances can be unaware of the 

factors that shape the sound they enjoy. Most listeners seldom hear music in halls 

other than the one or two they regularly attenJ, and those visits engage their senses 

on many levels at once-visual and tactile as well as auditory. Similarly, the pro­

fessionals responsible for creating concert halls and opera houses typically prioritize 

concerns other than the acoustics. Architects design for clients, and either may have 

specific goals in mind. The owner presents the architect with a list of desired or 

requisite features-such as seating capacity, size of the stage, lobby areas, ventila­

tion, and lighting-that can be tallied up once the structure is completed. The 

architect may wish to build a monument that the public will travel far to see and 

that will win international awards. Either through lack of l~nowledge or interest, 

architects and owners may fail to build for, arguably, the most important feature of 

a hall for musical performance: how the acoustics of such a creation will or should 

sound. 

The one hundred halls described on the following pages provide a tour of the 

world, as it were, via its acoustical achievements. Musicians and music aficionados 

may gain from this book an understanding of why some halls have earned better 

reputations as venues for music than others. By defining and measuring how the 

physical elements of a room shape its acoustics, I also have endeavored to make 

sound quality a concrete goal for the individuals who are planning or renovating 

performance spaces. 

~ ~OCHEE CODE FORARCHITECTURALDRAWI JOS 
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Aspen, Colorado 

Benedict Music Tent 

ctcated in the Rocky Mountains, Aspen, Colorado, is a quaint Victorian 

~ t:~, albeit with a cornucopia of cultural offerings, including music, dance, 

theater, painting, and films. It boasts many shops and galleries as well as excellent 

living and dining facilities. The Aspen Music Festival and School were established 

in 1949. It is a foremost training ground for pre-professional musicians and offers 

studies of classical music for nine weeks each summer. There are five orchestras 

staffed by the students and their instructors, four of which perform under guest 

conductors and one that trains student conductors. 

The Music Festival comprises more than 200 events annually, including or­

chestral concerts, chamber music, opera, contemporary music, and lectures. The 

principal festival performances occupy three venues, the Opera House, Concert 

Hall, and Music Tent. Aspen differs from its sister institution, the Tanglewood 

Music Center in Western Massachusetts, mainly in that the premier orchestra is 

composed of the instructors and the most accomplished students, while at Tangle­

wood the main performing entity is the Boston Symphony Orchestra. Tanglewood 

has a premier student orchestra and its own concert hall. 

The Benedict Music Tent was dedicated in 2000. With 2,050 seats, it has the 

outdoor appearance of a circus tent, but closer inspection reveals a hurricane- and 

snow-resistant structure augmented to give it an acoustical ambience that rivals that 

of excellent concert halls. The main supporting structure is a circular grid, 100 ft 
(30.5 m) in diameter, formed from intersecting, elliptical-shaped steel trusses that, 

in turn, rest on four large, telescoping columns, 45 feet (13.7 m) in height, two of 

which stand at the front corners of the stage, while the other two are in the middle 

part of the audience. This structural "disk" supports an upper "roof" of sound­

reflecting wood and glass panels. They are protected from the elements by the tent 

material itself, which is Teflbn-coated glass-fiber fabric. 

The "flying" sound-reflecting surfaces immediately above the stage are made 

from 3 X 3-in. (7.6-cm squares) welded wire mesh secured to curving steel trusses 
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that are attached above to the structural disk. The wire mesh panels are covered 

with No. 10 duct canvas, which has been sprayed with two coats of polyurethane 

finish. Finally, the periphery of the tent has operable wooden louvers that are used 

to exclude wind, rain and sun, or opened to permit the audience and orchestra to 

view the surrounding mountains. 

Conductors and audiences have spol~en highly of the acoustics, whether the 

performance involves orchestra and chorus, chamber group, or soloists. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Summer symphony and chamber orchestra, soloists, lectures. Ceiling: Center 

section, partly glazing, partly tongue-and-groove decking, all covered by the outer tent 

which is Teflon-coated glass-fiber fabric. Canopy above stage: Panels composed of 

No. 10 duct canvas with two coats of spray-applied polyurethane finish stretched over 

3 X 3-in. (7.6-cm) welded wire mesh, all secured to curving steel trusses that are 

anchored to the hard shell above. Low side and rear walls: Operable steel-harned 

vertical louvers, of which lower 66% is 0.75 in. (l.9 cm) plywood, all wrapped in dyed 

acrylic fabric. Stage enclosure: Veneered plywood on two layers of 0.75-in. substrate 

affixed to 12-in. (30 cm)-thick grout-filled CMV block. Audience floors: Bare con­

crete. Stage floor: Tongue-and-groove wooden flooring, over two layers of 0.75-in. 

plywood, mounted on rafters spaced 16 in. (40.6 cm) apart, over airspace. Stage 

height: 3 ft (0.9 m) above floor at first row. Carpet: None. Seats: Molded plywood 

benches with cast aluminum supports and closed-cell foam cushions wrapped in dyed 

acrylic fabric. 

ARCHITECT: Henry Teague Architects. ACOUSTICAL CONSULTANT: Kirkegaard 

Associates. PHOTOGRAPHS: Tim Hursley, Little Rock. 

V = 700,000 ftl (19,830 m' ) 

SD = 5,240 ft' (487 m' ) 

H = 44 ft (13.4 m) 

D = 97 ft (29.5 m) 

V/N = 341.5 ftl (9.67 m' ) 

L/W = 0.72 

S. = 10,373 ft ' (964 m' ) 

S, = 14,816 ft ' (1,377m' ) 

W = 136 ft (41.5 m) 

VIS, = 47.2 ft (14.4 m) 

SA/N = 6.28 ft' (0.58 m' ) 

Note: S, = SA + 180 m'; (see definition of S, in Appendix 1). 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,880 ft' (1, 197m' ) 

N = 2050 

L = 98 ft (30 m) 

VISA = 54.3 ft (16.6 m) 

HIW = 0.32 
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Baltimore 

Joseph Meyerhoff Sytnphony Hall 

~oseph Meyerhoff Symphony Hall was built only for concert use. It is a 

@ b::~tiful building, with a unique shape, panorama of glass and bricl~, and 

grand staircases. It was opened in 1982 to generally favorable reviews by music 

critics. Home of the Baltimore Symphony Orchestra, it is one of America's im­

portant concert halls. There are no flat walls, no ninety-degree angles; instead at 

each level there are curved randomly shaped "bumps" that reflect and diffuse the 

sound field. The ceiling is covered with 62 convex disl~s that emulate the coffered 

ceilings of classical halls. The seating capacity is 2,467 and the reverberation time, 

at mid-frequencies, fully occupied, is 2.0 sec, which is optimum for today's sym­

phonic repertoire. 

From the beginning, the orchestra was not happy with the sound on stage. 

The players cited excessive loudness, poor ensemble conditions, and some early 

reflections strong enough to be distracting both to the conductor and the musicians. 

In 1990, a large array of QRD sound diffusers was installed around the periphery 

of the stage, with early reports that "they have had the positive effect of clearing up 

the sound on stage." However, after several seasons' use the QRD's were removed 

because of the general feeling that the diffused sound made it more difficult for the 

orchestra to play in good ensemble. 

In 2001 a major renovation of the performing area was completed. The origi­

nal stage ceiling was altered and an array of reflecting panels was hung below from 

rows of battens. The average size of each reflector is 6.76 ft (1.76 ms) square; each 

is adjustable in angle, both fore-aft and sideways; and the rows can individually be 

changed in height, as can the individual panels. Risers have been added to the stage, 

both to improve players' ability to see each other and better to project the sound to 

the audience. Some changes' have been made in the sidewalls at the main floor level 

to remove harshness of tone, imd absorbing material has been added in a few places 

on the rear wall to reduce faint echoes. 



44 BALTIMORE 



ymp ony Hall Joseph Meyerhoff S h 

~oo CAPACITY 200e7 

0 13 

0) 564 

(2) S40 

10 0 e 10 20 30 40 ~ 50 60 

'0 

45 

FEET 

20 30 
METERS 



46 BALTIMORE 

Acoustically, the sound is a little louder than that in Boston Symphony Hall, 

and the bass is a little stronger, but the high level of the balconies at the rear of the 

hall and the resulting need to slope the ceiling downward prevent the around-the­

room reverberation that is a trademark of the Boston hall. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, recitals, and conferences. Ceiling: Plaster over concrete planks. Walls: 

Plaster over concrete block; plaster on balcony faces. Floors: Cast-in-place concrete 

slab. Carpets: On aisles of main floor and balconies-0.33-in. (0.83 cm)-thick, di­

rectly affixed to concrete. Stage sidewalls: Masonry construction. Stage canopy: 

Each reflector is spherically curved with a 22 ft (6.7 m) radius. Stage floor: Wood, 

tongue-and-groove over planks. Stage height: 39 in. (1 meter) height above main floor 

at first row of seats. Seating: Backrest is 0.38-in. (1 cm)-thicl< molded plywood. Top 

of seat bottom and front of backrest are upholstered, porous fabric over open-cell foam. 

Armrests are wooden. 

ORIGINAL ARCHITECT: Pietro Belluschi, Inc. ASSOCIATE ORIGINAL ARCHI­

TECT: lung/Brannen Associates, Inc. RENOVATION ARCHITECT: RTKL Associates, 

Dallas. ORIGINAL ACOUSTICAL CONSULTANT: Bolt Beranek and Newman, Inc. 

RENOVATION ACOUSTICAL CONSULTANT: Kirkegaard Associates. PHOTOGRAPHS: 

Upper photograph, courtesy Meyerhoff Symphony Hall; lower photograph, Richard S. 

Mandelkorn, courtesy of lung/Brannen. 

TECHNICAL DETAILS 

v = 760,000 ft, (21,530 m3) 

S. = 2.467 ft, (229 m' ) 

H = 59 ft (lB m) 

0= 123 ft (37.5 m) 

VI N = 30B ft, (B.73 m') 

HI W = 0.61 

S. = 12,870 ft, (1,196 m') 

Sf = 17,940 ft'll,667 m' ) 

W = 96 ft (29.3 m) 

VlSr = 42.4 ft 112.9m) 

SA/N = 6.49 ft, (0.60 m') 

L/W = 1.21 

Note: Sr = SA + 1,940 ft, (lBO m'); see Appendix 1 fo r definition of Sr. 

NOTE: The terminology is explained in Appendix 1. 

SA = 16,000 ft' (1,4B7 m') 

N = 2,467 

L = 116 ft (35.4 m) 

VISA = 47.5 ft 114.5 m) 

S,I N = 5.22 ft, 10.4B m') 

ITDG = 22 msec 
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Boston 

Symphony Hall 

~ymphony Hall, buJt in 1900, is rectangular in shape with a high, hor­

~ i~ontal coffered ceJing and two wraparound balconies. On entering the 

hall, one encounters two strong architectural features: the stage with its bacl..~ wall 

devoted to a row of gJded organ pipes, and the upper walls of the hall with their 

niches, in front of which stand replicas of Greel" and Roman statues. The combi­

nation of shades of gray and cream paint, gJded proscenium frame and balcony 

fronts, red-plush balcony rails, black leather seats, and red carpets would place this 

hall architecturally in the middle of the nineteenth century, although it was buJt 

fifty years later. In some ways it resembles the Vienna Grosser Musikvereinssaal; 

nevertheless, it is different, primarily because it seats 2,625 people compared with 

1,680 for the Vereinssaal. During May, June, and December each year, tables are 

installed on the main floor for "pops" concerts and the capacity is reduced to 2,369. 

The sound in Symphony Hall is clear, live, warm, brilliant, and loud, without 

being overly loud. The hall responds immediately to an orchestra's efforts. The 

orchestral tone is balanced, and the ensemble is excellent. 

Conductors von Karajan, Bernstein, De Preist, Leinsdorf, and many others 

have agreed it is the "most noble of American concert halls." Encomiums such as 

"one of the world's greatest halls," "when this hall is fully occupied the sound is just 

right-divine," "an excellent hall, there is none better," are expressed by players and 

leaders. 

Seven crucial design features were responsible for the immediate success of 

this hall. The shoebox shape, which was modeled after the (old) Leipzig, Gewand­

haus; the proper reverberation time, determined by Sabine's formula, which set the 

ceJing height; the preservation of bass both by avoiding large areas of wood, which 

followed the decision to mai"e the buJding fireproof, and by choice of seats with a 

minimum of upholstering; limiting its width and length to insure intimacy; pro­

viding sound diffusion by niches, statues, and ceiling coffers; and, finally, by a stage 
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Sf} BOSTON 

house that blends the orchestral sound beautifully and projects the music uniformly 

throughout the audience. 

Whoever has the good fortune to travel to many halls, finds Boston Symphony 

Hall possessing features that hardly exist elsewhere. Most compelling is the high 

upper space that allows the sound to travel around the room so that it is heard as 

coming from the sides, front, and back. Balconies, in other halls, that rise to the 

ceiling at the rear are the chief barriers to such sound. 

F ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra and soloists. Ceiling: 0.75-in. (1.9 cm) plaster on metal screen. 

Walls: 30% plaster on metal lath, 50% on masonry backing, and 20% of 0.5-1-in. 

(1.25-2.5 cm)-thicl,> wood, including the stage walls; balcony fronts, open-pattern cast 

iron. Floors: Base floor is flat concrete with parquet wood affixed; in winter concert 

season, sloping floor of 0.75-in. boards on 4 X 4-in. (10 X 10-cm) framing mem­

bers-the airspace beneath varies from zero at the front to 5 ft (1.52 m) at the rear; 

balcony floors, wood supported above concrete. Carpets: Thin, on main aisles. Stage 

enclosure: Wood paneling about 0.5 in. thick, but from the stage floor up to a height 

of about 14 ft (4.3 m), is about 1 in. thick. Stage floor: 1.5-in. wooden planks over 

a large airspace with 0.75-in. flooring on top. Stage height: 54 in. (1.37 m). Seating: 

The front and rear of the bacl~rests and the top of the seat bottoms are leather over 

hair; the underseats and the arms are of solid wood. 

ARCHITECT: McKim, Mead, and White. ACOUSTICAL CONSULTANT: Wallace 

C. Sabine. REFERENCES: Richard P. Stebbins, The Making 0/ Symphony HaIJ, Boston 

Symphony Orchestra, Inc. (2000). 

Concerts 

v = 662,000 ft' (8,750 m') 

So = 1,635 ft2 (152 m2) 

H = 61 ft (18.6 m) 

D = 133 ft (40.5 m) 

VIN = 252 ft' (7.14 m') 

HIW = 0.81 

Sa = 11,360 ft2 (1,056 m2) 

ST = 16,385 ft2 (1,523 m2) 

W = 75 ft (22.9 m) 

VIST = 40.4 ft (12.3 m) 

SA/N = 5.62 ft2 (0.52 m2) 

LIW = 1.71 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,750 ft2 (1,370 m2) 

N = 2,625 

L = 128 ft (39 m) 

VISA = 44.9 ft (13.7 m) 

Sal N = 4.33 ft2 (0.40 m2) 

ITOG = 15 msec 
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4 
Buffalo 

Kleinhans Music Hall 

~ Kleinhans Music Hall is a large venue for today's symphony-loving 

({!I ;:blic, seating 2,839, but its well-proportioned lines and primavera wood 

interior render an immediate feeling of intimacy, warmth, and comfort. Buffalo's 

audiences are proud of the hall and most find no fault with its acoustical properties. 

The seats are luxuriously upholstered and widely spaced. The balcony is enormous, 

yet it leaves one with the feeling of an intimate space. Controversy has surrounded 

its acoustics largely because its parabolic shape brings the music directly to the 

listener, emphasiZing the early sound, at the expense of the reverberant sound and 

giving the hall the reputation of being too dry. The music is loud because of this 

early-sound emphasis and the bass is strong. The reverberation time at mid­

frequencies, fully occupied, is estimated at 1.5 sec, below optimum, but above the 

RT in PhJadelphia's Academy of Music, where the famed PhJadelphia sound orig­

inated. Originally, the ventilation noise was excessive; that has been eliminated. 

I have on several occasions attended concerts in the Kleinhans Music Hall. 

The brilliance of the string tone is excellent, particularly on the main floor, and the 

sound is warm with rich full bass. In certain parts of the main floor, the sound tal~es 

on a more reverberant character. I have classified this as "stage liveness" rather than 

"hallliveness." Isaac Stern praised the hall, and he was usually critical of a dry 

sound. He said that on stage the sound was quite good, and he felt a sense of 

immediacy and support. Izler Solomon said, "I conducted there for many years. 

The acoustics are good, perhaps not quite as good on the stage as on the main floor 

of the auditorium." 

The principal difference between this hall and the shoeboxes of Boston, Vi­

enna, and Amsterdam, besides the reverberation time, which for those halls is about 

2.0 sec, is that there is no upper space for the reverberation to form and to reach 

the listener from all directie)lls. 

In defense of its desigriers, it was one of the first halls buJt between 1900 and 

1950 and there was only one good model in the United States to follow, Boston. 
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54 BUFFALO 

The architect wanted to deviate from this nineteenth-century shape. Not enough 

was known acoustically to give the architect the guidance about the need for more 

early sound. A serious problem was the lack of lmowledge about the large absorbing 

power of an audience, which caused the lower than expected reverberation time. 

Buffalo is fortunate that the hall has come out so well. 

c~ ~CHITECTURALAND STRUCTURAL DETAILS 

Uses: Orchestra, soloists, glee club, and lectures. Ceiling: 0.75-in. (2 cm) painted 

plaster. Sidewalls: 0.75-in. plaster on metal lath on which is pasted a linen cloth over 

which are cemented 0.06-in. (0.16 cm) flexible wooden sheets. Rear walls: 0.75-in. 

plaster on metal lath on which is cemented a heavy woven monk's cloth. Floors: 

Concrete. Carpet: The main floor seating area and aisles are fully carpeted. Stage 

enclosure: The orchestra enclosure is permanent and is made of 0.75-in. (2 cm) 

plywood irregularly supported on 2 X 2-in. (5 X 5-cm) furring strips held, in turn, 

by a hollow-tile structure. Lighting coves overhead open to a high attic and permit air 

to filter out. Stage floor: 1. I-in. (2.8 cm) wooden planks on 0.75-in. subfloor over a 

large airspace. Stage height: 42 in. (107 cm). Added absorbing material: On each 

wall are located ten vertical strips of thin, perforated asbestos, backed in places by sound­

absorbing material. Seating: Front of the bacl~rest and the top of the seat are uphol­

stered; seat-bottoms and armrests are solid. 

ARCHITECT: Eliel Saarinen and F.]. and W. A. Kidd. ACOUSTICAL CONSUL­

TANTS: C. C. Potwin and]. P. Maxfield. PHOTOGRAPHS: Courtesy of Kleinhans Music 

Hall Management, Inc. REFERENCES: ]. P. Maxfield and C. C. Potwin, "A modern 

concept of acoustical design," pp. 48-55; and "planning functionally for good acous­

tics," pp. 390-395,]. Acous. Soc. Am. 11, (1940). 

TECHNICAL DET~/~§. -

v = 644,000 ft3 (18,240 m3) 

So = 2,200 ft2 (205 m2) 

H = 44 ft (13.4 m) 

D = 144 ft (43.9 m) 

VlN = 227 ft3 (6.24 m3) 

H/W = 0.34 

S, = 17,000 ft2 (1,580 m2) 

ST = 22,940 ft2 (2,131 m2) 

W = 129 ft (39.3 ml 

VlST = 28.1 ft (8.56 m) 

SA/N = 7.4 ft2 (0.69 m2) 

L/W = 0.95 

Note: ST = SA + 1,940 ft2 (180 m21; see Appendix 1 for definition of Sp 

NOTE: The terminology is explained in Appendix 1. 

SA = 21,000 ft2 (1,951 m2) 

N = 2,839 

L = 123 ft (37.5 m) 

VISA = 30.7 ft (9.35 m) 

S,/ N = 6.00 ft2 (0.556 m21 

ITOG = 32 msec 
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5 
Chicago 

Orchestra Hall in Symphony Center 

~ oddly shaped hall, which reopened 4 October 1997, has undergone 

@ ;:nsive renovations designed to improve the acoustics and to adapt the 

stage shape to present-day orchestra seating. Viewed from the stage, the visual ap­

pearance of the audience areas has changed little from the 1904 design by Chicago's 

music giant, Theodore Thomas, who conducted the Chicago Symphony Orchestra 

from 1891 to 1905. But viewed from the audience, the revision is breathtaking. 

Three meters above and around the narrowed and deepened stage is a "U -shaped" 

terraced seating area, three rows deep. Resting on the rear wall of this seating area, 

9 ms above the stage, is a hemispherical, sound-transparent dome beneath which 

hangs an unusually attractive glass-and-steel acoustical canopy. The strikingly beau­

tiful interior overall attests to the faultless task of the designers: all silver and cream, 

new but not garish, shining yet balanced. 

Blair Kamin, the Chicago Tribune's architecture critic, wrote (3 October 

1997): 

... the debut of the renovated and expanded Orchestra Hall merits a full-throated 

"bravo" for pumping new lifeblood into both the arts and the heart of Chicago ... One 

of the arts that it invigorates is architecture ... it reinterprets the 93-year-old original 

in an adventurous conversation between past and present ... the concert hall itself has 

been made larger while losing none of its former visual intimacy. The most prominent 

addition to the hall, a steel-and-glass acoustical canopy ... now floats elegantly above 

the stage, lacy as a doily ... on the whole, this is a sparkling transformation. 

Negative criticism of the 1904 Orchestra Hall began the day it opened. Al­

though the orchestral music was clear and well balanced, the sound was dry, meaning 

the reverberation time was too short. Listeners traveling to the oft-praised halls in 

Boston, Vienna, and Amsterdam were dismayed by the lack of support for the 

orchestral tone; missing was a "singing tone" that made those halls famous. Only 

by an increase in reverberation time, accompanied by an increased number of strong, 

early sound reflections, could the hall be made competitive. 
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CHICAGO 



Orchestra Hall in Symphony Center 

In the 1997 renovation the (acoustical) ceiling was raised 15.8 ft (4.6 m). It 
is flat and thicl~, reaching a height that is 37 ft (11.3 m) above the over-stage 

hemisphere (see the drawing). The visual ceiling is now more open so that it freely 

communicates with the space above. The new cubic volume is 50 percent greater 

than the previous value of 18,000 m 3 making the reverberation time, fully occupied 

and at the middle range of frequencies, about 1.6 sec, compared to the previous 

1.2 sec. There are other changes acoustically, the most important being the sus­

pended glass-and-steel canopy which enables the players to hear themselves. Another 

is the new seats on which the upholstering is half as thicl~, which means that they 

absorb less bass sound. Suspended panels above the hemispherical orchestra enclo­

sure reflect sound to the various areas of the audience and bacl~ to the players. 

Very importantly, the front part of the hall is now narrower by about 7.6 m, 

which creates side-reflecting surfaces for sending highly desirable, early, lateral sound 

to listeners on the main floor. The width of the stage is reduced by about 3.6 m. 

Orchestra Hall can again boast of a pipe organ. The hall was lengthened, both to 

make room for the three-row terrace seating and to increase the stage depth by 

about 3 m. The hall now seats 2,530 persons. 

The general evaluation by Chicago listeners and most music critics is largely 

favorable-the sound has been improved significantly. James R. Oestreich, The New 
York Times, in The Living Arts Section, October 6, 1997, wrote: 

The results, to judge on Saturday from a choice seat in the lower balcony during the 

long concert ... are remarkable. The strings, for a change, could hold their own against 

those mighty Chicago winds. The low strings, especially, had a new warmth and solidity, 

and the whole bass and baritonal range of the orchestra provided a firmer basis and a 

mellower foil for the sound above it, which has always been brash and brilliant. 

A music critic of the Chicago Tribune in 2002 has denigrated the new acoustics, 

"[The changes] have robbed the upper strings of shimmer and warmth even as they 

added depth and spaciousness to the low frequency sound, flattering the cellos and 

basses." The acoustical consultant responded, " ... we are very pleased with much 

of what was accomplished in the renovation, but, along with others, are not yet 

completely satisfied with the results ... further refinements that will achieve every­

one's goals can be accomplished within reasonable means." 

At two center seats in the front balcony and two on the main floor, where I 

sat during two concerts, the sound was very good. Some listeners report that the 

sound on the main floor uhder the boxes/balcony overhang is less good. Observe 

that the sound will never exactly duplicate that of Boston's and Vienna's famous 

halls, because the steep balconies in Orchestra Hall prevent the sound from rever­

berating in spaces behind the listeners. 

S9 
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~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, chamber music, soloists, chorus, organ, lectures. Upper ceiling: Pre­

cast concrete with sound-diffusing shaping, 6-14 in. (15-36 cm). Visual ceiling: plas­

ter ribs occupy 5%; perforated metal betwee~ ribs 42% open; above the stage the per­

forated metal is 95% open. Stage canopy: 0.5-in. (1.25-cm) laminated glass panels of 

double-convex shape hung from a steel structure, 70% solid. Walls above visual ceiling: 

Sides, plastered brick, 12-in. (30-cm); Rear stage, 16 in. (41 cm). Walls below visual 

ceiling: Plaster applied to brick 12-20 in. (30-50 cm). Majority of rear walls and box 

rear walls are QRD diffusers behind perforated metal with limited areas of 4-in. (10-cm) 

plaster. Balcony side walls are plaster and perforated metal. Rear of first balcony and 

rear sides and underside of upper balcony are plaster 2-4 in. (5-10 cm). Stage walls, 

all behind perforated TIletal: Center of choral seating is diffusive 4-in. (10-cm) plas­

ter. Side walls of choral seating are concrete block 12 in. (30 cm), bowed in plan. Rear 

walls of stage are a combination of wood paneling and perforated metal over plaster. 

Floors (audience floors everywhere): Painted concrete with thin carpet in aisles; choral 

seating area, tongue-and-groave wood; stage floor, tongue-and-groove maple, 1 in. (2.5 

cm), over two layers plywood, 0.75 in. and 1.13 in. (1.5-2.9 cm)-all over a I-in. 

(2.5-cm) airspace formed by sleepers and neoprene pads. Orchestra risers: Wood, 

which telescope and retreat onto castered carriages for removal from stage. 

ARCHITECT: 1904, D. H. Burnham; 1997, Skidmore, Owings & Merrill, LLP 
ACOUSTICAL CONSULTANT: Kirkegaard & Associates. PHOTOGRAPHS: Jon Miller, 

Hedrich-Blessing. REFERENCE: Kevin Hand and Celeste Bernard, Chicago Tribune, 

Sunday, September 28, 1997, Arts and Entertainment Section. 

TECHNICAL DETAILS 

v = 953,000 ft:3 (27,000 m3) 

So = 2,884 ft' (268 m') 

H = 89 ft (27.1 m) 

D = 105 ft (32 m) 

VIN = 377 ft3 (10.7 m3) 

HIW = 1.24 

S, = 11,406 ft' (1,060 m') 

ST = 14,408 ft' (1,339 m') 

W = 72 ft (21.9 m) 

VIST = 66.1 ft (20.2 m) 

SAl N = 4.93 ft' (0.46 m') 

LIW = 1.11 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of ST. 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,471 ft' (1,159 m') 

N = 2,530 

L = 80 ft (24.4 m) 

VI SA = 76.4 ft (23.2 m) 

Sal N = 4.50 ft' (0.420 m') 

ITOG = 36 msec 
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6 
Cleveland 

Severance Hall 

~everance Hall is a handsome classical building, located in the University 

~ Circle area of Cleveland. Completed in 1931, the hall was designed during 

the period when some acousticians adhered to the philosophy that the acoustics of 

the audience area should be II dead" and that the stage enclosure alone should be 

live. In 1958, as part of a program of rehabilitation, most of the draperies and 

carpets in the hall were removed, and a stage enclosure of contemporary style, with 

relatively low ceiling, was installed. With fewer sound-absorbing materials present, 

the reverberation time increased noticeably. Certainly, the hall, with only 2,101 
seats, was favorable to the production of good music-having assisted two famous 

conductors, George Szell and Christoph von Dohnanyi, in bringing the Cleveland 

group world acclaim as the equal to today's best symphonic orchestras. 

In 1999, a second general rehabilitation toolz place. Lobbies and musicians' 

facilities were enlarged, exhibition space and dining facilities indoors and outdoors 

were added, and underground parking was provided. The audience space was not 

changed; except new audience seats were installed. The older stage enclosure was 

scrapped and replaced by one that not only blends with the 1931 ornamental Art 
Deco style, but also has brought about a significant improvement in the acoustics. 

In addition, the original pipe organ, long buried behind the orchestra shell, was 

restored. There was always considerable unused space to the sides and above the 

1958 stage enclosure and that now is employed to house the refurbished organ and 

to add cubic volume above and to the sides of the semi-transparent stage enclosure. 

The reverberation time, with full occupancy, at mid-frequencies has been increased 

throughout the hall from 1.5 to 1.6 sec and the modified on-stage acoustics ap­

parently pleases the players. Visually, the new stage is stunning. Behind the upper 

sidewalls are concealed doors that can be closed or opened by degrees to adjust the 

acoustics to fit the preferences of the musicians and conductors. 

One of the most satisfying concerts that I have attended in recent years has 

convinced me that the stage modifications were successful acoustically. Allan Kozinn 
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Severance HaJJ 

in The New York Times, January 10, 2000, said, "Less than 20 minutes into the 

program it was evident that there was no cause for worry." 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic music, chamber music, and recitals. Ceiling: Plaster on wire lath. 

Stage ceiling: Five irregular sections, separated by air spaces. Walls: plaster, except 

for doors and space dividers. Stage walls: Each side has five bays besides the original 

bay with an entry door; from the bottom of each bay upward, 14 in. (36 em) solid, 

then solid, sand-filled section followed by lighting bays; next is a 14-in. hard section, 

above which are acoustically transparent screens, backed by operable doors; then another 

14-in. solid section above which is a curved plaster section; the rear wall is the same 

except for organ pipes. Floors: Concrete covered with vinyl tile. Carpet: None. Stage 

floor: Two layers wood, over sleepers on joists over airspace. Stage height: 27 in. 

(69 em) above front of main floor. Seats: Upholstered on seat bacl~s and seat bottoms, 

no perforations beneath seat bottom. 

ARCHITECTS: original, Walter and Weel~s; renovation, 1999, David Schwartz. 

ACOUSTICAL CONSULTANT: original, Dayton C. Miller; 1999, Jaffe Holden Acous­

tics, Inc. ORGAN CONSULTANT, 1999, Schoenstein & Company. PHOTOGRAPHS: 

Steve Hall of Hendrich Blessing. 

TECHNICAL DETAILS 

v = 575,000 ft3 (16,290 m3) 

So = 2,313 ft2 (215 m2) 

H = 55 ft (16.8 m) 

D = 135 ft (41.2 m) 

VIN = 273.7 ft3 (7.75 m3) 

L/W = 1.2 

S, = 10,000 ft2 (930 m2) 

ST = 14,960 ft2 (1,390 m2) 

W = 90 ft (27.4 m) 

VlST = 38.4 ft (11.72 m) 

SAIN = 6.19 ft2 (0.58 m2) 

Note: ST = SA + 180 m2; see definition of ST in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

--

SA = 13,000 ft2 (1,210 m2) 

N = 2,101 

L = 108 ft (32.9 m) 

VISA = 44.2 ft (13.5 m) 

HIW = 0.61 

65' 
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7 
Costa Mesa, California 

Orange County Performing 
Arts Center, Segerstrom Hall 

{)pened in 1986, Segerstrom Hall, seating 2,903 for full orchestra, is a 

multi-use auditorium. The acoustical design called for early, laterally re­

flected sound to all seating areas. These reflections are produced by walls created at 

the edges of four seating trays; by large tilted panels that float within the volume 

near the front of the hall; and by tilted rear walls. Some of the tilted panels are 

pleated (so-called quadratic residue diffusers, QRD, discussed in Chapter 4), de­

signed to spread a sequence of early sound reflections to each listener. They also 

decrease the intensity of overtones relative to fundamental tones, which gives the 

music a warm, mellow characteristic, and eliminates acoustic "glare" common to 

reflections from large smooth surfaces. All seats share the same reverberant sound 

field which is determined by the outer walls of the auditorium, including the volume 

behind the floating panels. The reverberation time can be shortened for rehearsals 

or speech events by curtains that are drawn out in varying lengths from suspended 

housings distributed throughout the ceiling area and from behind the large panel 

reflectors. At the stage end, the proscenium opening is high, chosen to make the 

performing orchestra be within the room, while its width is dictated by the owner's 

request for a stage area of 2,400 ft2 (223 m 2) for normal symphony concerts, 

increasing to 3,060 ft2 (284 m2) for choral works or decreasing to 500 ft2 (46 m2) 
for soloists. The orchestra enclosure is only 15 ft (4.6 m) deep, so that about half 

the players are in front of the curtain line. To provide them with cross-stage com­

munication, three removable reflecting panels are located overhead. 

The measured acoustical data show that the hall has met the design objectives 

of achieving sufficient early laterally reflected sound energy, an optimum early decay 

time (2.2 seconds, unoccupied), and excellent sound levels over the audience area. 

Segerstrom Hall differs from the classical halls in that the ratio of early sound 

energy compared to later reverberant energy is higher and the later reverberation 

time is shorter-1.6 sec. In the upper two trays, the later reverberant sound is not 

heard as surrounding the listener, as in a conventional rectangular hall, but rather 

is heard as a broadening of the source, a satisfactory result. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: About 25% each for classical music, musicals, and dance; remainder divided 

among opera, pops, and rentals. Ceiling: 2-in. (5-cm) high-density plaster; under­

balcony soffits I-in. (2.5-cm) plaster. walls: '2-in. high-density plaster; balcony faces 

and surfaces between trays, same. Sound diffusers: Located in back corners of each 

seating area, chevron in shape, made of 0.75-in. (1.9-cm) wood; each about 70 ft:2 
(6.5 m2) in area; depth 1-8 in. (20 cm); and open at perimeter. Quadratic residue 

diffusers: Twelve in number. Constructed of 0.5-in. (1.25-cm) plywood, totaling 

1,550 ft:2 (144 m2); design frequency near 500 Hz based on prime number 7. Floors: 

Dense concrete. Vinyl tJe cemented to concrete in seating areas. Variable elements: 

Proscenium opening variable between 68 and 52 ft horizontally and 42 to 32 ft ver­

tically; variable part, I-in. plywood. Carpets: 0.33-in. directly affixed to concrete, 

totaling about 3,630 ft:2 (340 m2). Stage enclosure (see sketch): Each side formed by 

three tall rolling towers; back wall section and the three ceiling sections are flown by 

rigging, all composed of 0.75-in. plywood laminated to 0.5-in. plywood; for large choral 

works, a 12-ft (3.7-m) insert increases the performing area; between lower and upper 

portions of the sidewalls, an intermediate 10-ft (3 m) length, 20 degrees from vertical, 

is buJt in. These sloped surfaces have a single-period QRD attached to them; chevron 

diffusers are attached to the lower vertical surfaces on the tower portions and are arrayed 

across the entire back wall of the enclosure; three large reflecting panels above the 

players, each about 50-ft (15-m) wide and 9-ft (2.74-m) deep at heights (from down­

stage to upstage) of 33 ft, 30 ft, and 28 ft (10 m, 9.25 m, and 8.5 m) above stage 

level. Stage floor: Extends into auditorium on two pit lifts plus a 3-ft. extension; fixed 

floor is composed of 0.75-in. particle board on 1 X 4-in. (lO-cm) tongue-and-groove 

subfloor, supported on 2 X 3-in. strips, 10 in. (25 cm) on centers-strips are separated 

from the flat concrete surface below by 0.325-in. (l-cm) neoprene pads. Stage height: 

40 in. (1.02 m) above floor level at first row of seats. Seating: The backrest is 0.325-

in. molded plywood. The front of the backrest and the seat top are upholstered. The 

seat bottom is unperforated. Seat arms are wooden. 

ARCHITECT: Charles Lawrence. AsSOCIATE ARCHITECTS: CaudJl-Rowlett­

Scott and The Blurock Partnership. ACOUSTICAL CONSULTANTS: Joint Venture: 

PaolettilLewitz Associates, Jerald R. Hyde and MarshaIl!Day Associates. PHOTO­

GRAPHS: Courtesy of J. R. Hyde. STAGE SKETCH: John von Szeliski. REFERENCES: 

D. Paoletti and J. R. Hyde, "An acoustical preview of OCPAC," p. 23, Sound & Video 

Contractor July 15, 1985; J. R. Hyde and J. von Szeliski, "Acoustics and Theater 

Design: Exploring New Design Requirements for Large Multi-Purpose Theaters," 12th 

International Congress on Acoustics, Vancouver, Canada (August 1986); A. H. Mar-



Orange County Performing Arts Center, Segerstrom Hall 

shall and J. R. Hyde, "Some Practical Considerations in the Use of Quadratic Residue 

Diffusing Surfaces," Tenth International Congress on Acoustics, Sydney, Australia 

(1980); J. R. Hyde, "Segerstrom Hall in Orange County-Design, measurements and 

results after a year of operation," Proceedings 0/ Institute of Acoustics, 10, 155 (1988); 

J. R. Hyde, "Sound strength in concert halls: The role of the early sound field on 

objective and subjective measures," J. Acoust. Soc. Amer. 103,2748 (A), (1998). 

TECHNICAL DETAILS 

v = 981,800 ft3 (27,800 m3) 

So = 2,400 ft2 (223 m2) 

H = 80 ft (24.4 m) 

D = 144 ft (44 m) 

VI N = 338 ft3 (9.58 m3) 

HIW = 0.59 

Sa = 16,190 ft2 (1,504 m2) 

ST = 20,690 ft2 (1,922 m2) 

W = 136 ft (41.5 m) 

VIST = 47.4 ft (14.5 m) 

SAIN = 6.46 ft2 (0.6 m2) 

LIW = 0.88 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST. 

NOTE: The terminology is explained in Appendix 1. 

SA = 18,750 ft2 (1,742 m2) 

N = 2,903 

L = 119 ft (36.2 m) 

VISA = 60.6 ft (18.5 m) 

Sal N = 6.46 ft2 (0.600 m2) 

ITOG = 31 msec 
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Dallas 

Eugene McDennott Concert Hall in 
Morton H. Meyerson Sytnphony Center 

~ McDermott Hall in the Meyerson Symphony Center is a classical rec­

@ t::gular hall in the front two-thirds and a classical opera house in the re­

,mainder. Entrance is via circular, beige, Italian marble stairs that lead one into an 

asymmetrical lobby that surrounds the hall like an eighteenth-century glass ball-

gown. The concert hall, seating 2,065, is in direct contrast-an intimate, warm 

room in soft red and darl< wood tones trimmed with bronze. On the occasion of its 

opening in 1989, a New York Times critic wrote, "One of the handsomest new 

rooms in which to hear music anywhere." 

Acoustically, the unusual feature of the Meyerson is the 254,000 ft3 (7,200 

m 3 ) of partially coupled reverberation space wrapped around the perimeter of the 

hall above the highest audience level and concealed by an open-weave cloth. The 

chamber is opened and closed by seventy-four, 4-in. (10-cm)-thick, hinged, concrete 

doors, motor-operated by remote control. With them, the length of the reverberation 

time can be varied, and the four-part canopy can be raised to give the sound energy 

greater access to the chamber for large-scale works, or lowered for more intimate 

chamber and recital music. 

During my two-concert, five-seat visit to the hall the canopy was raised high 

enough that its surface was parallel to the vision of listeners in the highest rows. It 

was obvious that the reverberation chamber doors, at least some of them, were open. 

The fidelity of tone, orchestral balance, and intimacy were excellent nearly every­

where. The spaciousness and the fullness of the sound was best on the main floor 

and in the seats in the curved rear one-third. On the sides the orchestra was less 

well balanced, one side or the other dominating over the cello in Shostalwvich's 

Concerto No.1. The effect of the chamber was hard to evaluate. Its presence was 

not obvious in all the seats, except after sudden-stop chords, when the sound seemed 

to reverberate for about 3.0 sec. In the running music, the early reverberation time 

sounded lil<e 2.0 sec. Critic~l reviews have been favorable. The hall, being basically 

rectangular, combines a favorable design with an interesting addition of a lengthened 
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Eugene McDermott Concert Hall 

reverberation time. Since this lengthened RT is audible only with very slow tempos 

or after stop chords, the question is whether the extra construction cost is merited. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and chamber orchestras, recitals, and soloists. Ceiling: 5.5-in. (14-

cm) concrete with plaster skim coat. Overstage canopy: 6-in. (15-cm) laminated 

wood, 4,000 ft2 (372 m2), over orchestra and front of audience; normal height 36-

50 ft (11-15 ·m). Walls: Thin wood veneer on 0.5-in. (1.5-cm) particle board bonded 

by adhesive and plaster to 10-in. (25-cm) masonry, some areas of limestone; center 

canopy has 0.06-in. (0.16-cm) layer of felt to suppress acoustic glare. Balcony fronts: 

2.0-in. (5-cm) plaster, on upper two fronts, added thin wood veneer. Variable absorp­

tion: Motor-operated curtains in storage pockets for covering 6,190 ftz (575 m2) of 

walls; in each pocket, one set of curtains is single-layer thin fabric, the other is multi­

layer, tightly woven, heavy velour. Floor: Terrazzo or painted concrete; no carpet. Stage 

floor: 0.5-in. (1.5-cm) tongue-and-groove wood on wood boards on joists. Floor be­

neath cellos and double basses has 2 in. (5 cm) of wood over 3 ft (0.9 m) of airspace. 

Stage walls: Lower 14 ft (4.3 m) is 2-in. (5 cm) wood doors that are selectively opened 

to expose a 12-ft (3.7-m}-deep airspace behind instruments. Reverberant chamber: 

254,000 ft3 (7,200 m3), containing 4,844 ft2 (450 m2) of variable sound absorption. 

Stage height: 42 in. (1.38 m). Seating: Molded plywood back and unperforated 

plywood bottom; upholstered seatback and seat with porous fabric over polyvinyl foam 

cushion; armrests, wood. 

ARCHITECT: Pei Cobb Freed & Partners. ACOUSTICAL CONSULTANT: ARTEC 

Consultants, Inc. THEATER CONSULTANT: ARTEC Consultants, Inc. PHOTO­

GRAPHS: Courtesy of Pei Cobb Freed & Partners. 

TECHNICAL DETAILS 

v = 844,000 ft3 (23,900 m3) closed Sa = 10,550 ft2 (980 m2) 

So = 2,691 ft2 (250 m2) 

H = 86 ft (26.2 m) 

D = 133 ft (40.5 m) 

V/N = 409 ft3 (11.6 m3) 

H/W = 1.02 

ST = 14,440 ft2 (1,341 m2) 

W = 84 ft (25.6 m) 

VIST = 58.4 ft (17.8 m) 

SAl N = 6.05 ft2 (0.56 m2) 

L/W = 1.2 

Note: ST = SA + 1,940 ft2 (180 rW); see Appendix 1 for definition of S" 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,500 ft2 (1,161 m2) 

N = 2,065 

L = 101 ft (30.8 m) 

VISA = 67.5 ft (20.6 m) 

Sa/N = 5.11 ft2 (0.474 m2) 

ITOG = 21 msec 

79 
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9 
Denver 

Boettcher Concert Hall 

!Ii7) enver is known as the gateway to the Rocky Mountains. At an altitude of 

~ 1 mile (1.6 km) it boasts 300 days of sunshine a year. In 1978 the 

opening of the Boettcher Concert Hall signaled a move toward the population's 

greater appreciation of the performing arts. The Colorado Symphony Orchestra 

performs from September through May and attracts leading soloists. 

Boettcher, seating 2,750, is circular in design; with the orchestra near the 

center, no listener is more than 100 feet from the stage. Actually, only 311 seats 

are directly behind the orchestra, although a substantial number are to the sides. 

Modeled after the philharmonie in Berlin, the Boettcher's seating is terraced­

composed of trays-so that part of the sound from the orchestra is reflected from 

the tray-sides laterally to the listeners, which creates a desirable acoustic effect. 

Most obvious to a visitor are the hall's 106 large, translucent disks hovering 

above the stage and parts of the audience, which guide the sound of the performers 

to all sections of the hall. The opening night music critics were enthusiastic about 

the acoustics-Schonberg of The New York Times wrote, "In mid-range and top 

frequencies the sound was beautiful-warm and intimate, well detailed, with plenty 

of color and presence ... sauvity and smoothness of response. [Except for a few 

spots] the bass can be heard well enough .... listening to music there is a com­

fortable, enjoyable experience." Martin Bernheimer of the Los Angeles Times of­

fered, "Pianissimos shimmer at Boettcher, the string tone is really lustrous, and the 

brass cut the air with clarion purity .... The acoustics are fine." At the hall's tenth 

anniversary in 1988, the Denver Post interviewed the hall's musical users and con­

cluded, "Boettcher Hall is earning good grades for acoustics." These listeners sat 

facing the front of the orchestra. 

On the other hand, those seated behind an orchestra that is situated near the 

center of a hall hear a poor rendition of a piano or a singer's voice, because the 

high tones are radiated forward, while only the lower ones project rearward. The 

orchestra sounds are also unbalanced, because the French horns face bacl<ward and 
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DENVER 

the other brass instruments face forward. placing a singer stage-right on risers 

behind the orchestra string section would help the voice problem. With that ori­

entation, 90 percent of the audience would be forward of the singers, and those 

behind would be near enough to hear a reasonably well-balanced vocal sound. Fur­
ther, years ago, the Baldwin Piano Co. developed a reversed piano lid that would 

resolve any directionality problems for that instrument. To many listeners, a distinct 

advantage to those rear seats is the experience of facing the conductor and being 

" f h h " part 0 t e orc estra. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily symphonic concerts, but otherwise general purpose. Ceiling and side 

walls: Three layers of gypsum board. Stage Roar: Tongue-and-groove wood above 

wooden underlayer on sleepers with a moat below. Seats: Molded wood with uphol­

stering on top of seat bottom 2 in. (5 cm) thick and that on front of seat back 1 in. 

(2.5 cm) thick. 

ARCHITECT: Hardy Holzman Pfeiffer Associates. ACOUSTICAL CONSULTANT: 

Jaffe Holden Acoustics. REFERENCES: J. S. Bradley, Gary Madaras, and Chris Jaffe, 

"Acoustical characteristics of a 3600 surround hall," f. Acoust. Soc. Am. 101, 3135(A) 

(1997). 

TECHNICAL DETAILS 

v = 1,321,760 ft3 (37,444 m3) 

So = 2,561 ft' (238 m') 

H = 40 ft (12.2 m) 

D = 100 ft (30.5 m)* 

V/N = 481 ft3 (13.6 m3) 

H/W = 0.23 

Sa = 18,290 ft' (1,700 m') 

ST = 25,504 ft' (2,370 m') 

W = 174 ft (53 m) 

V/Sr = 51.8 ft (15.8 m) 

SA/N = 8.57 ft' (0.796 m2) 

L/W = 1.07 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of Sp 

* With the stage extended, 0 = 75 ft (23 m). 

NOTE: The terminology is explained in Appendix 1. 

SA = 23,564 ft2 (2,190 m') 

N = 2,750 

L = 190 ft (59 m) 

VISA = 56.1 ft (17.1 m) 

S8/ N = 6.65 ft' (0.62 m2) 

ITOG = 17 msec 
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Fort Worth, Texas 

Bass Perfonnance Hall 

~ Bass Performance Hall, situated in the hear!: of downtown For!: Wor!:h, 

@ i:'~a neo-classic building with an outdoor motif of two trumpet-heralding 

angels. The hall, which seats 2,072 listeners, gives the feeling of the Teatro Colon 

in Buenos Aires, one of the world's best-loved opera/concer!: halls, while American 

musicians liken it to Carnegie Hall. 

Bass Performance Hall in For!: Wor!:h is a combination concer!: hall and opera 

house, also suitable for ballet, Broadway theater, and popular music. The principal 

problem with multi-purpose halls is the difficulty of adjusting the reverberation time 

to suit the different performances. In the Bass Hall two means are employed to 

overcome this problem. First, the "Concer!: Hall Shaper" shown in the drawings 

was employed to increase the cubic volume of the stage end of the hall without 

exposing the space to the sound absorption of scenery stored in the upper par!: of 

the stage house. Second, lower reverberation times for theater, voice, and contem­

porary music can be attained by deploying sound-absorbing cur!:ains that can cover 

6,600 ft2 (613 m2) of wall space and by storing the "Shaper" against the upper rear 

wall, thus exposing the absorption of the normal house scenery in the stage house. 

The reverberation times at mid-frequencies, fully occupied, are 1.9 sec, optimum 

for symphonic concer!:s, and 1.6 sec, excellent for opera and contemporary music. 

Intimacy is preserved by the relatively small distances between the balcony fronts 

in the front of the hall. 

Music critics have praised its acoustics from the time of its opening in early 

1998, and the New York Philharmonic Orchestra, performing there in 1999 under 

the direction of Kur!: Mazur, sent word via their executive director, Deborah Borda, 

that, "Its acoustics as well as the aesthetics make it truly an international gem." 

Kur!: Mazur added, "A beautiful hall with perfect acoustics." 
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FORT WORTH 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Multi-use hall used by the Fort Worth Symphony, Opera, Ballet, and general 

performing arts functions. Ceiling: Dome area is I-in. (2.5-cm) plaster and remaining 

area is 2-3 layers of 0.62-in. (1.58-cm) gypsum board. Side walls: 90% drywall 

laminated to masonry; 10%, plaster on masonry; balcony fronts are plaster. Floors: 

Concrete. Stage house: Hall shaper ceiling is series of reflectors made of 0.5-in. 

masonite and perforated brass covers on top; outer stage house walls are painted grout­

filled masonry; upper shaper ceiling is 0.5-in. (1.25-cm) plywood; concert towers sur­

rounding the players are plywood veneer over brass. Carpet: Thin, on aisles. Height 

of the stage above the audience floor level: 54 in. (1.37 m). Seats: Front of seat 

back and top of seat bottom upholstered; back of seat back wood; bottom of seat plastic. 

Armrests not upholstered. 

ARCHITECT: David M. Schwarz Architects. ACOUSTICAL CONSULTANT: Jaffe 

Holden Acoustics. PHOTOGRAPHS: Len Allington. 

TECHNICAL DETAILS 

Concerts 

v = 964,000 ft3 (27,300 m3) 

So = 3,270 ft' (304 m') 

H = 82 ft (25 m) 

D = 131 ft (40 m) 

VIN = 465 ft3 (13.18 m3) 

HIW = 1.156 

Sa = 10,180 ft' (946 m') 

ST = 15,085 ft' (1,402 m') 

W = 71 ft (21.6 m) 

VIST = 63.9 ft (19.5 m) 

SA/N = 6.35 ft' (0.59 m') 

LIW = 1.324 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of ST' 

Opera 

V = 652,000 ft3 (18,470 m3) 

Sp;t = 796 ft' (74 m') 

N = 1,960 

VI N = 333 ft3 (9.42 m3) 

Sa = 9,500 ft2 (883 m') 

Sp = 2,320 ft' (215.6 m2) 

VIST = 42.1 ft (12.83 m) 

SA/N = 6.31 ft' (0.587 m') 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,150 ft' (1,222 m') 

N = 2,072 

L = 94 ft (28.6 m) 

VI SA = 73.3 ft (22.3 m) 

Sal N = 4.91 ft' (0.456 m') 

ITDG = 25 msec 

SA = 12,370 ft2 (1,150 m2) 

ST = 15,486 ft' (1,440 m') 

VISA = 52.7 ft (16.06 m) 

Sal N = 4.85 ft' (0.45 m') 
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Lenox, Massachusetts 

Seiji Ozawa Hall 

~Seiji Ozawa hall opened July 7, 1994, with four conductors, two sym­

@ ;ho~y orchestras, and a three-hour program that ended with the audience 

singing Randall Thompson'sA11e1uia. Modeled after Vienna's Grosser Musikvereins­

saal, Ozawa Hall is a somewhat smaller "shoebox" seating 1,180 vs. 1,680. The 

hall is beautiful inside, with stucco walls painted a warm, off-white. The two tiers 

of balconies are faced with railings and gridded fronts in teak wood. The loge boxes, 

with the railings, become the most important architectural element when the hall 

is filled with people. Even the backrests of the seats pick up this gridded pattern. 

The ceiling is made of pre-cast coffers and the side walls are irregular to provide 

good sound diffusion. 

The musicians sit on risers modeled so that they can see each other and be 

seen by the audience. High up, there are clerestory windows. Unusual, are high 

narrow windows above and behind the stage, northerly directed, that give one partial 

views of the sky changing from sunset to twilight to night. 

The hall had to meet one other requirement, an audience seated outside on 

the lawn. Located in a natural shallow bowl, the rear wall can be completely opened, 

bringing the concert to outdoor audiences as large as 2,000, with sound augmented 

by an excellent sound system. (See lower photograph.) 

The very thick concrete walls, doors, windows, and ceiling preserve the bass 

like no other hall, giving the music a rich sound and emphasizing the tones of the 

lower strings. The reverberation time, fully occupied with rear wall open, is 1.7 sec 

at mid-frequencies. At the lower frequencies, the reverberation is 2.2 sec and the 

bass ratio equals 1.32, which accounts for the warmth and richness of the bass 

sound. Because the hall is narrow and with plenty of surfaces for reflecting sound 

laterally to the audience, the subjective acoustical parameter called "spaciousness" 

also exceeds that in any larger hall, including that in its Viennese model. It contrasts 

with the nearby 5,000-seatKoussevitzky Music Shed, with greater loudness and a 

feeling of listening in a small group. Edward Rothstein, music critic of the New 
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LENOX 

York Times, said, "[It] is precisely what a concert hall should be: a resonant, warm 

space that comes to life with sound." 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Rehearsals, performances, and recording. Ceiling: 35 pre-cast concrete panels 

weighing 27,000 Ibs (12,200 kg) each. Main sidewalls: 12-in. (30-cm) grout-filled 

concrete blocl~s with stucco covering. Balcony fronts: Lower part irregular to provide 

early lateral reflections; upper part open gridded wood. Stage ceJing: None; overhung 

slightly by balconies. Stage sidewalls: Removable wooden panels on stage right, and 

canted concrete blocl~ walls, behind wood trimed skrim fabric panels on stage left. Stage 

floor: Tongue-and-groove maple wood strips glued to canvas and floated on bed of 

plastic and 1.12-in. (2.8-cm) plywood to approximate the looseness of classic, aged, 

tongue-and-groove stage floors and to prevent off-season bucl~ling. Stage height: 42 

in. (106 em). Audience floor: Wooden tongue-and-groove boards affixed to 3.25-in. 

(8.26-cm) tongue-and-groove timber planbng. Carpet: None. Sound absorption: 

Six large panels, 6 in. (15 em) thick can be lowered by steps from the ceJing over the 

stage and absorbing curtains along the upper sidewalls can be dropped to reduce the 

empty reverberation time (with closed rear wall) down by 0.4 to 0.6 sec to the desired 

recording reverberation time. Seating: Seat back, open slatted; seat pans covered with 

thin cushions; structure, bacl~rest, and armrests, solid wood. 

ARCHITECT: William Rawn Associates, Architects, Inc. ACOUSTICAL CONSUL­

TANT: Kirkegaard & Associates. PHOTOGRAPHS: Steve Rosenthal. 

V= 410,000 ft3 (11,610 m3) 

So = 2,175 ft2 (202 m2) 

H = 49 ft (14.9 m) 

o = 94 ft (28.6 m) 

VI N = 347 ft3 (9.83 m3) 

HIW = 0.72 

Sa = 5,340 ft2 (496 m2) 

ST = 9,895 ft2 (919 m2) 

W = 68 ft (20.7 m) 

VIST = 41.4 ft (12.63 m) 

SA/N = 6.74 ft2 (0.63 m2) 

LIW = 1.38 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 7,955 ft2 (739 m2) 

N = 1,180 

L = 94 ft (28.6 m) 

VI SA = 51.5 ft (15.7 m) 

Sal N = 4.52 ft2 (0.42 m') 

ITOG = 23 msec 



UNITED STATES 

12 
Lenox, Massachusetts 

Tanglewood, Serge Koussevitzky 
Music Shed 

~lewood, where the Boston Symphony Orchestra's Koussevitzky Music 

({!/ Sh:d is located, is an incredibly beautiful estate in the Berkshire Hills of 

Massachusetts. The Music Shed at Tanglewood boasts a unique position among 

concert halls. It is the only place that houses a very large audience, 5,121 listeners, 

under acoustical conditions that rival the best in America. And an additional 

10,000 people seated on the lawns outside can enjoy the music that issues from 

the partly open sides of the shed and a superior sound amplification system. Even 

though the sides of the shed are open to a height of about 15 ft (4.6 m), the 

reverberation behaves like that in a regular auditorium. 

The shed began its life using an inadequate stage enclosure that was moved 

indoors from a tent in 1938. The combination of a high reverberation time, and 

no surfaces for projecting the sound from the stage, led to a "muddy" acoustical 

environment. The sound lacked definition and the balance between early and late 

sound energy was poor. In 1954, the trustees engaged Bolt Beranek and Newman 

to undertake a study to improve the acoustical quality. Worl~ing began with the 

architect in 1958; a new orchestra enclosure, acoustic canopy, and rear-wall sound 

diffusing surface were designed, and the whole was dedicated in 1959. 

The 50-percent-open low ceiling, comprising 26 non-planar triangular panels, 

varying in width from 7 to 26 ft (2.1 to 7.9 m), reflects about half of the early 

sound energy down onto the audience, arriving shortly after the direct sound, thus 

giving music the quality heard in classical rectangular halls. The upper volume of 

the hall receives sufficient energy to maintain an optimum ratio of early sound 

energy to later reverberant sound energy at the listeners' ears. On stage, the enclo­

sure/canopy also contributes to excellent sectional balance and ease of ensemble 

playing. 

Isaac Stern said after'the 1959 season, "The new orchestra enclosure in the 

Tanglewood Music Shed is ohe of the most fantastically successful efforts to create 

brilliant, ringing sound with wonderful definition, despite the enormous size of this 
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Tanglewood, Serge Koussevitzky Music Shed 

hall. It is particularly successful in providing an equal sound value wherever one 

sits. On stage there is a wonderfully live quality, and yet complete clarity for bal­

ancing with a large orchestra. n 

At the end of the summer season of 1959, Charles Munch, then the Music 

Director of the Boston Symphony Orchestra, wrote, "The new canopy has solved 

all the old problems of disproportion among the various elements of the orchestra. 

The greatest benefit has come to the strings and especially the violins which now 

can be heard in the shed with as much brilliance and clarity as in the best concert 

halls." 

Pierre Monteux said in 1959, "What has been done is absolutely marvelous. 

Last year I could not hear the violins. This year the sound is marvelous." 

Owning a summer home nearby, Eugene Ormandy, then Music Director of 

the Philadelphia Orchestra said (1962), "This year and also a year ago I sat in 

boxes at the center of the Shed and was amazed at the fine quality of the sound. 

The acoustical enclosure is wonderful. The brass is somewhat predominant in the 

large orchestra, though the conductor should be able to control it." 

The acoustics of the completed hall corroborated our predictions. The Shed's 

canopy and enclosure were the first application of the results of a six-year program 

of studies. The low ceiling over the stage and front part of the audience (almost 50 
percent open) produces the necessary short-initial-time-delay reflections in the hall, 

yet leaves the upper volume of the hall available for reverberation. In addition, the 

canopy contributes to excellent sectional balance for a large orchestra and improved 

clarity inside the shed. 

Measurements of reflected sound from this type of panel array, in the labo­

ratory, are in agreement with mathematical theory, which shows that lateral dif­

fraction from the edges of the panels maintain an uniform energy flow even down 

to very low frequencies. This energy flow seems mostly to come from directly ahead 

because measurements in the unoccupied Shed reveal low values for the Binaural 

Quality Index BQI. But this apparent deficiency is more than made up for by the 

strength of the bass. The bass ratio, BR, is 1.45, far greater than Boston's 1.03. 
It has been suggested that the optimum reverberation time, 1.9 sec at mid­

frequencies, fully occupied, and the BR so enhance the effectiveness of this type of 

canopy that strong lateral reflections are not necessary to give a feeling of spacious­

ness. No confirming experiments have been performed to show that the favorable 

values of these two acoustical attributes are necessary to mal~e this type of canopy 

work. 
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~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphony orchestra, chamber orchestra, and choral music. Ceiling: 2-in. (5-

cm) wooden planks. Side and rear walls: Closed part of walls is 0.75-in. (1.9-cm) 

painted fiberboard; large area open to outdoo·rs during concert season. Floors: Packed, 

treated dirt. Stage enclosure: 0.4-0.6-in. (1-1.5-cm}-plywood with modulations in 

shape and randomly and heavily braced. Canopy: Suspended by steel cables from the 

roof, consisting of a series of non-planar triangular plywood panels 0.4-0.6 in. thick, 

heavily framed, connected tip-to-tip (see the drawings). Stage floor: 1.25-in. (3.2-cm) 

wood over large airspace. Stage height: 33 in. (84 cm). Sound-absorbing Illaterials: 

None. Seating: All wooden with metal a=s, no cushions. 

ORIGINAL ARCHITECT: Joseph Franz, engineer (1938), from preliminary design 

of Eliel Saarinen. In 1937, Saarinen consented to the use of his original drawings with 

such changes as were necessitated by the financial resources of the Berkshire Festival 

Corporation. RENOVATION ARCHITECT: Eero Saarinen and Associates (1959). 

ACOUSTICAL CONSULTANT: Bolt Beranek and Newman, now Acentech. PHOTO­

GRAPHS: Courtesy of Boston Symphony Orchestra. REFERENCE: F. R. Johnson, 1. 

1. Beranek, R. B. Newman, R. H. Bolt, and D. 1. Klepper, "Orchestra enclosure and 

canopy for the Tanglewood Music Shed," Jour. Acoust. Soc. 0/ Am. 33, 475-481 

(1961). 

'-TE CHNICAL DETAILS 

v = 1,500,000 ftl (42,490 m3) 

So = 2,200 ft2 (204 m2) 

H = 44 ft (13.4 m) 

D = 163 ft (49.7 m) 

V/N = 293 It' (8.29 m3) 

H/W = 0.22 

S8 = 24,000 ft2 (2,230 m2) 

ST = 32,740 ft2 (3,041 m2) 

W = 200 ft (61 m) 

V/ST = 45.B ft (13.97 m) 

SA/N = 6.01 ft2 (0.56 m2) 

L/W = 0.B35 

Note: ST = SA + 1,940 ft2 (1BO m2); see Appendix 1 for definition of Sf-

NOTE: The terminology is explained in Appendix 1. 

SA = 30,BOO ft2 (2,861 m2) 

N = 5,121 

L = 167 ft (50.9 m) 

VISA = 4B.7 ft (14.B m) 

S8/ N = 4.69 ft2 (0.435 m2) 

ITOG = 19 msec 
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Minneapolis 

Minnesota Orchestra Association 
Orchestra Hall 

() rchestra Hall opened in October 1974. Designed primarily for The Min­

nesota Symphony Orchestra, which turned 100 in 2003, seats 2,450. The 

concert hall, one of two components in the complex, is made of concrete, brick, 

and oak. In the tradition of Vienna's Grosser Musikvereinssaal and Boston's Sym­

phony Hall, it is basically rectangular, but with three wraparound balconies and a 

much less exposed wall above the top balcony. Missing also are the gilded or white 

statues of its famous predecessors. 

Orchestra Hall must be seen to be believed. As one approaches, the exposed 

pipes come into view, blue on the exterior and yellow, green, and blue in the lobby. 

Inside the concert hall, a newcomer is strucl" by the playful cube-lil"e shapes that 

cover the entire ceiling and the rear wall of the stage. In direct contrast is the 

militaristic formality of the balcony fronts and the stage side walls. These intriguing 

rectangular boxes are made of plaster and are randomly oriented to create a diffuse 

sound field-one in which the reverberant energy is uniform throughout the hall, 

giving the music a pleasant singing tone. 

The balconies seat only 938 people, with movable cushioned chairs arranged 

in boxes along the sides and theater-style seats in the rear. Their shallowness assures 

the ticl"et buyer that no under-balcony dead spots exist. Great efforts were made to 

eliminate outside noises. The hall is separated by a I-in. (2.5-cm) airspace from 

the structure which surrounds it on three sides. Adjacent to the entry doors on the 

three sides is a "ring corridor," with carpeted walls and floors designed to combat 

the noise of air-handling machinery, transformers, and office equipment. This sec­

ond part of the building also contains rehearsal space, artistic and administrative 

offices, and the lobby. 

Orchestra Hall's usable stage area is 2,174 ft2 (202 m2). The hall is suffi­

ciently narrow that no central aisle is needed. A state-of-the-art sound system ren­

ders it usable for pops concerts, popular artists, seminars, and school functions. 

During the month of June, for pops, the seating configuration on the main floor 
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is converted into terraced levels with tables and chairs, reducing the hall's capacity 

to 1,838. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Mostly orchestra, soloists, and popular artists. Ceiling: Plaster on wire lath. 

Walls: Side walls are hardwood on concrete block. Balcony wall is plaster on wire lath. 

Floors: The base floor is flat concrete with parquet wood affixed; during the winter 

concert season, a sloping floor is installed (see the drawing). Carpets: On main aisles 

downstairs, with no underpad. Stage enclosure: Most of the enclosure, including the 

ceiling, is thick wood. Stage floor: 1.5-in. (3.8-cm) wooden planl~s over a large airspace 

with 3/4-in. (1.9-cm) flooring on top. Stage height: 46 in. (117 em) above floor level 

at first row of seats. Seating: The rear of the bacl~rest is D.5-in. (1.25-cm) molded 

plywood. The front of the backrest and the top of the seat bottom are upholstered over 

a polyurethane cushion. The underseat is unperforated. The arms are wooden. 

ARCHITECT: Hammel Green and Abrahamson. ASSOCIATE ARCHITECT FOR 

DESIGN: Hardy Holzman Pfeiffer Associates. ACOUSTICAL CONSULTANT: Cyril M. 

Harris. PHOTOGRAPHS: Tom W. McElin and Banbury Studios. 

TECHNICAL DETAILS 

v = 670,000 ft3 (18,975 m3) 

So = 2,185 ft2 (203 m2) 

H= 54 ft (16.5 m) 

D = 134 ft (40.8 m) 

VIN = 273 ft3 (7.74 m3) 

HIW = 0.57 

Sa = 13,627 ft2 (1,266 m2) 

ST = 18,882 ft2 (1,754 m2) 

W = 94 ft (28.6 m) 

VIST = 35.48 ft (10.82 m) 

SA/N = 6.91 ft2 (0.642 m2) 

LIW = 1.33 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 16,942 ft2 (1,574 m2) 

N = 2,450 

L = 125 ft (38.1 m) 

VISA = 39.5 ft (12 m) 

SalN = 5.56 ft2 (0.516 m2) 

ITOG = 33 ms 
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New York 

Avery Fisher Hall 

~4ery Fisher Hall is the successor to phJharmonic Hall, although the 

~ e~erior and the lobbies to the building have remained unchanged. The 

original hall was opened in 1962 and suffered such criticism that a series of reno­

vations were performed over the next several years. Then, through the generosity of 

Avery Fisher, a complete reconstruction was made, including relocating the balco­

nies, lowering the ceiling somewhat, adding irregularities to all surfaces, installing 

a new stage enclosure, changing the contour of the main floor (beneath the seats), 

and selecting new seats. Also, the decor is completely different. The new hall is a 

classic rectangular shoebox, like Boston Symphony Hall, but its drawings more 

resemble those of Salt Lake and Minneapolis. 

The reconstructed hall opened in 1976. It seats 2,742 persons. On entering 

the hall, three elements command one's attention. First, the sound reflectors on 

the walls and ceiling of the stage enclosure. Then, the side balconies, resembling 

boxes, each with a gold-Ieaf-covered, cylindrical front. And, third, the ceiling with 

"waves" to facilitate sound diffusion. The change in acoustics was welcome, and 

music critics, immediately after the reopening, placed Avery Fisher Hall on an 

approximate par with Carnegie Hall. 

The stage is large for a regular concert hall, 2,230 ft2 (207 m2) in area, 81,000 
ft3 (2,295 m3) in volume and 41 ft (12.5 m) in depth. It was augmented in 1992 
by the addition of two tiers of rounded sound diffusers on the side walls (see the 

photograph) and two diffusing elements in the ceiling. The published purpose was 

to reflect sound back to the musicians so that they could hear themselves and their 

colleagues better. 

The reverberation time (occupied) is shorter than that in Boston Symphony 

Hall (1.75 compared to 1.9 sec), and the ratio of the low-frequency reverberation 

times to those at middle frequencies is appreciably less in Avery Fisher (0.93) than 

in Boston (1.03). There are'still complaints about bass weakness, as is borne out 

by the acoustical data just quoted, and about the lack of intimacy in the hall. 
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Recently, Lincoln Center has been discussing the possibility of razing the hall's 

interior and replacing it with one having fewer seats. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, primarily. Ceiling: loS-in. (3.B-cm) plaster on metal lath. Main and 

balcony side walls: 0.7S-in. (lo9-cm) painted plywood panel over minimum I-in. 

(2.S-cm) compressed fiberglass (varies with angle of wall) screwed to grounds attached 

to 6-in. (15 em) concrete block. Balcony fronts: Gold-leaf surface on I-in. plaster. 

Stage ceiling: 0.7S-in. (lo9-cm) natural-faced wooden plywood over which was poured 

4-in. (10.2 cm) layered plaster ceiling. Stage sidewalls: 0.7S-in. (2-cm) natural 

wooden plywood over 0.7S-in. compressed fiberglass screwed to 10-in. (2S.6-cm) con­

crete blocks. Stage floor: 0.6-in. (LS-cm) tongue-and-groove oak wood strips over 

0.7S-in. (2-cm) plywood on 2 X 4-in. (5 X 10-cm) sleepers over original3-in. (7.5-

cm) wooden planl~s. Stage height: 42 in. (106 cm). Audience floor: To give the floor 

a new slope a new concrete floor was poured; lo62-in. (4.1-cm) sleepers were laid on 

the floor; a O.S-in. [lo2S-cm plywood subfloor was attached and the finish flooring is 

0.6-in. (loS-em)] oak wood boards. Carpet: Thin, on aisles. Added sound absorp­

tion: None. Seating: Seat bacl~s, molded plywood; tops of seats and fronts of the 

bacbests are upholstered with vinyl cushion, porous cloth covering; underseat, unper­

forated metal; armrests, wooden. 

ARCHITECTS: For building exterior (1962), Harrison and Abramovitz; for con­

cert hall (1976), Philip Johnson/John Burgee Architects; stage modifications (1992), 

John Burgee Architects. ACOUSTICAL CONSULTANTS: For the hall (1976), Cyril M. 

Harris; for the stage modification (1992), ARTEC Consultants, Inc. PHOTOGRAPHS: 

Sandor Acs and Norman McGrath. 

TECHNICAL DETAILS 

v = 720,300 ft3 (20,400 m3) 

So = 2,180 ft2 (203 m2) 

H = 55 ft (16.8 m) 

D = 135 ft (41.2 m) 

VI N = 262 ft3 (7.44 m3) 

HIW = 0.65 

S, = 12,798 ft2 (1,189 m2) 

ST = 17,870 ft2 (1,660 m2) 

W = 85 ft (25.9 m) 

VISr = 40.3 ft (12.29 m) 

SA/N = 5.81 ft2 (0.54 m') 

L/W = 1.5 

Note: ST = SA + 1,940 ft, (180 m'); see Appendix 1 for definition of Sr. 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,930 ft, (1,480 m') 

N = 2,742 

L = 126 ft (38.4 m) 

VISA = 42.2 ft (13.8 m) 

S,I N = 4.67 ft, (0.434 m') 

ITDG = 30 msec 
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New York, 

Carnegie Hall 

J.aac Stern and Board Chainnan James D. Wolfensohn are pictured in a 

(..7 ;991 Carnegie brochure embracing each other outside Carnegie Hall on 

December 15, 1986, beneath the caption: "Renovation and Re-Openingi The reno­

vation ... restored the auditorium to its 19th-century splendor." Immediately 

thereafter controversy erupted over the radically altered acoustics of this famous hall 

and persists to this day. 

The lower photograph here shows the 1960 appearance of the stage prosce­

nium. Note that a curtain hung over the upper half of the proscenium opening, 

even when the lower curtains were retracted. My description of the stage architecture, 

presented in Music, Acoustics, and Architecture (Wiley, New York, 1962) reads-

Stage enclosure: Walls of the stage are plaster on wire lath; just prior to 1960, thin 

nylon draperies 30 ft [9 m] high were hung on either side [end] of the stage; in front of 

these draperies there were three folding screens, each with two panels. Each panel is made 

of 1!4-inch plywood on 9-ft-high by 4-ft-wide [2.74 m X 1.22 m] frames of 2 X 2 in. 

[5 em] wood. Above the stage there are two frames, each about 6 ft [1.83 m] wide and 

40 ft [12.2 m]long, sloped forward about 20°; painted canvas is stretched over the 

frames [these create an acoustic ceiling for the orchestra]. Stage floor: wood on sleepers 

over concrete [emphasis added]. 

Direct quotations from interviews with ten leading conductors of that day 

spoke of Carnegie with statements like: "In Carnegie Hall the music is clear as a 

bell. It has excellent high-frequency brilliance, but the middle- and low-frequency 

brilliance is not the best. There is a lack of body in the sound." "Carnegie Hall is 

only 'good' to 'fair.' From the podium there is a slightly damped feeling-especially 

on climaxes." "It is better than Philadelphia [Academy of Music], but worse than 

Boston [Symphony Hall]." , 

Irving Kolodin, revered' music critic for the Saturday Review, said to me in 

December 1960, "I have a fondness for this hall. It is not a liability to any perfor­

mance. Carnegie Hall lets the orchestra be itself. It doesn't impose its personality 
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on it. Whether from Europe or Philadelphia, an orchestra always sounds with its 

own style." We must remember that Kolodin occupied the same seat, one of the 

best, for this period. 

Prior to September 8, 1966, new seats were installed, a new main floor was 

installed, the stage was extended 6 ft [1.83 m], the stage floor was renewed, and 

the center aisle was eliminated. Harold Schonberg wrote in the New York Times, 

November 10, 1966, "Ever since the new seats with their wooden backs were in­

stalled .... The auditorium is less mellow than it used to be. What we now are 

hearing is not necessarily a bad sound, but it certainly is a different sound." In The 
New York Times of May 3, 1982, Donald Henahan attempts to analyze the origin 

of Carnegie's "satisfying acoustics," while admitting, "its seating capacity of 2,800 

is 69 greater than that of everybody's favorite American concert space, Symphony 

Hall in Boston ... " Without mentioning the great changes to the stage in the late 

1950s and again in 1966, he attributes the satisfactory acoustics to the architect 

William B. Tuthill. 

Carnegie officials now have a very complete report on the acoustics of the hall, 

written by Tuthill in 1928, a year before his death, and published privately by his 

son in 1946, a copy of which came to the Carnegie archives in 1985 with an 

inscription to Mr. Stern. The booklet is entitled, "Practical Acoustics, A study of 

the Diagrammatic Preparation 0/ a Hall 0/ Audience." Tuthill is hardly modest; he 

starts by writing, "Practical acoustics .... becomes a demonstrably easy theme and 

task for a designer who by nature is scientifically endowed, is generally cultured and 

has been trained in all phases that may relate to the subject." Tuthill delineates some 

of his basic principles, as follows: (1) A hall should preferably not be longer than 

about 100 ft [30.5 m] [all seats in Carnegie are within this distance from the front 

of the stage, except those in the top balcony]. (2) The earliest reflections must be 

heard within about a ninth of a second after the direct sound [this requirement is 

met by all first reflections except those from the rear wall below the first balcony]. 

(3) If the arrivals of the earliest reflections are delayed longer than one-ninth of a 

second, there will be an echo, and (4) there should be no wood of any kind, except 

in the planking of the floors, to preserve reverberation in the room. 

How successful was Tuthill's Carnegie Hall? Major Henry Higginson, then 

owner of the Boston Symphony Orchestra and chairman of the building committee 

for Boston Symphony Hall which opened in 1900, stated that he and the com­

mittee dislil<ed Carnegie Hall's acoustics and lool<ed to European halls as models. 

More conclusive has been the general response to the 1986 renovation that" restored 

the auditorium to its 19th-century splendor." Sad to say, there was a significant 

change in the orchestral sound. The brass and percussion strode forth in full volume. 

The famous mellow tone ceased to exist. The reflected sound took on a "hard" 

texture. Echoes from the rear wall of the main floor and from the rear stage wall 
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troubled the audience at the front of that floor. On stage, the musicians were 

disturbed by focused ceiling echoes and by the same echoes as the audience. Those 

time-delayed reflections across-stage exceeded the direct sound heard from one sec­

tion to another, and made ensemble playing difficult. Something had to be done. 

In 1989, novel and effective renovations were instituted-with the under­

standing that the 19th-century visual appearance was not to be changed. The shape 

of the stage ceiling was slightly altered and a thin layer of sound-absorbing material 

was applied to it. In the three square panels on the back wall of the stage, felt was 

attached in thicknesses varying from 0.25 to 0.50 in. (see upper photograph). In 

the small rectangle and the semicircular decoration above each side-stage door, more 

felt was applied. Finally, to eliminate the high-frequency components in the reflec­

tions from the rear wall of the main floor, sCientifically designed acoustic panels, 

about 28 ft (8.53 m) long (in three sections), were installed just below the soffit of 

the balcony above. They act to spread the high- and middle-frequency sound energy 

sideways, which improves spaciousness on the main floor, eliminates the echo from 

the lower rear wall, and masks the echoes from the box levels. 

However, some grave negatives still exist. The worst acoustics I have ever heard 

in any concert hall exist today in the front rows of the top balcony. Without the 

pre-1986 curtain, the sounds from the back of the stage rise to the curved section 

of the ceiling between the proscenium and the flat upper ceiling and focus on these 

seats. At a 2001 concert of the Chicago Symphony with Yo Yo Ma as soloist, I 

could hardly hear the cello and the violins because of the overwhelming strength of 

the sound from the back of the stage-horns, percussion, brass, and some wood­

winds. Even in the front half of the main floor, there is amplification of the sound 

from the rear of the orchestra owing to the shape of the stage ceiling. 

There have been general complaints about a lack of bass since the 1986 ren­

ovations even on the main floor. This was caused by the removal of the hanging 

curtain, which permits the entire middle and rear sections of the orchestra to be 

amplified by the stage ceiling-making the basses and cellos sound less prominent. 

This deficiency led to the discovery of a solid layer of concrete beneath the stage 

floor. The immediate conclusion by music critics was that the concrete must cause 

a reduction in the strength of the basses and cellos that had not existed before the 

stage floor was rebuilt in 1986. Alan Kozinn in the September 14, 1995, issue of 

The New York Times wrote, "How the concrete got there-and who was responsi­

ble-remains a mystery. The architects and builders have no record of it. n But it 

is clear from my 1962 description above that the concrete was there in 1962 in 

exactly the form that is shown. in the sketch with the Kozinn article. The concrete was 

removed in 1995. At the fir~t concert that followed, many believed that the bass 

strength was restored. Indeed, there may have been a difference, but that would also 

have resulted if the concrete had been removed in 1962 while the curtains were 

/// 
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there. In various articles in The New York Times in the 1995-96 music season, the 

theme enunciated by Kozinn reoccurs, "There are still ways in which the pre-1986 

sound was preferable. The old stage curtain, though less attractive, absorbed high 

frequencies and kept strings and winds from sounding strident, as they sometimes 

still do." Unless Carnegie is drastically rebujt, e.g., eliminating focusing surfaces 

like that in the ceiling just outside the proscenium, the simplest answer is to restore 

the proscenium curtain and, possibly, the hanging panels above the orchestra. 

~ ~CHITECTURALAND STRUCTURAL DETAILS 

Uses: Mostly orchestra, soloists, and chorus. Ceiling: I-in. (2.5-cm) plaster on metal 

screen, 5% open for ventJation. Walls: O.75-in. (1.9-cm) plaster on metal screen with 

small airspace between the plaster and the solid bacl~ing; beneath the first tier of boxes, 

the walls are plaster on solid bacl~ing; balcony fronts are plaster. Floors: Wood flooring 

on sleepers over concrete. Carpets: In the aisles on main floor and upper two tiers (3 

and 4); carpet in the boxes. Stage enclosure: Walls of the stage are mostly plaster on 

masonry, but a few areas are plaster on metal lath; stage ceJing is vaulted, plaster 

resiliently suspended free of wall surfaces (other detaJs in the text). Stage floor: Prior 

to 1995, the construction was wood on sleepers over concrete. In mid-1995, the 

concrete was removed, opening a large airspace underneath. Stage height: 48 in. 

(122 em) above floor level at first row of seats. Seating: Irwin PAC chair with high­

impedance mohair upholstery, perforated metal pans. 

ARCHITECT: William B. Tuthill; for the 1986 and 1989 renovations, James 

Polshel~. ACOUSTICAL CONSULTANTS: For the 1986 renovation, Abraham Melzer; 

for 1989 renovation, Kirl~egaard & Associates. PHOTOGRAPHS: Lower photograph 

courtesy of Carnegie Hall in 1962; upper photograph, Michelle V. Agins The New York 

Times (1991). 

TECHNICAL DETAILS 

v = 857,000 ft3 (24,270 m3) 

S, = 2,440 ft' (227 m') 

H = 78 ft (23.8 m) 

D = 147 ft (44.8 m) 

V/ N = 306 ft3 (8.65 m3) 

H/W = 0.92 

Sa = 12,300 ft' (1,145 m') 

ST = 19,160 ft' (1,780 m') 

W = 85 ft (25.9 m) 

V/ST = 44.7 ft (13.63 m) 

SA/N = 5.71 ft' (0.53 m') 

L/W = 1.27 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in Appendix 1. 

SA = 17,220 ft' (1,600 m') 

N = 2,804 

L = 108 ft (32.9 m) 

VISA = 59.8 ft (15.2 m) 

S,/ N = 4.39 ft' (0.408 m') 

ITDG = 23 msec 
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New York. 

Metropolitan Opera House 

-~ September 1966, the new Metropolitan Opera House opened with all 

(.J ~he pomp and circumstance that a devoted New York opera public could 

muster. The renowned Metropolitan Opera Association regularly features on its 

roster some of the world's finest singers. Its pit orchestra is among the best in this 

country. Its tradition has been carefully nurtured by a proud New York society and 

by the nationwide audience devoted to its Saturday afternoon broadcasts. 

Its 3,816 seats make the Met one of the largest houses in the world used 

exclusively for opera. Its shape is not lil~e Milan's horseshoe La Scala, traditionally 

used as a model for most opera houses, though there are resemblances. The seating 

is on five tiers, plus a balcony, and the fronts of the tiers are flattened to mal~e the 

viewing distance from the stage as short as possible. Its volume of 873,000 ft3 

(24,724 m3) is more than double that of La Scala, making it necessary for singers 

to have strong voices in order to project. Its reverberation time, fully occupied, at 

mid-frequencies, is about 1.6 sec, as high as that in any other opera house, which 

aids in augmenting the loudness of the singer's voices. 

The Met's stage is probably the most highly mechanized in the world. Scenes 

can float up from below on seven hydraulic lifts which occupy a 60 X 60-ft 

(18 X 18-m) area. Scenes can glide in from two side stages on large motorized 

wagons and from bacl~-stage, which also boasts a 57-ft (17.4-m) diameterturntable. 

Scenes and people can pop up through traps in the lifts. The front-stage curtains 

and all hanging-scenery battens are motorized. The extensive controls for these 

mechanisms and the lighting are truly awe-inspiring. 

The designing acousticians wisely tailored the box fronts and the tall flat areas 

to either side of the proscenium to create the necessary early lateral sound reflections 

to give the voices breadth and intimacy. The acoustics benefit from the large apron 

on the stage, which reflects the voices of the singers into the upper four tiers and 

the balcony. The sound is distributed reasonably equally to all seats throughout the 

house except those in the upper tiers nearest to the proscenium. 
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Metropolitan Opera House 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera. Ceiling: plaster, covered with 4,000 rolls of 23 carat gold leaf. Walls: 

plaster, some areas covered with 27,000 ftz (2,500 m2) of burgundy velour, some 

painted and some with wood paneling. Floors: Solid. Carpets: 18,000 ftz (1,670 mZ). 

Pit: Floor is made of 2.5-in. (6.4-cm) wooden planks; the pit walls are of 0.75 in. 

(1. 9 cm) wood. Stage height: 48 in. (122 cm) above floor level at first row of seats. 

Seating: Fully upholstered, except underseats are solid; seats range in width from 19 

to 23 in. (48 to 58 cm) to confo= to "three-row vision" sequence. ProsceniUIn 

curtain: Gold patterned silk damask, tableau drape, 9,000 ftz (836 mZ). ProsceniUIn 

opening: 54 ftz (16.5 mZ). 

ARCHITECT: Wallace K. Harrison of Harrison and Abramovitz. ACOUSTICAL 

CONSULTANTS: V. Lassen Jordan and Cyril M. Harris. PHOTOGRAPHS: Metropolitan 

Opera Archives and United Press International photo. REFERENCES: plans and de­

tails, John Pennino, archivist office of the Metropolitan Opera Association. 

TECHNICAL DETAILS 

Opera 

V = 873,000 ft' (24,724 m') 

So (pit) = 1,420 ft' (132 m') 

H = 82 ft (25 m) 

o = 184 ft (56.1 m) 

VI N = 229 ft' (6.48 m') 

HIW = 0.745 

Sa = 20,600 ft' (1,914 m') 

ST = 25,770 ft' (2,394 m') 

W = 110 ft (33.5 m) 

VIST = 33.8 ft (10.3 m) 

SA/N = 6.38 ft' (0.59 m') 

LIW = 1.18 

NOTE: The terminology is explained in Appendix 1. 

SA = 24,350 ft' (2,262 m') 

N = 3,816 plus -200 standees 

L = 130 ft (39.6 m) 

VISA = 35.8 ft (10.9 m) 

Sal N = 5.40 ft' (0.50 m') 

ITOG = 34 msec 
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Philadelphia 

Acadetny of Music 

~cePt for the Teatro Di San Carlo in Naples and the Teatro alla Scala in 

(0 Milan, after which it was modeled, the Academy of Music is the oldest hall 

in this book. In the middle of the nineteenth century, there were no symphony 

orchestras to speak of in this country, but grand opera was immensely popular and 

enjoyed unique prestige both in Europe and in New York. The Academy was built 

for the express purpose of bringing this art to Philadelphia. Acoustically, it is un­

questionably the finest opera house in the United States, and the most beautiful. 

Venerated for nearly a century and a half of concerts and operas, beautiful and 

intimate, this hall and the world renowned Philadelphia Orchestra mean to America 

the best in music. 

With a cubic volume only 40 percent greater than that of the Vienna Staats­

oper, the Academy nevertheless holds 70 percent more people. Each of its 2,827 
(for opera) seats is allotted only 5.5 ft2 (0.5 m2), including aisles, as compared to 

7.5 ft2 (0.7 m2) in Vienna in the 1955 reconstruction. For symphonic music, the 

biggest criticism of the Academy of Music is its low reverberation time. Measured 

in 1992, fully occupied, at mid-frequencies, it is 1.2 sec, comparable to La Scala's 

1.2 and Vienna's 1.3, but well below the 1.85 sec of Boston's Symphony Hall. 

The orchestra enclosure is composed of twelve rolling "towers" (see the draw­

ing), four on each side and four at the rear. Each has three convex sections, designed 

to diffuse the sound on the stage for better inter-player communication. The ceiling 

is made of three flat, sloped sections, as shown in the drawing. 

Every conductor and music critic interviewed in 1960 said that the Academy 

was excellent for opera, but for symphonic music, "somewhat dry," "sound too 

small," "not very live." My own judgment, based on listening to concerts there many 

times, is that the orchestral sounds are balanced, clear, and beautiful. Basses and 

cellos are strong. There is ~ feeling of intimacy, both visually and musically. But 

there is no audible reverberation and the sound does not envelop one as in rectan-
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PHILADELPHIA 

gular orchestral halls. It does not seem fair in this book to compare it with the 

world's great concert halls. It is really an opera house. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, orchestra, chorus, and soloists. Ceiling: 0.75-in. (1.9-cm) plaster on 

wood lath on flat surfaces; plaster on metal wire screen on curved surfaces. Walls: Pine 

boards, 0.4 X 3 in. (1 X 7.6 em), nailed to wooden framing. Floors: Two layers of 

O.4-in. (I-em) boards on joists. Carpets: with underpad main aisles downstairs and in 

the first ring (see 1 and 2 in the upper drawing). Stage floor: Two layers of wood on 

joists. Stage height: 52 in. (132 em). Seating: Seat bottoms and seat backs fully 

upholstered. Bench-type bad.'S at the upper-most level with upholstered seat bottoms 

and with a cushion on the bench backs. 

ARCHITECTS: Napoleon E. H. C. Le Brun and Gustavus Runge. CREDITS: 

Drawings, seating, room, and stage enclosure details from Academy of Music. PHO­

TOGRAPHS: Ed Wheeler. 

TECHNICAL DETAILS 

Opera 

V = 533,000 ft3 (15,100 m3) 

So (pit) = 640 ft2 (59 m2) 

VIST = 28.4 ft (8.7 m) 

H = 64 ft (19.5 m) 

D = 118 ft (36 m) 

Concerts 

V = 555,000 ft3 (15,700 m3) 

So = 2,350 ft2 (218 m2) 

VI ST = 29.8 ft (9.07 m) 

SA/N = 5.72 ft2 (0.531 m2) 

Sp = 2,401 ft2 (223 m2) 

ST = 18,740 ft2 (1,740 m2) 

VISA = 33.9 ft (10.4 m) 

W = 58 ft (17.7 m) 

HIW = 1.1 

Sa = 14,000 ft2 (1,300 m2) 

ST = 18,640 ft2 (1,730 m2) 

VISA = 33.2 ft (10.13 m) 

Sal N = 4.79 ft2 (0.445 m2) 

Note: Sr = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of S" 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,700 ft2 (1,460 m2) 

N = 2,827 

SA/N = 5.55 ft2 (0.52 m2) 

L = 102 ft (31.1 m) 

LIW = 1.76 

SA = 16,700 ft2 (1,550 m2) 

N = 2,921 

VIN = 190 ft3 (5.38 m3) 

ITOG = 19 msec 
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Philadelphia 

Verizon Hall in the 
KiUlUlel Center for the Perfornling Arts 

~hiladelphia' s world-renown sy=phony orchestra has a new home, which 

~ formally opened on December 14, 2001. The orchestra had performed for 

101 years in the oldest hall in America, the Academy of Music, which was built as 

an opera house. The change in the acoustics is enormous. Efforts to build a "sym­

phony hall" date back to 1908, and even as recently as 1995 it seemed that the 

solution to a hall with a greater reverberation time might be to modify the Academy 

along the lines of the renovations to Orchestra Hall in Chicago. Instead, the former 

mayor of Philadelphia embraced the idea of the Kimmel Center as the centerpiece 

of his "arts-as-renovation" project. Verizon Hall, seating an audience of 2,298 plus 

247 bench seats for chorus or audience, is only one part of this complex. It is 

adjacent to the Perelman Theater, seating 651, and a black-box experimental the­

ater, seating 100. All are only a short distance from the Academy of Music. 

The Verizon Hall is a modified" shoebox," with some resemblance in shape to 

a cello. Its unusual acoustical feature is means for varying the reverberation time. 

Up to one hundred doors at all levels can be opened into acoustic (reverberation) 

chambers. Preliminary data show a reverberation time (measured from - 5 to 

- 35 dB on the decay curve, using the Schroeder method of analysis) of l.6 seconds 

with all doors closed, increasing to l.7 seconds with all doors 45 degrees open, 

about 0.1 second below Carnegie Hall in New York and well above the l.3 seconds 

in the Academy of Music. To reduce the reverberation time for conferences, velour 

curtains can be drawn over the walls. 

There is a canopy over the orchestra that is in three sections, each of which 

can be adjusted in height. Preliminary heights for the front part (facing the audi­

ence) is about 50 feet (15 meters) and the back part is about 44 feet (13.4 meters). 

This hall is still undergoing adjustments and an attendee at a concert does 

not know whether the best acoustical condition is being presented that night. Press 

music reviews have been mix~d, partly for this reason. The sound levels on the main 

floor under present conditions are weali!er than those in Boston's Symphony Hall 
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Verizon Hall in the Kimmel Center for the Performing Arts 

and New Yorl~'s Carnegie Hall. In the balconies the sound is fuller. The bass/treble 

balance and the balance among orchestral sections is excellent. One appreciates, as 

always, the high quality of the magnificent Philadelphia Orchestra, one of America's 

best. 

F' ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concert music, pops, and organ recitals. Ceiling: Cement 3 in. (7.5 em) thick 

with an applied layer of 0.62-in. (1.6-cm) fiberboard. Canopy: Multilayer. Walls: 12-

in. (30.5-cm) block with 0.75-in. (1. 9-cm) plywood and finish layer 0.5-in. (1.25-cm) 

fiberboard. Sound diffusers: Portions of balcony fronts, walls and chamber doors 

are textured. Variable absorption: 12,238 ft2 (1,337 m2) sound-absorbing banners. 

Floors: 0.5-in. (1.25-cm) tongue-and-groove wooden boards, 0.5-in. plywood sub­

strate, cemented to concrete. Variable elements: One hundred 4.2-in. (10.7-cm)­

thick operable doors that open into cement chambers with a total volume of 262,000 

ft3 (7,420 m3) and banners that drop from the ceilings of the reverberation chambers. 

Walls of stage enclosure: Portions are fixed, of poured concrete with a transparent 

screen in front. The movable portions are 2 to 4 layers of 0.62-in. (1.6-cm) cement 

board. Stage floor: I-in. (2.5-cm) tongue-and-grove board over 2 in. (5 em) thick 

wood laid on neoprene pads on concrete. Stage height: 42 in. (1.07 m). Seats: Seat 

bacl~s and bottoms 1.25-in. (3.2-cm) padding. Choir/audience balcony seating is bench 

style, unupholstered. 

ARCHITECT: Rafael ViflOly Architects PC. ACOUSTICAL CONSULTANT: 

ARTEC Consultants, Inc. PHOTOGRAPHS: Jeff Goldberg, Esto. 

v = 830,240 ft3 (23,520 m3)* 

S, = 2,948 ft2 (274 m2) 

H = 75 ft (22.9 m) 

D = 140 ft (42.7 m) 

VI N = 330 ft3 (9.34 m3) 

HIW = 0.89 

Sa = 13,224 ft2( 1,229 m2) 

ST = 19,863 ft2 (1,846 m2) 

W = 84 ft (25.6 m) 

VIST = 41.8 ft (12.7 m) 

SA/N = 7.12 ft2 (0.661 m2) 

LIW = 1.2 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in Appe,ndix 1. 

* Not including the 262,OOO·ft3 (7,420·m3) acoustic control chambers. 

SA = 17,926 ft2 (1,666 m2) 

N = 2,519 

L = 90 ft (27.4 m) 

VISA = 46.3 ft (14.1 m) 

Sal N = 5.25 ft2 (0.49 m2) 

ITOG = 28 msec 
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19 
Rochester, New York 

Easttnan Theatre 

~ ;:: theaters in America no longer exhibit the expensive handiwork that 

(ij! ::nt into the Eastman Theatre. Built in 1923, it embodies fabrics, 

metals, and decorations of a quality found in the royal palaces of old. It contains 

3,347 large, comfortable seats. One is aware immediately on entering the hall of 

the high volume of nearly 900,000 cubic feet (25,488 m 3). 

The high ceiling and wide, splayed side walls direct sound primarily to the rear 

of the hall. Before a major renovation was made in 1972, regular concertgoers 

complained about a lack of clarity of the music, particularly on the main floor, 

which resulted from a very long initial-time-delay gap and a complete lacl~ dearly 

lateral sound reflections. This condition did and does not exist in the rear part of 

the upper balcony because lateral reflections naturally occur there, along with a 

shorter initial-time-delay gap. 

The renovation was directed at improving the acoustics of the hall for concert 

music, which is presented regularly by the Minneapolis Symphony and the Eastman 

School orchestras. It primarily consisted of a new stage enclosure (shell) with a large 

storable canopy. The orchestra enclosure and canopy were designed to reflect and 

project more sound outward through the proscenium. The canopy is shaped and 

located to send a higher percentage of acoustic energy from the instruments in the 

front third of the orchestra to the audience, particularly onto the previously ne­

glected main floor area. The result is an increase in the ratio of the energy of the 

direct sound to that of the reverberant sound and the canopy provides a short initial­

time-delay gap in that area. This change spells "clarity." The reverberation times 

were not altered. Other objectives were restoration and preservation of the decorative 

features. 

The theatre is used for opera. With a full 85-piece pit orchestra, half of the 

musicians sit under the stage. This mal~es it difficult for them to hear what is 

happening on stage and to maintain proper balance among themselves. To a listener, 

the instruments bacl~ under the stage sound as though they were in another room. 
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ROCHESTER 

The recessed pit provides better balance between the louder instruments and singers, 

who may be less powerful than the singers at the NY Metropolitan Opera. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: General purpose. Ceiling: Plaster. Side walls: plaster, approximately 50% cov­

ered with sound-absorbing materials that have been heavily painted. Rear walls and 

balcony fronts: Covered with sound-absorbing materials, heavily painted. Floors: 

Concrete. Stage enclosure: The sidewalls and ceiling are mostly curved plywood pan­

els, 0.38 in. (1 em) thic1" with random bracing and randomly spaced transverse ribs. 

Stage floor: Wood on joists. Stage height: 42 in. (107 em). Carpets: On all floors. 

Seating: Fully upholstered (both sides) bacl"rests; underseat is solid. Pit: Half-recessed 

under stage; the floor is of wood; the walls are concrete; the railing is asbestos board. 

ARCHITECT: Gordon E. Kaelber. ASSOCIATE ARCHITECT: McKim, Mead and 

White. ARCHITECT FOR 1972 RENOVATION: Thomas Ellerbe Associates. STAGE 

ENCLOSURE DESIGN (1972): Paul S. Veneklasen. CREDITS: Original drawings from 

the American Architect, February 1923. PHOTOGRAPHS: Lower photograph courtesy 

of Ansel Adams, Eastman Kodak Company (1962); upper photograph courtesy of Paul 

Veneklasen. 

TECHNICAL DETAILS 

Concerts 

v = 900,000 ft3 (25,500 m3) 

So = 2,200 ft2 (204 m2) 

H = 67 ft (20.4 m) 

D = 142 ft (43.3 m) 

VI N = 269 ft3 (7.62 m3) 

HIW = 0.56 

Opera 

V = 846,500 ft3 (23,970 m3) 

ST = 25,270 ft2 (2,348 m2) 

N = 3,347 

S, = 17,000 ft2 (1,580 m2) 

ST = 23,690 ft2 (2,201 m2) 

W = 120 ft (36.6 m) 

VIST = 38.0 ft (11.58 m) 

SAl N = 6.5 ft2 (0.60 m2) 

L/W = 0.97 

Sp = 2,752 ft2 (256 m2) 

So (pit) = 770 ft2 (71.5 m2) 

VIST = 33.6 ft (10.2 m) 

NOTE: The terminology is explained in Appendix 1. 

SA = 21,750 ft2 (2,021 m2) 

N = 3,347 

L = 117 ft (35.7 m) 

VISA = 41.3 ft (12.6 m) 

S,I N = 5.08 ft2 (0.47 m2) 

ITDG = 22 msec 

SA = 21,750 ft2 (1,907 m2) 

SOF (pit) = 1,750 ft2 (162.5 m2) 

VISA = 38.9 ft (11.9 m) 
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Salt Lake City 

Abravanel Sym.phony Hall 

~alt Lal~e City is proud of its Symphony Hall, home of the Utah 

C.f3 ~ymphony Orchestra. Dedicated in 1979 with special honors to retiring 

Maestro Maurice Abravanel, its music director for 32 years, the hall is well situated. 

At the entrance to the site, on the left, is a well attended garden. Just behind it is 

an outdoor amphitheater and sculpture court, both associated with Salt Lal~e' s 

Community Art Center. The lobbies give concertgoers an uplifting experience and 

smiles everywhere give one a feeling of warmth and welcome. 

The specification for the acoustics of the hall was that they should approach 

those of the highly acclaimed halls of the world. The architect, working closely with 

the acoustical consultant, decided on the classic "shoebox" shape, which has proven 

its quality in many venues. One must remark that the hall's capacity-2,812 seats, 

with 1,838 on the main floor-expresses optimism as to the possible number of 

subscribers in the Salt Lake City/Ogden, Utah, metropolitan area with a population 

of only 1.2 million. The metropolitan areas of Chicago, population 8.5 million; 

Washington, D.C., 6.8 million; and Boston, 5.5 million, support only one hall 

each and they seat between 2,759 and 2,582, with the smallest being the Chicago 

hall. The width of Salt Lake's Symphony Hall is 90 ft (27 m), which contrasts 

with Boston's 75 ft (22.8 m), and, along with continental seating, tends to give a 

visitor a feeling of entering a vast room. 

The hall has the proper features for providing good acoustics. The side and 

rear walls are made of randomly dimensioned oak panels and the plaster ceiling 

closely approximates the sound-diffusing properties of the coffered ceilings of Bos­

ton and Vienna's halls. The rectangular shape provides early, lateral sound reflec­

tions which give a feeling of intimacy. Its reverberation time, with full audience, is 

about 1.7 sec, good for music of the Classical period and for a hall that must serve 

some other purposes than symphonic concerts. Compared to Boston, there are a 

few decibels' weakness in the bass. There is no tonal harshness and the string and 

woodwind sounds are excellent. The bass/treble balance and the sectional balance 
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SALT LAKE CITY 

are very good. The stage is large, 2,350 ft2 (218 m2), compared to Boston's 1,600 
ft2 (149 m2), which may make ensemble playing more difficult. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Music, 90%; Speech, 10%. Ceiling: 1.5-in. (3.8-cm) hardrock plaster-all 

openings sealed with gaskets. Walls: Side and rear walls poured-in-place concrete with 

0.75-in. (1.9-cm) plywood finish surface mounted on 0.75-in. furring strips, space 

between filled with fiberglass; balcony faces 1.5-in. hardrock plaster on furring strips 

on concrete structure. Floors: Main and balcony floors: 0.75-in. tongue-and-groove 

oak wood on furring strips on main floor and on frames in balconies. Carpet: None. 

Stage enclosure: See Walls above. Stage floor: 0.75-in. tongue-and-groove oal~ 

boards on 0.75-in. plywood subfloor on sleepers. Stage height: 43 in. (109 cm). Sound­

absorbing materials: None. Seating: Wooden seat back; front of seat bacl~ and seat 

bottom upholstered with sprayed, impervious fabric over polyvinyl foam; underseat, 

perforated metal; arms, wooden. 

ARCHITECTS: Fowler, Ferguson Kingston Ruben. ACOUSTICAL CONSULTANT: 

Cyril M. Harris. PHOTOGRAPHS: Schoenfeld. 

TECHNICAL DETAILS 

v = 688,500 ft3 (19,500 m3) 

So = 2,350 ft2 (218 m2) 

H = 54 ft (16.5 m) 

D = 134 ft (40.85 m) 

VI N = 245 ft3 (6.93 m3) 

HIW = 0.56 

Sa = 16,000 ft2 (1,486 m2) 

Sr = 19,900 ft2 (1,850 m2) 

W = 96 ft (29.3 m) 

VISr = 34.6 ft (10.54 m) 

SA/N = 6.39 ft2 (0.59 m2) 

L/W = 1.29 

Note: Sr = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 17,965 ft2 (1,669 m2) 

N = 2,812 

L = 124 ft (37.8 m) 

VISA = 38.3 ft (11.7 m) 

Sal N = 5.69 ft2 (0.528 m2) 

ITOG = 30 msec 
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San Francisco 

Louise M. Davies Sytnphony Hall 

~ avies Symphony Hall, when it opened in 1980, was approximately circular m in plan and had a maximum width on the main floor of 100 ft (30 m), 

about 20 it in excess of the best of the well-lil<ed large, rectangular concert halls. 

Lower wall surfaces produced useful lateral reflections, but also generated echoes 

bacl< to the stage. In addition, there was a rear wall echo. The hall's flat ceiling, 

68 ft (17.7 m) above platform level created an immense overhead cubic volume. 

The circular acrylic panels suspended above the players were sparse and helped their 

ensemble little. 

A major remodeling of Davies Hall was undertal<en during the summers of 

1991 and 1992. The volume in the upper front part of the hall was reduced by 

building new side walls above the chorus seating-they are now 24 ft (7.3 m) closer 

to each other and shaped to direct sound energy to the main floor (see the photo­

graph). A computer-controlled array of fifty-nine 6-ft (1.83-m)-square, convex 

panels was hung at a height of 30-35 ft (9-10 m) above the stage and the first 

four rows of seats. These panels improve communication onstage and provide strong 

early reflections to the main floor and first balcony. 

The walls around the platform are 1.5 ft (0.46 m) higher than before, although 

the exposed wall area is less due to the height of the orchestra risers-2 ft (0.61 m) 

high at the sides and 3 ft (0.92 m) high at the rear. The entire rear wall of the main 

floor is covered with quadratic residue diffusers (QRD's) to eliminate echo. To 

reduce the width of the main floor to 84 ft at the front, the side walls were moved 

in and reshaped. Ten raised boxes were built on either side to improve sightlines and 

to provide early lateral reflections. The hall now seats an audience of 2,743. 

The changes have worked. The sound is more intimate and clear and the bass 

response is greatly improved. These modifications reflect the changes in acoustical 

design since 1975. At that date the importance of early lateral reflections was not 

yet proven; the theory of multiple hanging panels was in its infancy; and QRD's 

were not yet invented. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestral music and recitals. Ceiling: 6-in. (15-cm) concrete Walls: Front, 

side, and rear walls are multi-faceted pre-cast concrete 4 in. (10 em) thick. Above the 

sides of the stage, the new reflecting walls are glass fiber shells containing sand-packed 

steel tubes-the total weighing 40 lb/ftz (195 kg/mZ); balcony fronts and soffits are 

2-in. (5-cm) plaster; box fronts, plaster on gypsum lath. Floors: Parquet over wood 

over small airspace and concrete base. Carpet: In aisles only. Stage enclosure: (see 

the text). Stage height: 39 in. (99 em). Sound-absorbing materials: None, except 

QRD diffusers, which have an absorption coefficient of 0.1 to 0.25 over a wide band 

of frequencies. Seating: Molded wooden seat back; lightly upholstered front of seat 

back; relatively thin seat cushion with porous fabric covering; underseat, unperforated 

wood-all designed to reduce low-frequency sound absorption. 

ARCHITECT: Sbdmore Owings and Merrill. ORIGINAL ACOUSTICAL CON­

SULTANT: Bolt Beranel~ and Newman. ACOUSTICAL CONSULTANT FOR REVISIONS: 

Kirl~egaard and Associates. PHOTOGRAPHS: Dennis Gearney. REFERENCES: L. Kir­

l~egaard, "Concert Acoustics: The Performers' Perspective." Paper presented at the 

116th meeting of the Acoustical Society of America, Honolulu, 15 November, 1988. 

:~:J., T..fCHNICAL DETAILS 

V = 850,000 ft3 (24,070 m3) 

So = 2,155 ft2 (200 m2) 

H = 68 ft (20.7 m) 

D = 127 ft (38.7 m) 

VIN = 310 ft3 (8.78 m3) 

HIW = 0.74 

Sa = 13,070 ft2 (1,214 m2) 

ST = 18,740 ft2 (1,742 m2) 

W = 92 ft (28 m) 

VIST = 45.4 ft (13.8 m) 

SA/N = 6.12 ft2 (0.57 m2) 

L/W = 1.16 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf" 

NOTE: The terminology is explained in Appendix 1. 

SA = 16,800 ft2 (1,562 m2) 

N = 2,743 

L = 107 ft (32.6 m) 

VISA = 50.6 ft (15.4 m) 

Sal N = 4.76 ft2 (0.44 m2) 

ITOG = 12 msec 
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San Francisco 

War Melllorial Opera House 

;M; War Memorial Opera House surpasses many of the world's opera houses 

({;!I i:~ the beauty of its exterior and lobbies. The hall itself is reminiscent of 

other theaters built in the United States in the early 1930s. Yet it has a dignity 

and beauty that exceed that of many contemporary halls, partly because the architect 

eschewed adornments and confined the design to simple lines, a high ceiling, and 

a majestic proscenium. 

I have attended four performances, including the world premier of Blood Moon 
by Norman Dello Joio, Nabucco by Verdi, and Arshsk II by Chul<hajian. The long, 

thin pit gave the conductor some trouble with ensemble, but the timbre was satis­

factory throughout the house. The singers were easy to hear above the orchestra, 

although some may have forced their voices some-what, probably because to them 

the hall looks huge. Most pleasant was the generalliveness, greater than that of La 

Scala, or the Staatsoper in Vienna. 

I had access to seats in four parts of the house during the operas. In the front 

of the house (the 15th row near the left aisle of the main floor), the reverberation 

tended to interfere with intelligibility of opera sung in English. But the hard ma­

terials of the interior also gave warmth to the music, and a fullness of bass not 

found in many European houses. At the other seats the sound was very good. 

The shallow dome presents no acoustical problem, because the very large 

chandelier beneath it effectively diffuses the sound. G. Albert Lansburgh, one of 

the architects for the San Francisco Opera, told me that the dome is treated with 

acoustic plaster. He said that there are good sight lines to all 3,252 seats. 

Seven conductors who have had experience in the San Francisco Opera House 

were interviewed. Each rated it good from the positions of both the conductor and 

the listeners. Several of them remarl<ed that the audience hears much better in the 

balcony than on the main floor. 

As is true of all wide halls with high ceilings, the initial-time-delay gap is 

somewhat too long for the listeners in the forward part of the main floor. The ceiling 
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supplies these first reflections to the fronts of the balconies and the side walls supply 

their first reflections to the rear of the balconies. Still, for its size and the comfort 

of its seating, this house is acoustically quite satisfactory. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, general purpose. Ceiling: Plaster except for center domed section, which 

architect says is acoustic plaster. Walls: Plaster with some wood trim. Floors: Entire 

floor area carpeted except in upper part of top balcony where carpet is only in aisles. 

Stage: Wood over air space. Pit: Wooden floor on elevator; wooden rear and front walls 

with 1 ft (30 cm) of velvet covering over an open railing. Stage height: 40 in. (102 

cm) above floor level at first row of seats. Added absorptive lllaterials: Velvet drap­

eries, about 1 ft (2.5 cm) high above rails of cross aisles. Seating: Main floor, fully 

upholstered with four holes 1 in. (2.5 cm) in diameter in underseat; balcony, but with 

hard backs. Orchestra enclosure: Canvas throughout except that 1/4-in. plywood 

covers the bottom part of the walls extending upward 10 ft (3 m) from the floor. 

ARCHITECT: Arthur Brown, Jr. COLLABORATING ARCHITECT: G. Albert Lans­

burgh. REFERENCES: B. J. S. Cahill, "The San Francisco War Memorial Group," The 
ArchitectandEngineer, 111,11-44,59 (1932). PHOTOGRAPHS: Courtesy of MusicaJ 

America and Opera News. Details verified by the author during a visit and by manage­

ment (1993). 

TE·CHNICAL DETAILS 

Opera 

V = 738,600 ft' (20,900 m') 

So (pit) = 760 ft2 (70.6 m2) 

N = 3,252 

L = 120 ft (36.6 m) 

VISA = 34.8 ft (10.6 m) 

HIW = 0.70 

Sa = 16,500 ft2 (1,533 m2) 

Sp = 2,500 ft2 (232 m2) 

H = 73 ft (22.2 m) 

D = 122 ft (37.2 m) 

VI N = 227 ft' (6.43 m3) 

L/W = 1.15 

NOTE: The terminology is explained in Appendix 1. 

SA = 21,240 ft2 (1,973 m2) 

ST = 24,500 ft2 (2,276 m2) 

W = 104 ft (31.7 m) 

VIST = 30.1 ft (9.19 m) 

SAIN = 6.53 ft2 (0.61 m2) 

ITOG = 51 msec 
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Seattle 

Benaroya Hall 

!?J;1 enaroya Hall graces Seattle with a performance space designed exclusively W for symphonic music. Seating 2,500, and opened in 1998, it sits in 

Seattle's downtown area. A component of urban renewal, the building is owned by 

the city, but is operated by the Seattle Symphony. The chosen site was particularly 

challenging. The hall sits directly over a tunnel for a major railway line, adjacent 

to which is an underground bus and light-rail tunneL Threats of vibrations and 

noise also come from air traffic above and busy city streets to the sides. 

The street approach to the hall gives little indication of its contents. A block­

long, largely glass exterior wall forms one side of a high-ceilinged interior gallery 

that contains, on the side opposite the glass wall, a row of shops, the box office, 

and the entrance doors to the hall's lobby. At each end of the gallery hangs a massive, 

intricate chandelier crafted by the famous glass artist Dale Chihuly. Beyond the 

entrance doors from the gallery is a large, semicircular, four-story structure that 

houses the lobby. Enclosed in glass, it affords outstanding views of Puget Sound 

from its several levels. Above the main staircase in the lobby are two large panels 

by Robert Rauschenberg. 

To eliminate vibrations and noise, the hall is a box floated within a box. Two 

levels of garage separate the railroad from the two boxes, each of the boxes is floated 

on rubber bearings. In the hall, outside noises are simply not audible. 

The concert hall has the shoebox shape of the famous halls of Vienna, Am­
sterdam, and Boston, with three side and rear balconies stepped to provide good 

vision to their occupants. The rich dark color of the African-makore, wooden-faced 

sidewalls contrasts with the ivory-toned facia and dark soffits of the balconies. Every­

where are irregularities-coffered ceilings, bulging sidewalls, erratic balcony fronts, 

all designed to create diffusion of reflected sound-which assure a mellow rever­

beration. The majority of the reviews speak favorably of the acoustics of the hall, 

but USA TODAY comments that "Critics haven't been entirely complimentary 

upon hearing the orchestra in its new hall ... " The principal criticism is weakness 
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SEATTLE 

of bass, particularly in the balcony. There are conflicting reports of the mid­

frequency, fully occupied revaluation times, taken from stop chords obtained during 

regular concerts. One observer reports 1.95 sec (one concert) and the other 1.75 
sec (three concerts). The pipe organ was installed between the two measurements. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic, chamber, and soloists' music. Ceiling: l.5-in. (3.8-cm) plaster, 

with inverted polyhedron in each coffer; Walls: Wood particle-board panels, with cherry­

mahogany veneer, shaped into irregular polyhedrons in variety of sizes, 0.75 in. (l. 9 em) 

thicl", fastened to wood battens fixed to concrete wall-randomly spaced wood blocking 

behind panels; Balconies: Facia formed in a variety of rhomboidal shapes and sizes, 

and soffits, flat-all 0.75-in. plaster on metal lath. Floors: 0.75-in. oak tongue-and­

groove strips, over 0.75-in. plywood base, supported by wood joists on concrete; Car­

pets: On aisles only, short tight pile with no underpad. Stage enclosure: Lower side 

walls are lil"e those on auditorium side walls, while the upper side walls are polyhedrons 

made of plaster on metal lath, 0.75 in. thick. Stage floor: Same as audience floor, 

except sleepers instead of wood joists that rest on elastic pads isolated from a concrete 

stage foundation. Stage height: 42 in. (l.1 m) above auditorium floor. Seating: Bacl" 

sides of seat backs are bare and upholstery has a short nap, cushion thickness chosen 

to give approximately same sound absorption unoccupied as when occupied. 

ARCHITECTS: LMN Architects. ACOUSTICAL CONSULTANT: Cyril Harris. 

GROUND VIBRATION ISOLATION SYSTEM: Wilson, Ihrig & Associates. MECHANI­

CAL SYSTEM NOISE CONTROL: Hoover & Keith, Inc. PHOTOGRAPHS: Jeff Gold­

berg/Esta. REFERENCE: The Seattle Times, June 21, 1998. 

TECHNICAL DETAILS 

v = 680,000 ft3 (19,263 m3) 

So = 2,324 ft, (216 m') 

H = 60 ft (18.3 m) 

D = 134 ft (40.8 m) 

VIN = 272 m3 (7.7 m3) 

HIW = 0.71 

Sa = 12,675 ft, (1,178 m') 

ST = 17,564 ft, (1,632 m') 

W = 85 ft (25.9 m) 

VIST = 38.7 ft (11.8 m) 

SAl N = 6.25 ft, (0.58 m') 

L/W = 1.38 

Note: ST = SA + 180 m'; see the definition of ST in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,624 ft, (1,452 m') 

N = 2500 

L = 117 ft (35.7 m) 

VISA = 43.5 ft (13.2 m) 

Sal N = 5.07 ft, (0.47 m') 

ITOG = 28 msec 
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24 
Washington, DC 

John F. Kennedy Center 
for the Performing Arts, Concert Hall 

~ Kennedy Center for the Performing Arts, which opened in 1971, con­

@ t::~ an opera house, a concert hall, and a drama theater. The opera and 

drama halls have been adequately successful, but the concert hall was never judged 

acoustically to be in the same league as Carnegie Hall in New York or Symphony 

Hall in Boston. In addition, the hall never rose to inspire a ticket holder visually­

its mien was a sort of a grayish-white monotone. Finally, after a quarter century, 

the United States Congress appropriated $13 million of the $14 million that was 

spent to renovate the concert hall. 

The hall was re-opened in 1997, seating 2,448. R. W. Apple, in The New 
York Times, wrote, "In the old days, members of the orchestra complained, musi­

cians on one side of the stage could not hear those on the other; so they played 

louder hoping to overcome the acoustics. Violins sounded weedy and strident .in the 

upper register, and the overall tone was sluggish and lifeless." Another leading music 

critic wrote, " ... there was near-unanimity ... that the acoustics are [now] bright, 

vibrant, spacicus and responsive-a vast improvement on what was there before," 

and yet another, "Unquestionably, the hall's acoustics ... are improved over all ... 

this is now a hall positively dripping with sound." 

On entering the hall, five architectural changes are immediately apparent. The 

stage has been modified to include audience seating in four boxes on either side at 

the first tier leveL Choral seating is provided at the same level on the back wall of 

the stage beneath a new pipe organ. A set of sound-reflecting panels now hangs 

above the performers that are adjustable both in height and in tilt. To liven the front 

end of the hall acoustically, the forward ends of the third balcony have been cut 

back. The four dark surfaces on each upper sidewall of the stage open into hidden 

acoustical reverberation chambers that start behind the boxes and extend upward to 

the underside of the struct~ral roof. Doors can close the chambers to reduce the 

reverberation, when desired, to suit the music being performed. 
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The basic rectangular shape, which is excellent, has been preserved so that 

acoustical intimacy and spaciousness are unaffected. The changes have dramatically 

increased the reverberation time at low frequencies, occupied, from 1.8 to 2.0 sec, 

with little difference at the mid-frequencies but with greater fullness of tone. The 

sound-reflecting panels add brilliance, strength, and clarity to the upper string tones 

and should solve the musicians' ensemble problems. 

F ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and chamber music, solos, and conferences. Ceiling: I-in. (2.5-

cm)-thick acoustical plaster. Side walls: 0.75-in. (1. 9-cm)-thick wood panels on studs. 

Rear wall on the second tier level is covered with acoustical panels. Walls and ceiling 

of the stage enclosure: Combination of layers of gypsum board, concrete block and 

precast concrete. The ceiling is plaster (thickness varies). Acoustic canopy is 0.75-in. 

plywood. Main floor: 0.75-in. (1.9-cm) tongue-and-groove wood on top of 0.75-in. 

plywood over a concrete slab. Floor on upper levels: On the box level, there is carpet 

on pad; first and second tiers have the same construction as the main floor. Stage 

floor: 0.75-in. (1.9-cm) tongue-and-groove wood over 0.75-in. plywood on sleepers 

laid on neoprene isolators. Height of the stage above the audience level: 40 in. 

(1 m). Carpet: On the aisles over a pad, 0.5-in. (1.25-cm) total thiclmess. Seats: 

Front of backrest and top of seat bottom upholstered. 

ARCHITECT: Original: Edward Durrell Stone. Renovation: Quinn Evens, Wash­

ington, D.C. ACOUSTICAL CONSULTANT: Original: C. Harris. Renovation: Jaffe 

Holden Acoustics. PHOTOGRAPHS: Peter Aaron/Esto. 

TECHNICAL DETAILS 

v = 788,000 ft3 (22,300 m3) 

So = 2,453 ft' (228 m') 

H = 52 ft (15.85 m) 

D = 131 ft (40 m) 

VIN = 321.9 ft3 (9.11 m3) 

HIW = 0.56 

Sa = 11,567 ft' (1,075 m') 

ST = 17,270 ft' (1,605 m') 

W = 93 ft (28.4 m) 

VIST = 45.6 ft (13.9 m) 

SA/N = 6.26 ft2 (0.582 m') 

LIW = 1.29 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf' 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,333 ft' (1,425 m2) 

N = 2448 

L = 120 ft (36.6 m) 

VISA = 51.4 ft (15.6 m) 

Sal N = 4.73 ft2 (0.439 m2) 

ITOG = 40 msec 



UNITED STATES 

25 
Washington, DC 

John F. Kennedy Center 
for the Performing Arts, Opera House 

~John F. Kennedy Center for the Performing Arts was opened in 1971 

@ ~;~a' site along the Potomac River upstream from the Lincoln MemoriaL It 

fills a cultural need in this city of politicians, diplomats, civil servants, companies 

doing business with the Federal government, and lobbyists. The center incorporates 

into a single building three auditoriums, the Eisenhower Theater, the Concert Hall, 

and the Opera House. 

The size is unusual for the United States in that the house seats only 2,142 

with the orchestra pit in use-56 percent of the capacity of New York's Metropol­

itan Opera House and 66 percent of San Francisco's Opera House. For opera 

lovers and singers this is good. Because the roof height of the overall building was 

restricted, the conventional multi-ringed, horseshoe style had to be eschewed. In­

stead the house has a box tier and two balconies. The audie~ce is as close to the 

stage as possible. 

It was expected from the beginning that grand opera would not be a dominant 

use. Included are musicals, soloists, speaking functions, and ballet. & a house that 

emphasizes voice, the reverberation time is optimum, even a little higher than that 

of many of the famous opera houses in Europe, measuring 1.5 sec at mid-frequen­

cies when the house is fully occupied (taken from recordings made during the per­

formance of an opera), compared to 1.1-1.45-sec range. 

The rear and side walls of the Opera House are formed by a series of contiguous 

convex-shaped cylindrical surfaces that run from floor to ceiling. Not being identical 

in size, they provide diffusion of sound over a wider frequency range. Their average 

radius of curvature is 15 ft (4.6 m) and the cord length is l3 ft (4 m) and they 

vary in width. A short recess or doors separate one from another. The facias of the 

tiers are subdivided into a series of convex panels which are bowed outward, each 

about 5.5 ft (1.67 m) acmss. The overall result is good sound diffusion at all 

frequencies, which helps the quality of the reverberation. The center of the ceiling 

is a recessed circular area in which a sound-diffusing crystal chandelier hangs. 



/5'4 WASHINGTON, DC 



John F. Kennedy Center for the Performing Arts, Opera House /ss 

, 

---ll-.,rl-Yr'r'rYhn--- - ---- ---------+ 

SEATING CAPACITY 2318 Concerts; 2142 Opera 



/S6 WASHINGTON, DC 

No acoustical adjustments had to be made in the hall after completion. Music 

critics have compared the house favorably with the Staatsoper in Vienna. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, musicals, ballet, and speaking functions. Ceiling: I-in. (2.5-cm) (min­

imum) plaster on metal lath; underbalcony soffits I-in. plaster. Walls: I-in. plaster (see 

the text) on metal lath separated by I-in. airspace from 6-in. (15 cm) solid block; rear 

walls are molded 0.75-in. wood paneling, fixed, with I-in. airspace to solid blocl,,; 

balcony and box tier facias, 0.75-in. (1.9-cm) plaster on metal lath. Floors: Dense 

concrete. Carpets: Floors fully covered with thin carpet. Stage height: 40 in. (102 

cm) above floor level at first row of seats. Seating: Bacl"rest, seat bottom, and armrests 

fully upholstered. 

ARCHITECT: Edward Durell Stone. ACOUSTICAL CONSULTANT: Cyril M. Har­

ris. PHOTOGRAPHS: Carol Pratt. REFERENCE: Cyril M. Harris, "Acoustical design 

of the John F. Kennedy Center for the Performing Arts,"]' the Acoust. Soc. Am. 51, 

1113-1126 (I972). 

TEC"HNI CAL DETAILS 

v = 460,000 ft3 (13,027 m3) 

So = 1,173 ft2 (109 m2) 

Np (Opera) = 2,142 

W = 104 ft (31.7 m) 

VI ST = 26.8 ft (8.17 m) 

VI NNP = 198 ft3 (5.62 m3) 

HIW = 0.54 

S, = 12,196 ft2 (1,133 m2) 

Sp = 2,120 ft2 (197 m2) 

NNP (no pit) = 2,318 

L = 105 ft (32 m) 

VISA = 33.2 ft (10.1 m) 

SAlNp = 6.48 ft2 (0.602 m2) 

LIW = 1.0 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,875 ft2 (1,289 m2) 

ST = 17,168 ft2 (1,595 m2) 

H = 56 ft (17.1 m) 

D = 115 ft (35.1 m) 

VI Np = 215 ft3 (6.08 m3) 

S,I N = 5.69 ft2 (0.529 m2) 

ITOG = 33 msec 
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Worcester 

Mechanics Hall 

() pened in 1857, Mechanics Hall became l<nown as one of the finest halls 

(as distinct from theaters or opera houses) in the United States. The Worces­

ter Daily Spy reported, " ... the Hall is a perfect success, ... both for music and 

for speaking." In its heyday it attracted musical greats (Caruso, Paderewsl<i, Rach­

maninoff, Rubinstein) and distinguished lecturers (Thoreau, Emerson, Dicl<ens, 

Marl< Twain). After the great depression of the 1930s, the hall fell into disuse. 

In 1977, Mechanics Hall opened again restored to its original beauty and 

excellent acoustics by the Worcester County Mechanics Association under the 

watchful eye of the Society for the Preservation of New England Antiquities. Some 

further renovations followed in 1990. Seating 1,343 with a 1,080-ft2 (100-m2) 

stage, or 1,277 with a 1,400-ft2 (130-m2) stage, it is closest in all dimensions to 

the Stadt-Casino in Basel, Switzerland, which was built 19 years later. Today, it 

retains its original purpose as a multi-use auditorium for concerts, conventions, 

large receptions, and dinners. Artists who have performed there recently include 

Yo Yo Ma, Itzhal< Perlman, Jessye Norman, and many others. The hall boasts two 

concert series tllat bring in symphony orchestras and chamber groups from all over 

the world. It is used extensively for recording. The hall's organ, built in 1864, was 

returned to its original condition by organ-builder Fritz Noacl< and was rededicated 

in 1982. 

The hall provides the intimacy and early lateral reflections common to a rec­

tangular hall, being 80 ft (24.4 m) in width and 58 ft (17.7 m) between balcony 

faces. The distance from the farthest balcony seat to the stage is 98 ft (30 m), 

making it visually intimate. Surfaces for the diffusion of reflected sound are evident 

everywhere, from the coffered ceiling to the niches and pilasters on the walls. There 

are no sound-absorbing materials, only thin carpets in the aisles. The reverberation 

time, measured during intermission at a concert with full audience, but no orchestra 

on stage, is l.6 sec at mid-frequencies, excellent for a multipurpose hall that nor­

mally does not present large orchestral groups. Its principal deficiency is the flat 
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main floor, which makes neck stretching necessary to view performances. Also, 

organ recitalists would prefer longer reverberation times, particularly at low fre­

quencies. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Music, speech, and social events. Ceiling: I-in. (2.5-cm) plaster on wood lath; 

balcony soffits 0.6-in. (1.5-cm) gypsum board. Walls: I-in. plaster on wood lath, bal­

cony fronts wood, about 50% open. Floors: The finish is 0.6-in. (1.5-cm) red oak 

over 0.5-in. (1.25 cm) tongue-and-grove oak over two layers of 0.75-in. (1.9-cm) pine 

subflooring. Carpets: On aisles, with no underpad. Stage floor: 0.75-in. maple over 

two layers 0.6-in. wood chipboard over I-in. wood boards over large airspace. Stage 

height: 31 in. (79 cm). Seating: Main floor, movable upholstered seat bottom and 

back on metal frame; balcony, molded plywood, upholstered seat top and front of seat 

back; all armrests wood. 

ARCHITECT: Original hall, Elbridge Boyden; 1970s renovation, Anderson Not­

ter Finegold, Inc.; 1990s renovation, Lamoureux Pagano & Associates, Inc. Acous­
TICAL CONSULTANT: Both renovations, Cavanaugh Tocci Associates, Inc. SOUND 

CONSULTANT: David H. Kaye. REFERENCES : W. J. Cavanaugh, "Preserving the 

acoustics of Mechanics Hall: A restoration without compromising acoustical integrity," 

Technology & Conservation (Fall 1980). 

Concert stage, small orchestra 

v = 380,000 ft3 (10,760 m3) 

So = 1,658 ft2 (154 m2) 

H = 41 ft (12.5 m) 

D = 99 ft (30.2 m) 

VI N = 283 ft3 (8.01 m3) 

HIW, = 0.51 

NOTE: Terminology is explained in Appendix 1. 

Sa = 5,823 ft2 (541 m2) 

S, = 9,204 ft2 (855 m2) 

W = 81 ft (24.7 m) 

VIS, = 41.3 ft (12.5 m) 

SA/N = 5.61 ft2 (0.52 m2) 

LIW = 1.1 

SA = 7,546 ft2 (701 m2) 

N = 1,343 

L = 89 ft (27.1 m) 

VISA = 50.3 ft (15.4 m) 

S.I N = 4.34 ft2 (0.40 m2) 

ITOG = 28 msec 
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Buenos Aires 

Teatro Colon 

~ Teatro Colon is one of the beautiful large opera houses of the world. 

@ ';;th 2,487 seats plus standees, it is larger than most of the famous opera 

houses in Europe but smaller than the principal houses of the United States of 

America. It has been very successful since its dedication in 1908. 

A study was made of 23 opera houses in Europe, Japan, and the Americas in 

1997-99. Questionnaires were mailed to a number of important opera conductors. 

Twenty-one usable responses were received. Ratings of the acoustics were requested, 

as heard both in the audience and in the pit. The Teatro Colon was judged the best 

of the 23, acoustically, by a significant amount. The closest quality ratings were for 

the Dresden-Semperoper, Milan-Teatro alia Scalia, Tokyo-New National Theater, 

and Naples-Teatro di San Carlo. Acoustical tests were made in these halls relatively 

recently, and in every respect the measurements in the Colon confirmed the excel­

lence of its acoustics. 

One aspect of the house that pleases soloists is the well-defined reflections of 

adequate intensity back to the stage from the ceiling and the balcony faces, thus 

giving the performers a feeling of support from the house. 

Regular opera-goers in Buenos Aires say that the best seats are in the top two 

galleries. It is only in those galleries that the violin tone from the pit comes through 

with its full quality, which is directly attributable to reflections from the main ceiling. 

Depending on the depth of the pit below the edge of the pit railing, the sound 

of the pit orchestra on the main floor is somewhat muffled. When I attended several 

operas in the Colon, the depth of the pit was as much as 10 ft (3m). 

As a concert hall, the Teatro Colon is surprisingly satisfactory. To accommo­

date the full orchestra the pit is generally closed over and a rather shallow concert 

enclosure is used, as shown in the drawings. The front side-surfaces of the boxes to 

either side of the stage and the fronts of boxes in the first ring reflect lateral energy 

to most of the main floor and, selectively, to the rings above. In the highest rings, 

the ceiling helps produce early reflections. The reverberation time is about 1.6 sec 
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for opera at mid-frequencies with full audience. For concerts it is also about 1.6 sec, 

less than the 1.8 sec for Carnegie Hall in New York. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, concerts, recitals, and conferences. Ceiling: 1.5-in. (3.7-cm) plaster on 

metal lath. Walls: I-in. (2.5-cm) plaster on wire lath, including balcony fronts. Floors: 

Wood. Carpets: On all aisles except in upper two rings. Stage floor: Wood over air­

space; surface inclines at rate of 1 unit for each 100 units. Orchestra pit: Floor and 

sidewalls made of wood. Stage enclosure for concerts: 0.5-in. (2.5-cm}-thick molded 

fiberglass. Seating: Fully upholstered chairs, including rear of backrest and armrests. 

ARCHITECT: Victor Meano. PHOTOGRAPHS: Burri, Magnum. ARCHITECT'S 

DRAWINGS: Made from the building in 1930, courtesy opera administration. 

TECHNICAL DETAILS 

Opera 

V = 726,300 ft3 (20,570 m3) S, = 15,200 ft2 (1,410 m2) SA = 19,000 ft2 (1765 m2) 

So (pit) = 675 ft2 (63 m2) Sp = 3,402 ft2 (316 m2) S (pit floor) = 2,050 ft2 (190 m2) 

ST = 23,077 ft2 (2,144 m2) NST = 2,787 N = 2,487 

H = 87 ft (26.5 m) W = 80 ft (24.4 m) L = 113 ft (34.4 m) 

D = 141 ft (43 m) VIST = 31.5 ft (9.6 m) VISA = 38.2 ft (11.6 m) 

VINst = 261 ft3 (7.39 m3) SA/Nst = 6.8 ft2 (0.63 m2) S,I Nst = 5.45 ft2 (0.506 m2) 

HIW = 1.09 L/W = 1.4 ITOG = 18 msec 

Concerts 

V = 760,000 ft3 (21,524 m3) S, = 16,522 ft2 (1,535 m2) SA = 19,000 ft2 (1.765 m2) 

So = 2,470 ft2 (230 m2) S T = 20,940 ft2 (1,945 m2) N = 2,487 

VI ST = 36.3 ft (11.07 m) VISA = 40 ft (12.2 m) VI N = 306 ft3 (8.67 m3) 

SA/N = 7.64 ft2 (0.71 m2) S,IN = 6.64 ft2 (0.617 m2) ITOG = 18 msec 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 
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Sydney 

Concert Hall of the 
Sydney Opera House 

;t3?i:; Concert Hall of the Sydney Opera House was opened in 1973. Con­

@ t::ned in one of the most spectacular buildings in the world, it seats 2,679 

and is the home of Sydney Symphony Orchestra. The enormous circular ceiling, 

which rises up to 82 ft (25 m) above the stage and radiates out and down to form 

about two-thirds of the walls, is paneled with white birch plywood. The lower wall, 

boxes, and stage are paneled with hard brown wood, brush box. Both woods are 

Australian. Suspended from this center point are 21 giant acrylic rings, acoustic 

reflectors installed to give acoustic feedback to the orchestra and some early sound 

reflections to the audience immediately surrounding the stage. 

The orchestra platform is placed in the front fourth of the hall, with 410 seats 

of the 2,696 total located to its rear and 158 seats in two boxes at the sides of the 

stage. The ten boxes which tal<e the place of side balconies are unusual in that they 

are steeply sloped and seat from 50 to 79 each. The main audience area is steeply 

raked compared to the main floor of classical shoe-box halls. Behind this block are 

two elevated seating areas, even more steeply ral<ed, which tal<e the place of balco­

nies-without overhang. 

The large side walls that comprise the fronts of the boxes were designed to give 

early sound reflections to at least half of this center area of seating. The upper 

seating receives early reflections from the bottoms and edges of the white birch 

ceiling. 

The grand organ, designed and built by an Australian, Ronald Sharp, with 

127 stops comprising 10,500 pipes, is said to be the largest tracl<er action organ 

in the world. 

I attended a symphonic concert in the Concert Hall and was seated in the 

fourth side box from the rear. At that location there was not an abundance of early 

sound reflections. I had hoped to experience the acoustic conditions on the main 

floor, where the early reflecti;ns from the fronts of the side boxes certainly contrib­

ute much toward mal<ing the hall sound spacious and intimate. I was quite aware 
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of the 2.0-sec reverberation time, which was well suited to that night's symphonic 

compositions. Sydney can be proud of the Concert Hall because of its beauty and 

acoustics. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

[Note: This hall was originally planned as an opera house, which accounts both for its 

name and the steeply raked seating.] 

Uses: Orchestra, chamber music, and soloists, 43%; drama and speech, 22%; school 

concerts, 16%; popular music, 9%. Ceiling: 0.5-in. (1.25-cm) plywood on I-in. plas­

terboard, constituting 66% of side wall area. Walls: Lower 33% sidewall is 0.75-in. 

(1. 9-cm) laminated wood. Balcony faces: Same as lower walls. Floors: 1.25-in. 

(3.2-cm) laminated wood over 0.75-in. air return space. Carpets: None. Stage en­

closure: Same as walls. Stage floor: Same as floors elsewhere. Stage height: 50-in. 

at the apron. Seating: Bacl~rest of 0.75-in. molded plywood; back cushion, wool­

upholstered contoured polyurethane; seat bottom similar to the backrest. Floating 

canopy: 21 circular reflectors of clear acrylic and toroidal in section (see the sketch). 

Settings range from 27 to 35 ft (8.2 to 10.7 m) above stage level, with latter most 

common. 

INITIAL ARCHITECT: Joern Dtzon, exterior design. PRINCIPAL ARCHITECT: 

Peter Hall, interior design. ACOUSTICAL CONSULTANT: V. L. and N. V. Jordan. 

REFERENCES: V. L. Jordan, "Acoustical design considerations of the Sydney Opera 

House," pp. 33-53, and Peter Hall, "The design of the Concert Hall of the Sydney 

Opera House," pp. 54-69,Journal and Proceedings, Royal Society 0/ New South Wales, 

106,1973. 

TECHNiCAL DETAILS 

v = 868,600 ft3 (24,600 m3) 

So = 1,945 ft' (180.7 m') 

H = 55 ft (16.8 m) 

D = 146 ft (44.5 m) 

V/N = 324 ft3 (9.18 m3) 

H/W = 0.50 

Sa = 14,666 ft' (1,362 m') 

ST = 18,769 ft' (1,744 m') 

W = 109 ft (33.2 m) 

V/ST = 46.3 ft (14.0 m) 

SA/N = 6.24 ft' (0.58 m') 

L/W = 0.95 

NOTE: The terminology is explained in Appendix 1. 

SA = 16,824 ft' (1,563 m') 

N = 2,679 

L = 104 ft (31.7 m) 

VISA = 51.6 ft (15.7 m) 

Sal N = 5.47 ft' (0.51 m') 

ITOG = 36 msec 
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Salzburg 

Festspielhaus 

~Salzburg Festspielhaus, with 2,158 seats, was opened July 26, 1960. In 

@ k::~ing with Salzburg tradition, it was both a musical and social occasion, 

attracting diplomats, industrialists, and artists. The Festspielhaus has a width of 

nearly 112 & between the faces of the side balcony boxes. On the main floor the 

width approaches 124 &! This hugeness, both visual and acoustical, must concern 

the patrons who regularly attend operas and concerts in Europe's small halls. 

For opera, the sound in the balcony has generally been praised. On the main 

floor, some seats are not as good because of the outward sloping walls, which means 

that lateral sound reflections are not extensive in the front part of the hall and 

sound reflected from the ceiling travels primarily to the rear of the hall and the 

balcony. The sound from the pit orchestra is also projected by the ceiling to the rear 

half of the main floor and by the side walls to the rear half of the main floor and 

to the boxes. 

In 1979, to improve the sound for symphonic concerts, a new stage enclosure 

was installed (see the middle photo, not shown on the drawings). For aesthetic 

reasons, it was replaced by a second enclosure in 1993 (see the lower photo). The 

musicians can hear each other better and the sound is projected to the front parts 

of the main floor with good results. Satisfaction with the acoustics has increased 

greatly. 

The materials of the hall are excellent from an acoustical standpoint. The 

walls and ceiling are of vibration-damped plaster, on reeds. Since the plaster and 

wood panels on the side walls are over 1.5 in. (3.8 cm) thick, they do not absorb 

the lower registers of the orchestra. In the balcony the sound is warm, intimate, 

clear, and brilliant. The reverberation time at mid-frequencies, fully occupied, is 

1.5 sec, ideal for most opera, but somewhat low for symphonic music of the Ro­

mantic period. 

The Festspielhaus tak~s its place among the more important halls of Europe 

because of the high quality of its musical performances. Great opera is produced by 
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the Vienna Opera Company and orchestral music comes from the best European 

and overseas traveling orchestras. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, concerts, and drama. CeJing: 1.5-2.0-in. (3.8-5-cm) plaster on reeds. 

Sidewalls: Concave-curved portions made of plaster on reeds with a thin wood layer; 

in front of the concave portions are convex curved panels, about 1.5 in. (3.8 cm) thick, 

of wood-fiber sheets. Rear walls: Convex wooden panels. Floors: Wood panels, sup­

ported above concrete by standards; seat rows and aisle steps have cemented cor1~ li­
noleum covering. Carpet: On all aisles and in boxes, except in balcony. Stage floor: 

Wood. Stage height: 35.5 in. (90 cm). Orchestra pit: 2-in. (5-cm)-thicl~ wood floor; 

walls are wooden wainscoting. Seating: Molded plywood; top of the seat bottom and a 

portion of the armrest are upholstered. 

ARCHITECT: Clemens Holzmeister. ACOUSTICAL CONSULTANT: G. A. 

Schwaiger. PHOTOGRAPHS: upper, courtesy of the architect (1962); middle, Jens 

Rindel (1982); lower, Anrather photo (1995). 

TECHNICAL DETAILS 

Concerts 

V = 547,500 ft3 (15,500 m3) Sa = 11,400 ft2 (1,058 m2) 

So = 2,100 ft2 (195 m2) ST = 16,740 ft2 (1,555 m2) 

H = 47 ft (14.3 m) W = 108 ft (32.9 m) 

D = 95 ft (29 m) VI ST = 32.7 ft (9.97 m) 

VIN = 254 ft3 (7.18 m3) SAIN = 6.96 ft2 (0.637 m2) 

HIW = 0.44 L/W = 0.9 

Opera 

V = 495,000 ft3 (14,020 m3) Sa = 10,850 ft2 (1,008 m2) 

So (pit opening) = 800 ft2 (74.3 m2) So (pit floor) = 950 ft2 (88.2 m2) 

ST = 17,000 ft2 (1,580 m2) Sp = 2,100 ft2 (195 m') 

VISA = 35.1 ft (10.7 m) VIN = 229 ft3 (6.5 m3) 

Note: ST = SA + 1,940 ft2 (11m m2); see Appendix 1 for definition of Sf' 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,800 ft2 (1,375 m2) 

N = 2158 

L = 97 ft (29.6 m) 

VISA = 37 ft (11.3 m) 

Sal N = 5.28 ft2 (0.490 m2) 

ITOG = 27 msec 

SA = 14,100 ft2 (1,310 m2) 

N = 2,158 

VI ST = 29.1 ft (8.87 m) 

SAIN = 6.53 ft2 (0.61 m') 
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VIenna 

Grosser Musikvereinssaal 

~"Grosse Saal der Gesellschaft der Musikfreunde in Wien" opened in 

@ {~70. Without doubt, the pulse of any orchestra conductor quickens when 

he first conducts in this renowned hall. The Vienna philharmonic, the parade of 

famous conductors, and the fine music played there make this the Mecca of the old 

halls of Europe. 

The side walls are made irregular by over forty high windows, twenty doors 

above the balcony, and thirty-two tall, gJded buxom female statues beneath the 

balcony. Everywhere are gJt, ornamentation, and statuettes. Less than 15% of the 

interior surfaces is made of wood. Wood is used only forthe doors, for some paneling 

around the stage, and for trim. The other surfaces are plaster on brick or, on the 

ceJing and balcony fronts, plaster on wood lath. 

The superior acoustics of the hall are due to its rectangular shape, its relatively 

small size (volume 530,000 ft3 (15,000 m3) and seats 1,680), its high ceJing with 

resulting long reverberation time (2.0 sec, fully occupied), the irregular interior 

surfaces, and the plaster interior. Any hall buJt with these characteristics would be 

an excellent hall, especially for symphonic music of the Romantic and Classical 

periods. 

N early every conductor echoes Bruno Walter, "This is certainly the finest hall 

in the world. It has beauty of sound and power. The first time I conducted here was 

an unforgettable experience. I had not realized that music could be so beautiful." 

Herbert von Karajan, added, "The sound in this hall is very full. It is rich in bass 

and good for high strings. One shortcoming is that successive notes tend to merge 

into each other. There is too much difference in the sound for rehearsing and the 

sound with audience." 

The Grosser Musikvereinssaal is simJar acoustically to Symphony Hall in 

Boston. Most critical listeners agree that the clarity or definition is better than 

in the Amsterdam Concertgebouw. The sound in this hall is much louder than in 

Boston, and some feel that this is a disadvantage for a touring orchestra which may 
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not be in the habit of restraining itself. Also, it is overly easy for the brass and 

percussion to dominate the strings. The string and woodwind tone are delicious and 

the sound is uniform throughout the hall. 

F- ~CHITECTURAL AND STRUCTURAL DETAILS 

Use: Orchestra and soloists. CeJing: Plaster on spruce wood. Side and rear walls: 

Plaster on brick, except around the stage, where walls are of wood; doors are of wood; 

balcony fronts are plaster on wood. Floors: Wood. Carpets: None. Stage floor: Wood 

risers over wood stage. Stage height: 39 in. (1 m) above floor level. Added absorbing 

material: 200 ft2 (18.6 m2) of draperies over front raJings on side loges. Seating: 

Wood structure on main floor and side balconies, except that tops of seat bottoms are 

upholstered with 4 in. (10 em) of cushion covered by porous cloth; rear balcony seats, 

plywood. 

ARCHITECT: TheophJ Ritter von Hansen. PHOTOGRAPHS: Courtesy of Sekre­

tariat, Gesellschaft der MusJ"freunde in Wien. 

TECHNICAL DETAILS 

v = 530,000 ft3 (15,000 m3) 

So = 1,154 ft2 (163 m2) 

H = 57 ft (17.4 m) 

D = 132 ft (40.2 m) 

VIN = 315 ft3 (8.93 m3) 

HIW = 0.88 

Sa = 7,427 ft2 (690 m2) 

ST = 12,030 ft2 (1,118 m2) 

W = 65 ft (19.8 m) 

VIST = 44 ft (13.4 m) 

SA/N = 6.1 ft2 (0.57 m2) 

L/W = 1.8 

NOTE: The terminology is explained in Appendix 1. 

SA = 10,280 ft2 (955 m2) 

N = 1,680 

L = 117 ft (35.7 m) 

VISA = 51.5 ft (15.7 m) 

Sal N = 4.42 ft2 (0.41 m2) 

ITOG = 12 msec 



AUSTRIA 

31 
VIenna 

Konzerthaus 

~4 the opening of the Konzerlhaus in 1913 it was claimed to be a place 

~ f~r the cultivation 0/ superior music, a focus of artistic endeavors, a building 

for music and a building for 10enna. This asserlion has been vigorously borne out 

throughout the hall's history. Containing four halls in a range of sizes, it boasts 

today of approximately 650 presentations and more than 30 subscription series per 

year. Its programs include not only the entire classical reperloire of orchestral and 

choir music, operas in concerl, chamber music and recitals, but also jazz and folk 

music events. 

Emperor Franz Joseph I attended the opening of the Konzerlhaus. Performed 

were Beethoven's Ninth Symphony and a premier presentation of Richard Strauss's 

Festliches Praludium. The Konzerlhaus is listed as an imporlant national historical 

monument, representing a special example of Viennese Art Nouveau. Seating 1865, 
the main hall's gorgeous splendor was restored in 2000, along with new facilities 

for performers, patrons, and occupants. Together, the Konzerlhaus, the Musikver­

einssaal, and the Staatsoper are responsible for Vienna's worldwide reputation as a 

leading center for music. 

One of the goals of the rehabilitation of the main hall was to make such 

improvements in the acoustics of the Konzerlhaus as the state of the arl might 

suggest. Although it had the sound of a typical rectangular concerl hall, there had 

been complaints that the sound was too powerful, too reverberant-some even using 

the phrase" suggesting a barn." The renovation adjustments called for reducing the 

reverberance of the hall, parlicularly at low frequencies, and reducing the strength 

of the sound. Adding sound-absorbing materials at critical places in the hall and 

making some non-observable structural changes accomplished these goals. The re­

verberation time at 125 Hz, fully occupied, has dropped from 2.7 to 2.3 sec and 

that at 500 Hz from 2.0 to 1.95 sec. The binaural quality index measure has 

increased from 0.57 to 0.66~ Musicians and conductors have commented favorably 

on these changes. 
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c~ c%CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, soloists, chamber music. Ceiling: Reed-reinforced gypsum plaster 

on wood framing. Sidewalls: 2.8-in. (7-cm) gypsum plaster on wood with 3.2-in. 

(8-cm) airspace over concrete wall. Rear walls: Fabric on perforated metal-air space­

brick wall. Stage walls: Wood, partly removable. Balcony fronts: Plaster on wood. 

Floors: 0.9-in. (2.2 cm) parquet on l.4-in. (3.5 cm) plywood; 500,000 holes for air 

intake. Carpet: 538 ft2 (50 m2) on aisle behind the open side loges. Seating: Wooden 

structure, thin upholstering on the front of backrests and top of seat bottoms. 

ORIGINAL ARCHITECT: Ludwig Baumann, Hermann Helmer, and Ferdinand 

Fellner. ARCHITECT FOR RECONSTRUCTION (1997-2000): Hans Puchhammer. 

ACOUSTICAL CONSULTANT (1997-2000): Karlheinz Muller, Miiller-BBM. 

PHOTOGRAPHS: Courtesy Wiener Konzerthaus. 

TECHNICAL DETAILS 

Concerts (with orchestra shell): 

V = 585,980 ft3 (16,600 m3) 

So = 1,474 ft2 (137 m2) 

H = 46 ft (14 m) 

o = 117 ft (35.7 m) 

VIN = 314 ft3 (8.90 m3) 

HIW = 0.49 

S.= 7,016 ft2 (652 m2) 

ST= 10,954 ft2 (1,018 m2) 

W = 93 ft (28.4 m) 

VIST = 53.5 ft (16.3 m) 

SA/N = 5.08 ft2 (0.472 m2) 

L/W = 1.02 

NOTE: The terminology is explained in ApDendix 1. 

SA = 9,480 ft2 (881 m2) 

N = 1,865 

L = 95 ft (29 m) 

VISA = 61.8 ft (18.8 m) 

S.I N = 3.76 ft2 (0.35 m2) 

ITOG = 23 msec 
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VIenna 

Staatsoper 

~ main hall of the Staatsoper is modern in design. Bombed during the war 

({!I ~:d' rededicated in 1955, it has the same architectural shape as the original 

house of 1869 but without baroque decoration and gilded statues. There are three 

tiers of boxes, a central box for dignitaries, and two upper galleries. The interior is 

dominated by red velvet and red damask, and the decoration is mainly white with 

gold. There is a large torus-shaped crystal chandelier against the ceiling. 

The conductors who know the Staatsoper are unanimous in their opinion that 

the house has good sound. Bruno Walter said (1960), "The Staatsoper is the most 

alive of all opera halls. It is much better than New York and better than La Scala. 

The orchestra does not overpower the singers." 

The auditorium has 1,709 seats, compared to the New York Metropolitan 

Opera House's 3,816 seats and San Francisco's 3,252 seats-indeed, it is a min­

iature. One year I attended four consecutive performances with the privilege of 

sitting in any part of the house. On the last evening I sat in the orchestra pit 

through an entire act. The sound is louder than in its American counterparts, largely 

because of the smaller cubic volume. On the main floor the sound is more intimate, 

beautifully clear and brilliant. Since it is only 64 ft: (19.5 m) wide, the early lateral 

reflections are strong and the initial-time-delay gap is short, which accounts in large 

part for the superior sound. 

The auditorium itself is not very live. The liveness heard during the perfor­

mances I attended came primarily from the stagehouse, which is large, and quite 

reverberant. The canvas backdrop, the "cyclorama," is thick, heavily painted, and, 

hence, does not absorb high-frequency sounds. 

At the ends of the pit, behind the brass (left:) and percussion (right), there are 

small entrance chambers, open to the pit, the doors at the back of which are simply 

covered with red velvet. The: double basses are lined up against the hard wall of the 

pit on the stage side, which increases their loudness. 
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VIENNA 

I judge the sound of the Staatsoper excellent, and I rate the main floor much 

better than that of La Scala. In the boxes, both houses are excellent. The live stage 

house of the Staatsoper also makes its sound more interesting than the dry sound 

of La Scala. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera. Ceiling: Plaster. Walls: In the top galleries, the walls are covered with 

damask behind Plexiglas to prevent damage by standees; faces of the rings are of wood; 

in the balcony beneath the gallery, the walls are of damask over plywood with 0.25 in. 

(0.64 cm) airspace between them; in the boxes the walls are of tightly stretched damasl~ 

on wood. On main floor, walls are 0.5 in. (l.3 cm) wood. Floors: In the gallery and 

balcony, the floors are PVC linoleum over concrete; the main floor is of wood with 

carpet in the aisles; the main-floor standing room is of wood. Pit: On the pit floor are 

3-in. (7.6-cm) wooden planb; the pit walls are of 0.75-in. (l.9-cm) wood; there are 

small rooms at the end of each pit, with velvet on the doors behind. Stage height: 

41 in. (104 cm) above floor level at the first row of seats. Seating: the boxes have 

simple chairs with upholstered seats; on the main floor the seats are of solid wood except 

that the front of the backrests and the top of the seat bottoms are covered with I-in. 

(2.5-cm) upholstering. 

ARCHITECT: August Siccard von Siccardsburg and Eduard van der Nuell. AR­

CHITECT FOR RECONSTRUCTION: Erich Boltenstern. ACOUSTICAL CONSULTANT 

FOR RECONSTUCTION: G. Schwaiger. REFERENCES: plans, details, and photographs 

courtesy of the management of the Staatsoper. 

TECHNICAL DETAILS 

Opera 

V = 376,600 ft3 (10,665 m3) 

So (pit) = 1,150 ft2 (106.8 m2) 

N = 1,709 

L = 98 ft (29.9 m) 

VI SA = 9.3 ft (8.9 m) 

HIW = 1.03 

S, = 10,000 ft2 (930 m2) 

Sp = 1,720 ft2 

H = 62 ft (18.9 m) 

D = 111 ft (33.8 m) 

VI N = 220 ft3 (6.24 m3) 

LIW = 1.63 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,850 ft2 (1,194 m2) 

ST = 15,720 ft2 (1,460 m2) 

W = 60 ft (18.3 m) 

VIST = 24 ft (7.3 m) 

SA/N = 7.75 ft2 (0.72 m2) 

ITOG = 15 msec 
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Brussels 

Palais des Beaux-Arts 

~~wn officially as the Salle Henri Leboeuf of the Palais des Beaux-Arts, 

((db th~s hall has a mixed history. Opened in 1929, it was rated highly for 

many years. My surveys of conductors and music critics in the early 1960s estab­

lished it as a world-class venue for symphonic music. I reported that a German 

acoustician, F. Winl~el (Der Monat, February 1957, p. 77) wrote to a number of 

European conductors aslzing them to name their favorite hall anywhere in the world. 

The answers mentioned the Palais about as often as the Grosser Musilzvereinssaal 

in Vienna or Symphony Hall in Boston. The reverberation time in 1961 measured, 

at mid-frequencies, fully occupied, about 1.7 sec, slightly lower than the halls just 

mentioned, but with the hall's satisfactory bass response and a plethora of early 

sound reflections, it was generally accepted as a superior place to perform. It contains 

2,150 seats. 

But over the years, preceding 1999, various renovations had taken place, some 

of which affected the acoustics negatively. Various openings were made in the ceiling, 

oversized air-conditioning outlets were installed, the stage was rebuilt with a heavy 

concrete surface beneath for fire safety reasons, and heavily upholstered seats were 

installed. The reverberation time dropped to 1.5 sec and the bass response suffered 

substantially. The hall's reputation dropped. To restore the hall to as near its original 

state as feasible architectural renovations were undertalzen in 1999. The changes 

described above were reversed, including installing seats more favorable to bass re­

sponse. & a result, the reverberation time at mid-frequencies has increased to 1.6 

sec, and the bass response has been restored. Musicians using the hall in the 2000-

2001 season report a significant difference and some say that it sounds nearly as 

it did during its earlier incar~ation. 
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BRUSSELS 

F' ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, chamber music, theater, ballet, and conferences. Ceiling: 75% plas­

ter on metal lath; 20% thick glass on heavy metal frames; 5% lighting fixtures. Rear 

walls and sidewalls: Plaster on brick. Floors: On main floor, 0.32-in. (8-mm) wood 

on double layer of plywood over 3-ft (90-cm) plenum; in balconies, 0.32-in. (8-mm) 

wood floor on double layer of 0.32-in. (8-mm) plywood on concrete or sleepers. Stage 

floor: 0.32-in. (8-mm) oak on 1.325-in. (35-mm) on pine substructure. Stage 

height: 36 in. (92 cm). Carpeting: None. Seats: Modest upholstering. 

ARCHITECTS: Original, Baron Victor Horta; year 2000 reconstruction, George 

Baines. ACOUSTICAL CONSULTANT FOR RECONSTRUCTION: Daniel Commins. 

CREDITS: Drawings, plans, photographs, and details courtesy of Director General of 

the hall. REFERENCES: D. Commins, "Successful acoustic design by architect Victor 

Horta and the Palais des Beaux-Arts concert hall, Brussels," Proceedings 0/ the Institute 

of Acoustics 19, pt. 3, pp. 213-220 (1997). 

TECHNICAL DETAILS 

v = 442,000 ft' (12,520 m') 

S, = 2,000 ft2 (186 m2) 

VISr = 27.6 ft (8.42 m) 

SA/N = 6.51 ft2 (0.60 m2) 

L = 102 ft (31.1 m) 

L/W = 1.34 

Sa = 11 ,000 ft2 (1,020 m2) 

Sr = 16,000 ft2 (1,486 m2) 

VI SA = 31.6 ft (9.6 m) 

H = 96 ft (29.3 m) 

D = 117 ft (35.7 m) 

SalN = 5.12 ft2 (0.474 m2) 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,000 ft2 (1,300 m2) 

N = 2,150 

VI N = 206 ft' (5.83 m') 

W = 76 ft (23.2 m) 

HIW = 1.26 

ITOG = 23 msec 



BRAZIL 

34 
Sao Paulo. 

Sala Sao Paulo 

~ Sala Sao Paulo is located next to old active railway tracks. The ground 

@ fi:o~ of this building was an open-air waiting room bounded by open walk­

ways and decorative columns, complete with palm trees. This open space was used 

for many years as an alternate summer location for orchestral and other musical 

events. In 1996, the Sao Paulo Symphony Orchestra and the State of Sao Paulo 

joined to investigate the feasibility of a better space for musical performances. The 

theater and acoustical consultant noted that the depot venue was about equal in 

width to that of Boston Symphony Hall and was of about the same length and 

height as the Vienna Musikvereinssaal. Its rectangular plan corresponded to that of 

both famous halls. In addition, the side galleries of the upper floors could be used 

for added reverberance. 

The Brazilian National Institute of Historic and Artistic Heritage stipulated 

that the columns of the courtyard remain completely visible inside the hall. More 

challenging were the active railroad tracks located within a hundred feet of the 

facility. The solution to the railroad noise and vibration problem was to excavate 

the main floor and substitute a floating concrete slab that also supported the new 

sidewall structures, that in turn were insulated vibrationally from the existing col­

umns. The noise level in the completed hall, with trains passing, measures NC-15. 

A ceiling comprising 15 individually movable panels of wood separates the 

lower cubic volume from that above. When all are set at their lowest normally used 

level, the lower space has a volume of 635,400 ft3 (18,000 m3) and the upper 

458,000 ft3 (13,000 m3). The panels can, individually, be set at any distance be­

tween 31 ft (9.5 m), thus permitting variation in the mid-frequency, occupied re­

verberation times from 1.7 sec up to 2.4 sec. It is thereby possible to select a degree 

of openness that suits the music being played. To make the hall suitable for con­

vocations or theater, demouJ?-table seating is provided in the center, and absorbing 

cloth banners above the moving ceiling can be lowered to reduce the reverberation 

time to about 1.5 sec. The Sala Sao Paulo, seating 1620, opened to Brazilian 
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SAO PAULO 

acclaim in July 1999 with the Mahler Second Symphony. While acoustical data are 

limited, it seems logical to conclude that with the reverberation times reported, its 

modest size, and its architecture, the hall is assuredly a success. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestras, recitals, soloists, and fashion shows. Ceiling: Composed of IS ad­

justable panels each weighing 7.5 tons and supported by 16 steel cables, each divided 

into three coffered sub-modules with a range of l3-72 ft (4-22 m) above the main 

floor. Canopy: Ceiling panels can form a canopy. Sidewalls: Either masonry or panels 

of formed cement plaster on 2-in. (5-cm)-thick wood frame. Balconies: Supported on 

vibration isolated structures, 6-in. (IS-em) pre-cast concrete covered with pre-molded 

wood panels. Sound diffusers: Crowns of the columns, molded masonry figures and 

textured wood patterns on the balcony fronts and ceiling. Variable sound absorption: 

Acoustic banners that can be lowered into the adjustable volume above the ceJing. 

Floors: I-in. (2.S-cm) wood over I-in. plywood supported by a metal frame resting on 

a floating concrete slab. Stage floor: Level 2-in. (S-cm) tongue-and-groove wood 

mounted on metal support structure with 9.8 ft (3 m) airspace. Stage height: 47 in. 

(1.2-m). Seats: Plywood with high-density foam cushion covered with synthetic fabric. 

ARCHITECT: Nelson Dupre, Dupre Arquitetura. ACOUSTIC AND THEATER 

CONSULTANT: ARTEC Consultants. PHOTOGRAPHS: Luiz Carlos Felizardo. 

v = 706,000 ft3 (20,000 m3) 

So = 4,261 ft2 (396 m2) 

H = 60 ft (18.3 m) 

D = 100 ft (30.5 m) 

VIN = 438 ft3 (12.4 m3) 

HIW = 0.79 

Sa = 8,027 ft2 (746 m2) 

ST = 13,160 ft2 (1223 m2) 

W = 76 ft (23.2 m) 

VIST = 53.6 ft (16.3 m) 

SA/N = 6.97 ft2 (0.648 m2) 

L/W = 1.29 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf" 

NOTE: The terminology is explained in Appendix 1. 

SA = 11,223 ft2 (1043 m2) 

N = 1,610 

L = 98 ft (29.9 m) 

VISA = 62.9 ft (19.18 m) 

Sal N = 4.98 ft2 (0.463 m2) 

ITOG = 34 msec 
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35 
Montreal 

Salle Wilfrid-Pelletier 

Oacated in place des Arts, Canada's largest center for the arts, the wilfrid­

~ P~lletier Hall is the jewel in the city's crown. Opened in 1963 with a gala 

concert by the Montreal Symphony Orchestra, it has served the city well since. It 

underwent some renovation in 1993. Seating 2,982, with a pit for 70 musicians 

created by removing 78 seats, the W-P Hall accommodates concerts, ballet, opera, 

musical comedies, and variety shows. More down-to-earth than its cousin, the Roy 

Thompson Hall in Toronto, it has a proscenium and a stage house of large pro­

portions. For concerts, a stage enclosure is erected on stage, shown in the drawings. 

A sound system is used for non-orchestral events. 

As a concert hall, it has not been without criticism. The principal objections 

are that the orchestral sound is not sufficiently loud on the main floor and the hall 

lacks intimacy. Studies have been made by several acoustical consultants with some 

preliminary comments: First, the ceiling of the shell is too high and the rear wall 

is too wide. Too much sound is trapped on the stage and the music lacks clarity. 

Second, there are no surfaces at or near the sides of the procenium to reflect lateral 

sound energy onto the main floor. Laterally reflected sound energy would give the 

audience a feeling of intimacy and of being enveloped by the sound. Third, the semi­

open ceiling does not reflect enough sound energy to the main floor seating sections. 

One acoustician reports that an experiment showed that when the bacl~ wall 

of the orchestra enclosure was brought forward toward the audience so that the front 

half of the orchestra sat over the pit, the music sounded louder, fuller, and more 

intimate on the main floor. If this shift were accompanied by adding reflecting 

surfaces on either side of the pit location and if others of proper shape were located 

in the space below or above the ceiling, the loudness of the orchestral sound in the 

audience areas would increa~e further and the listeners would feel more enveloped 

by the sound. The musicians would also sense better the acoustics of the hall. 

Finally, if modifications to the lower side walls and the doors were made, lateral 

reflections could be increased further and thus add to the feeling of spaciousness 
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/96 MONTREAL 

and envelopment. These suggestions would need to be subjected to investigation in 

a model both for refinement and to make certain of a suitable solution. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Multipurpose, including classical music. Ceiling: Heavy plaster beneath which 

is hung precast plaster lattice. Walls: Plaster over concrete block; balcony faces molded 

plaster. Floors: Parquet on concrete, except all boxes are carpeted. Stage enclosure: 

2-in. (S-cm) panels, each about 4 ft by 6.5 ft (1.22 by 2 m) made into irregular, off­

center, shallow pyramids supported on frames. Stage floor: Tongue-and-groove wood 

over timber. Stage height: 36 in. (91 cm) above floor level. Seating: Upholstered top 

of seat bottom and front of seat bacl~; underseat molded plywood; rear of seat back 

molded plywood; arms upholstered. 

ARCHITECT: Afflecl~, Desbarats, Dimalwpoulos, Lebensold, Michaud and Sise. 

ACOUSTICAL CONSULTANT: Bolt Beranek and Newman. PHOTOGRAPHS: Studio 

Lausanne and Panda Associates. 

v = 936,000 ft3 (26,500 m3) 

So = 1,850 ft' (172 m') 

H = 77 ft (23.5 m) 

D = 135 ft (41.2 m) 

VIN = 314 ft3 (8.9 m3) 

HIW = 0.71 

Sa = 16,684 ft' (1,550 m') 

ST = 20,870 ft' (1,939 m') 

W = 108 ft (32.9 m) 

VIST = 44.8 ft (13.7 m) 

SAIN = 6.38 ft' (0.59 m') 

L/W = 1.14 

NOTE: The terminology is explained in Appendix 1. 

SA = 19,020 ft' (1,767 m') 

N = 2,982 

L = 123 ft (37.5 m) 

VISA = 49.2 ft (15 m) 

Sal N = 5.59 ft' (0.52 m') 

ITOG = 20 msec 
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36 
Toronto 

Roy Tholllpson Hall 

.7}) oy Thompson Hall is a semi-surround, non-proscenium hall, with only m a small percentage of the audience to the sides and behind the orchestra. 

Seating 2,500 plus 113 seats in the choir lift, it ranks as a fairly large concert hall, 

but the distance from the stage to the farthest seat is only 127 ft (38.7 m). 

When the Roy Thompson Hall opened in 1982 it was a striking visual success. 

It still appears to be a circular hall, but originally a large circular wheel was suspended 

overhead, surrounded by a forest of stalactites, called banners, all brilliantly colored 

and illuminated. Those banners were supposed to enhance the acoustics, but they 

seemed more to absorb the sound. The visual interior was a stribng gray on gray, 

mostly created by paint on concrete. 

The new design (see lower sl<etch) was dedicated in September 2002. The 

former interior has now been replaced by 12,000 ft2 (1,100 m 2) of white Canadian 

maple as a finish over 23 semi-cylindrical, very heavy, multilayer, "bull<heads" that 

surround the circular space above the upper seating tiers. Their installation has 

reduced the cubic volume of the hall by 13.5%. 
The wheel, banners, and a number of clear acrylic discs that were suspended 

above the stage, have been replaced by a massive two-part canopy, weighing 38 tons 

(25,000 l<g), that hangs overhead and serves both to return sound to the players 

and to distribute sound better to the main-floor audience. The canopy can be raised 

or lowered between 30 and 50 feet above the stage level. Larger than the size shown 

in the drawing, the stage has been extended 3 feet in the center, tapering off to its 

previous position at the sides. New two-sided panels have been installed around the 

stage; one side is hard, the other sound absorbing. They can be rotated to achieve 

a tailored orchestral balance. 

Are the changes effective? One can only judge by the opening-night music 

critics' remarks. All agreed that there has been substantial improvement, mention­

ing the increased warmth of the bass and cello tones and the increased impact of 

the overall orchestral sound. Some mentioned, "more fibre in the woodwinds, and 



TORONTO 



Roy Thompson Hall /99 

10 o 10 20 30 40 ~o 60 7 0 80 9 0 

FEn 

o 10 20 30 
t METERS 

Crescent Citt:ular Speaker cluster 
canoP'l canopy The organ remains untouched 



J!i(}(} TORONTO 

a brighter glow in the brass." The players are particilarly pleased, now able to hear 

themselves and one another better. All seemed to agree that the hall, probably 

because of its circular construction, does not have the rich, encompassing rever­

beration of Vienna's Vereinssaal, or Boston's Symphony Hall. Nevertheless, the 

improvement is great and music in it is beautiful and distinct. 

F ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily concert, recitals, choral events, and organ. Ceiling: Plaster. Main 

sidewalls: Above seating levels, 5 in. (2.5 cm) thick, nine layers of dense wood chip 

board; Below the seating levels, 6 in. (15 cm) poured in place concrete. Sound ab­

sorption: Provided on a variable basis by double-layered velour draperies . Audience 

floor: Wood on concrete. Seating: Upholstered seat bottom and part of seat bacl". 

ORIGINAL ARCHITECT: Arthur Erickson and Mathers & Haldenby Associated 

Architects. RENOVATION ARCHITECT (2002): Kuwabara Payne McKenna Blumberg. 

ORIGINAL ACOUSTICAL CONSULTANT: T. ]. Schultz of Bolt Beranek and Newman. 

RENOVATION ACOUSTICAL CONSULTANT (2002): ARTEC Consultants, Inc. 

TECHNICAL DETAILS 

v = 865,000 ftl (24,500 m3) 

So = 2,500 ft2 (232 m2) 

H = 76 ft (23.2 m) 

o = 108 ft (32.9 m) 

VI N = 331 ft3 (9.4 m3) 

HIW = 0.74 

Sa = 14,000 ft2 (1,300 m2) 

ST = 18,740 ft2 (1,740 m2) 

W = 102 ft (31.1 m) 

VIST = 46.2 ft (14.1 m) 

SA/N = 6.43 ft2 (0.60 m2) 

L/W = 0.87 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in Appendix 1. 

SA = 16,800 ft2 (1,560 m2) 

N = 2,613 

L = 89 ft (27.1 m) 

VISA = 51.4 ft (15.7 m) 

Sal N = 5.36 ft2 (0.498 m2) 

ITOG = 35 msec 
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37 
Hong Kong 

Cultural Center, Concert Hall 

~ Hong Kong Center for the Arts, completed in 1989, was obviously 

({j/ ~:ant to bring to the city an architectural triumph like that achieved by 

Australia's Sydney Opera House. The impression from a neighboring skyscraper is 

that the motif is a combination of the United Nation's General Assembly building 

in New York and the tail fin of a Boeing 707 airliner. An opening article (uniden­

tified reprint supplied by Hong Kong Cultural Centre) reads, "Hong Kong has added 

theatre sails to its Kowloon skyline. The curves of Hong Kong Cultural Centre may 

be gentler than those of Sydney Opera House but no less dramatic when viewed in 

the context of a skyline where all lines are straight and most are vertical. Just take 

in the view from the world's number one ferry trip." 

Opened in November 1989 and seating 2,019, the concert hall interior re­

sembles New Zealand's Christchurch Town Hall (Concert Hall) and the Costa Mesa 

(USA) Segerstrom Hall because the same acoustical consultant was responsible. 

The design has two features. First the upper part of the hall is not vertical as in the 

"shoebox" halls, but rather is lined with sloping panels that reflect the incident 

sound into the audience areas, while diffusing it sideways during reflections. Second, 

the sound is not able to reflect back and forth, as it does with parallel walls, so that 

energy is drained from the reverberant sound. This design creates a new acoustic, 

it emphasizes the early sound, making the music clear and true. It de-emphasizes 

the reverberant sound, both from standpoint of the energy in the reverberant sound 

and the length of the reverberation time. In one hall, the Glasgow Royal Concert 

Hall, originally of similar design, the upper reflecting panels were recently removed 

in order to allow more energy to remain in the reverberant sound field and to 

lengthen the reverberation time. 

During the 1997 pre-opening musical performances, it was found that the 

acoustics were improved wheJ?- the stage was extended and its shape and construction 

modified. Exactly how the sound field was modified has not been published. The 

acoustical consultant reports that the noise from the air-conditioning equipment, 
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cultural Center, Concert Hall 

not his responsibility, exceeds customary standards for concert halls and infringes 

on the enjoyment of a performance. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily orchestra and soloists. Ceiling: 1.0-in. (2.5-cm) "glasscrete" coffers 

suspended below plate girders. The top of the horizontal area of the coffers (about 75%) 

was plastered with l.4-in. (3.5-cm) cement plaster. Walls: Plaster on concrete. Internal 

reflectors: QRD panels constructed of composite plasterboard/plywood and oak veneer, 

total 1.4 in. (3.5 cm) thick. The lower reflectors serve the lower level seating, the upper 

ones serve the balconies. Floors: Oak on concrete at front, oak on framing at rear. 

Carpets: None. Stage enclosure: The photographs show QRD diffusing panels 

around the stage. The overhead sound reflector is 60% QRD reflectors, surrounded by 

0.7-in. (1.7-cm) Plexiglas curved panels. Its normal concert height is 25 ft (7.5 m). 

For organ concerts it is raised to 49 ft (15 m). Stage floor: Wooden strips over small 

airspace on sleepers on concrete. Stage height: 42 in. (1.07 m) above floor level at 

first row of seats. Seating: Fully upholstered, including armrests . 

ARCHITECT: Jose Lei. ACOUSTICAL CONSULTANT: Harold Marshall. PHOTO­

GRAPHS: Courtesy Leisure and Cultural Services Department of Hong Kong Govern­

ment. 

TECHNICAL DETAILS 

v = 750,000 ft' (21,250 m') 

So = 2,668 ft' (248 m') 

H = 65.6 ft (20 m) 

D = 80.36 ft (24.5m) 

SA/N = 5.92 ft' (0.55 m') 

HIW = 0.615 

Sa = 9,264 ft' (861 m') 

ST = 13,890 ft' (1,291 m') 

W = 106.6 ft (32.5 m) 

VIST = 54 ft (16.5 m) 

Sal N = 4.59 ft' (0.426 m') 

LIW = 0.769 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of Sf" 

NOTE: The terminology is explained in Appendix 1. 

SA = 11,954 ft' (1,111m') 

N = 2,019 

L = 82 ft (25 m) 

VISA = 62.7 ft (19.1m) 

VIN = 371 ft' (10.52 m') 

ITOG = 27 msec 

:l(}S 
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38 

Shanghai 

Grand Theatre 

~/J: part of the modernization of Shanghai, the government built the 

~ Shanghai Grand Theatre as a major step forward toward recognition of 

the value of performing arts. The theatre both gives Shanghai's native inhabitants 

a chance to share in the cultural beauty of the world and satisfies the cultural 

preferences of the recent huge influx of international companies and their associated 

personnel. 

The Grand Theatre, seating 1,895, opened in August 1998 with a perfor­

mance of Swan Lal<e by the National (Beijing) Ballet company. It is located at the 

west side of the Shanghai People's plaza, facing the Shanghai Museum, with un­

derground parking. As yet, the theatre is not associated with any musical organi­

zation and there is no resident opera company. A month after its opening, the 

Florence, Italy, Opera gave a memorable performance of Aida. Between then and 

the end of 2000, the performances were ballet, 103; orchestral concerts, 68; West­

ern opera, 31; and a large number of Chinese shows, including Beijing opera, local 

opera, and drama. 

In 1999, the Hamburg Ballet, the Suisse Ballet, the British Royal Ballet, a 

British opera, and a Dusseldorf opera gave performances. In 2000, a Swiss opera, 

the British Royal Orchestra, the German Broadcast Orchestra, the Baden-Baden 

Philharmonic Orchestra, and an American ballet performed there. A highlight of 

2001 was the appearance of the Philadelphia Orchestra. 

Orchestral concerts are accommodated by a removable orchestral enclosure 

on stage that is maneuvered by an "air jet cushion" system. It can be dismounted 

in three sections for easy storage. 

It is difficult to rate the acoustics of this theatre, because there is nothing 

comparable in China. Guest musicians from abroad are satisfied with the sound in 

the hall, and, in comparison with most other halls in China, it is outstanding. 



SHANGHAI 



Grand Theatre 209 

o 
--

o 

SEATING CAPACIIY 1,895 

0) 1,143 

o 365 

o 387 

b J 0 

~ 0 
g 

0) 
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~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, syrrtphonic concert, Chinese opera, drama. CeJing: Two layers cement 

gypsum board, each 0.78 in. (2 cm) thick. Sidewalls: Outer walls are concrete; dec­

orative walls, lower part (below 11.5 il, 3.5 m), granite, wooden grille with movable 

drapery behind for RT adjustment and decorated hardboard panel for remainder. Rear 

walls: Outer walls are concrete, remainder wooden grille with movable drapery behind. 

Acoustical absorbing m.aterial: When all exposed, 3,228 ftz (300 m2). Carpets: On 

main aisles with underpad. Seating: Thicl< upholstering on top of seat bottoms and 

front of seat backs. Stage enclosure: Removable-hard board on steel frame. Noise 

level: NR-23. 

ARCHITECT: Jean-Marie Charpentier. INTERIOR: STUDIO, Architectural De­

sign Firm. JOINT DESIGNER: East China Design and Research Institute of Architec­

ture, Shanghai. ACOUSTICAL CONSULTANT: J. Q. Wang. ACOUSTICAL DESIGN: 

K. S. Zhang of above Institute, Shanghai. 

TECHNICAL DETAILS 

Opera 

V = 458,900 ft3 (13,000 m3) 

Spit = 914.6 ft2 (85 m2) 

N = 1,676 

VI N = 273.8 ft3 (7.76 m3) 

Concerts 

V = 529,500 (15,000 m3) 

So = 1,431 ft2 (133 m2) 

H = 66 ft (20.1 m) 

D = 109 ft (33.2 m) 

VIN = 279 ft3 (7.91 m3) 

HIW = 0.57 

Sa = 6,983 ft2 (649 m2) 

Sp = 2,666 ft2 (247.8 m2) 

VIST = 36.3 ft (11.06 m) 

SA/N = 5.41 ft2 (0.502 m2) 

Sa = 7,381 ft2 (686 m2) 

ST = 11,126 ft2 (1,034 m2) 

W = 116 ft (35.4 m) 

VIST = 47.6 ft (14.51 m) 

SA/N = 5.12 ft2 (0.475 m2) 

L/W = 0.78 

NOTE: The terminology is explained in Appendix 1. 

SA = 9,060 ft2 (842 m2) 

ST = 12,641 ft2 (1,175 m2) 

VISA = 50.6 ft (15.44 m) 

SaiN = 4.17 ft2 (0.39 m2) 

SA = 9,695 ft2 (901 m2) 

N = 1,895 

L = 91 ft (27.7 m) 

VISA = 54.6 ft (16.65 m) 

Sal N = 3.89 ft2 (0.362 m2) 

ITOG = 40 msec 
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39 
Copenhagen 

Radiohuset, Studio 1 

~ Radiohuset is the home of the Danish Radio Symphony Orchestra. The 

@ s:~~e and the great organ dominate the room, and the audience area is small, 

seating 1,081, compared to that in a conventional concert hall. Opened in 1945, 
the cylindrical ceiling, low over the stage, has caused on-stage dissatisfaction among 

the orchestra players and has resulted in two major revisions. In the most recent 

renovation, completed in 1989, a canopy of acrylic panels was hung over the stage; 

a number of sloped large reflecting panels (see the photograph) were attached to the 

stage side walls; and a new floor, more favorable to bass and cellos, was installed 

along with hydraulic risers on stage. These recent changes have improved commu­

nication among the orchestra members and have provided more intimate sound to 

the audience than when the hall was without panels. The hall is also better acous­

tically for recordings. The reverberation time, 1.5 sec, fully occupied, is on the low 

side, the optimum for symphonic music in a hall of this size is about 1.7 sec. 

The object of the acrylic panels is to improve communication on stage, fa­

cilitate orchestral timing, and to create better balance and blend. The size and 

number of panels for the Radiohuset followed studies by J. H. Rindel (1990). He 

found that a large number of smaller panels, each slightly curved, as compared to 

larger ones used elsewhere, give a more uniform reflection of the entire range of 

frequencies. The open area in the panel array should be about 50%. Installed in 

Studio 1 are 61 panels, each 5.9 X 2.62 ft (1.8 X 0.8 m), 0.3 in. (0.8 cm) thick 

and slightly curved. 

In the ceiling of the Radiohuset, there are low-frequency sound-absorbing 

Helmholtz-type resonators, 105 of which are (currently, 1994) tuned to absorb 

sound at 98 Hz and 45 at 64 Hz. Their purpose is to remove low-frequency standing 

waves between the floor and the curved ceiling. Because of the small volume of the 

hall, 420,000 ft3 (11,900 in3), the sound of a full symphony is loud, which helps 

create a feeling to the listener of being enveloped by the sound field and adds spa­

ciousness to the orchestral music. The reports are that the 1989 changes have been 
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2/4 COPENHAGEN 

well accepted by the orchestra. Reviews by music critics are mixed, some saying that 

the sound is much the same as before the stage renovations. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: All types of broadcasting. Ceiling: 3-in. (S-cm) concrete roof, covered by I-in. 

(2.5-cm) tongue-and-groove wood strips (no airspace). Sidewalls: 0.S3-in. (2.1-cm) 

wood with either l-in.- or 4-in.- (2.5- or 10-cm}-deep airspace, about 50% each. Rear 

walls: Mineral wool, 25% perforated, covered with thin wood; above second balcony, 

0.5-in. (1.2 cm) wood panels with airspace. Floor: Parquet over concrete. Stage floor: 

0.9-in. (2.2 em) parquet on joists spread apart 16 in. (40 em), over 14 in. (36 em) 

airspace; rear part has 26 hydraulic risers. Stage height: 27.5 in. (70 em). Seating: 

Upholstered in leather, underseat unperforated. 

ARCHITECT: vJhelm Lauritzen. ACOUSTICAL CONSULTANT: Jordan Akustik. 

RESEARCH: A. C. Gade and J. H. Rindel from Technical University of Denmark. 

REFERENCE: N. V. Jordan, J . H. Rindel & A. C. Gade, "The new orchestra platform 

in the Danish Radio Concert Hall," Proceedings of Nordic Acoustical Meeting, Lulea, 

Sweden, 1990. 

TECHNICAL DETAILS 

v = 420,000 ft3 (11,900 m3) 

So = 3,100 ft' (288 m') 

H = 58 ft (17.7 m) 

D = 75 ft (22.9 m) 

VI N = 388 ft3 (11.00 m3) 

HIW = 0.53 

S, = 6,512 ft' (605 m') 

ST = 9,701 ft' (901 m') 

W = 110 ft (33.5 m) 

VIST = 43.29 ft (13.2 m) 

SAIN = 7.2 ft' (0.67 m') 

L/W = 0.55 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of ST. 

NOTE: The terminology is explained in Appendix 1. 

SA = 7,761 ft' (721 m') 

N = 1,081 

L = 61 ft (18.6 m) 

VISA = 54.1 ft (16.5 m) 

S,I N = 6.02 ft' (0.560 m') 

ITOG = 29 msec 



DENMARK 

40 
Odense 

Nielsen Hall in Odense Koncerthus 

~ uring the 1960s Odense underwent a major transformation-new 

~ streets, a four-lane highway, and urban renewal. only a small part, the 

Hans Christian Anderson quarter, was preserved. On the east side the concert and 

congress building was erected, as well as an adjacent hotel. To the west, stands the 

Anderson museum and his house, as well as some low-rise provincial residences. To 

the north is a sizeable park. To avoid overpowering the other buildings, the main 

floor and concert stage of the Koncerthus are sunl<en below ground level; the front 

of the balcony starts at ground level. 

The Carl Nielsen Hall is named after the best-known Danish composer, who 

was born on the island Fyn on which Odense is now the main city, the third largest 

in Denmarl<. The Nielson Hall opened in September 1982, with the Queen and 

Prince in attendance. The Koncerthus complex also contains a chamber music hall 

and rehearsal facilities for a full-size symphony orchestra. Conferences and con­

gresses find the site ideal because it is near several hotels. 

Financing for the hall came from the city, an independent committee operates 

it. Seating 1,320, and having the only built-in pipe organ in Denmarl<, excepting 

the Danish Radiohuset in Copenhagen, it is widely recognized as the most successful 

concert hall in the country. It serves, primarily, as the home for the Odense Sym­

phony Orchestra. Each fourth year the hall becomes the venue for the International 

Carl Nielsen Violin Competition. 

On entering the hall, one is immediately aware of its rectangularity and the 

sound-diffusing baffles, "birds," flying overhead, designed by the artist Gunnar Aa­

gaard Anderson. Miniature protruding balconies on the sidewalls both create dif­

fusion of the sound and provide surfaces for enabling lateral reflections of early 

sound to the seating areas. The louvered spaces above the balconies are air-condi­

tioning outlets. The two large white surfaces to either side of the choir/audience 

seating are concrete panels with doors. The ceiling is a succession of deep triangles, 



2/6' ODEN SE 



Nielsen Hall 

SEATING CAPACI1Y 1320 

(0 800 

o 420 

(2) 100 Choir/audience 

10 0 10 < 20 30 40 50 60 70 80 90 
'i,'.,;=~<~~~~~~=~==....., FEET 

5 0 10 20 30 

I"~:""""."'< ... ~« ==='iiiiiiiii-----=== METERS 

.2/7 



ODENSE 

designed to create diffusion of the reverberant sound field. The users of the hall 

speak highly of its acoustics. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic concerts, 50%; chamber music, soloists, and other. Ceiling: Molded 

concrete with some absorption for reverberation control; hanging diffusers. Sidewalls: 

Plasterboard with wood veneer, 2 in. (5 cm) thick; slotted areas that are used for fine 

tuning. Floor: Wood, 1.5 in. (3.8 cm) thick on joists with air chamber beneath. Stage 

floor: Wood, 2 in. (5 cm) thick. Height of the stage above the main floor: 35.5 

in. (0.8 m). Carpet: None. Seats: Front of bacl~rest and top of seat upholstered; rear 

of the backrest is cloth covered; underside of the seat is perforated. 

ARCHITECT: P. Hougaard Nielsen and C. J. Norgaard Pedersen with Lars Moller 

and Brite Rorbaek responsible. ACOUSTICAL CONSULTANT: V. Lassen Jordan and 

Niels V. Jordan. PHOTOGRAPHS: K. H. Petersen. REFERENCES: Arkitektur, DK, 

No.8, 1982. 

TECHNICAL DETAILS 

v = 494,200 ft3 (14,000 m3) 

So = 1,894 ft2 (176 m2) 

H = 42 ft (12.8 m) 

D = 102 ft (31.1 m) 

V/N = 374 ft3 (10.6 m3) 

H/W = 0.46 

Sa = 5,900 ft2 (548 m2) 

ST = 8,900 ft2 (827 m2) 

W = 91 ft (27.7 m) 

V/ST = 55.5 ft (16.9 m) 

SA/N = 5.30 ft2 (0.493 m2) 

L/W = 1.187 

NOTE: The terminology is explained in Appendix 1. 

SA = 7,000 ft2 (651 m2) 

N = 1,320 

L = 108 ft (32.9 m) 

VISA = 70.6 ft (21.5 m) 

Sal N = 4.47 ft2 (0.415 m2) 

ITOG = 40 msec 



ENGLAND 

41 
Birmingham 

Symphony Hall 

~ City of Birmingham has reestablished itself as a major European city 

@ th:ough its Broad Street Development with a quality convention center and 

Symphony Hall which opened in 1991. No less an achievement was the engagement 

of Simon Rattle as Principal Conductor and Artistic Advisor of the Birmingham 

Symphony Orchestra, who quickly raised it to world class level. 

The entrance to the hall is by way of a mall, a tall, fully glazed street, which 

is dominated on one side by Symphony Hall, with its curved walls and four cas­

cading foyer levels that provide a dazzling spectacle of light and color at nighttime. 

On entering the hall through the doors near the rear, one is struck by the 

beautiful interior, with intimate warm soft red tones and generous use of wood, 

stainless steel, and granite. The hall is a combination of a classical rectangular hall 

with the rear third curved and multi-tiered like an opera house. Seating 2,211, 
including the choir space behind the orchestra, it provides ample wall areas, not 

widely separated, for early, lateral reflections necessary to an intimate sound. The 

strong lines of the balconies that sweep to the front of the room draw one's eyes to 

focus on the pipe organ. 

A special acoustical feature of the hall is the reverberation chamber. It is 

accessed by mechanized concrete doors that surround the organ and also are located 

on the upper side walls. These doors can be opened in any number to create variable 

reverberation times that can be matched to the type of music or to other uses of 

the hall. To provide adjustability to the clarity of the sound a large wood canopy is 

provided over the orchestra and the front of the audience, which can be raised and 

lowered. The reverberation also can be reduced by a series of 3-in.-deep sound­

absorbing panels, mounted on rails, which can be moved in and out of the hall. The 

normal occupied mid-frequency reverberation time is 1.85 sec. 

It is difficult for a one:time auditor to describe the acoustics because of the 

great variability that can be provided in both the reverberation and the clarity, any 
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Symphony Hall 

combination of which might be in use during that visit. Critical reviews have mostly 

been ecstatic. One reviewer complained of "not enough reverberance." 

c~ c%CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts and conferences. CeJing: Precast concrete with plaster cover; balcony 

soffits, three layers of 2-in. (5-cm) plasterboard. Canopy: 4.5-in. (ll.4-cm) timber 

on steel harne, area 2,900 ft2 (270 m2); lowest regularly used height is 30 ft (9 m). 

Walls: Wood veneered panels on battens infJIed with sand/cement, plus large areas 

of plaster on structural walls. Terrace fronts at lTIarn floor level: 0.75-1.5-in. (2-

4-cm) granite. Variable absorption: Motor-operated, fabric covered panels of 3-in. 

(7.5-cm) mineral wool, hung on wood hames, totaling 2,050 ft2 (625 m2) area. Floors: 

0.9-in. (2.2-cm) wood strip on 0.75-in. (1. 9-cm) plywood on battens infilled with 

sand/cement screed over concrete base. Carpet: None. Reverberation chalTIbers: 

369,000 ft3 (10,300 m3) hard-surfaced concrete, containing operable two-layer velour 

drapes; opened by 20 remotely controlled doors of 6-in. (IS-em) concrete, totaling 

2,100 ft2 (195 m2). Stage height: 47 in. (1.2 m). Seating: Upholstered front of seat 

bacl~ and upper side seat. 

ARCHITECT: Percy Thomas Partnership. ACOUSTICAL AND THEATER CON­

SULTANT: ARTEC Consultants, Inc. PHOTOGRAPHS: Courtesy of the architect. REF­

ERENCE: "International Convention Centre Birmingham," Architecture Today, 17, 

April 1991. 

TECHNICAL DETAILS 

v = 883,000 ft3 (25,000 m3) 

So = 3,000 ft' (279 m') 

H = 75 ft (22.9 m) 

D = 132 ft (40.2 m) 

VIN = 400 ft3 (11.3 m3) 

HIW = 0.83 

Sa = 11,100ft'(1,031 m') 

ST = 16,150 ft' (1,500 m') 

W = 90 ft (27.4 m) 

VIST = 54.7 ft (16.67 m) 

SA/N = 6.42 ft' (0.60 m') 

L/W = 1.15 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of Sp 

NOTE: The terminology is explained in Appe.ndix 1. 

SA = 14,210 ft' (1,320 m') 

N = 2,211 

L = 104 ft (31.7 m) 

VISA = 62.1 ft (18.9 m) 

Sal N = 5.02 ft' (0.466 m') 

ITOG = 27 msec 
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42 
Sussex 

Glyndebourne Opera House 

U~lyndebourne's new opera house marl"s the start of a fresh chapter in the 

Cf::7 life of one of England's most venerable summer institutions. The exqui­

sitely crafted buJding is an impressive technical achievement which not only com­

bines a sensuous materiality with an austere formalism, but also contains enough 

studied eccentricity to ensure the survival of Glyndebourne's indomitable spirit and 

cultural tradition." Thus starts a special edition of The Architectural Review (Sum­

mer 1994). 

The Glyndebourne Summer Festival lasts for 13 weel"s, followed in the au­

tumn by a 3-weel" Sussex Season. The opera house seats 1,243 and was opened in 

May 1994. The exterior buJding is a large oval providing acoustical isolation from 

over-flying aircraft noise. Besides the usual foyers and spaces inside for musicians 

and staff, it surrounds a cylindrical audience hall, capped by its own protruding 

conical roof, and a rectangular fly (stage) tower that extends well above the main 

roof. 

The circular space of the audience chamber presented a major challenge to 

the acoustical consultants. The advantage is that the farthest listener is close to the 

front of the stage, here about 100 ft (30.5 m). The danger is that the singers' voices 

will be unevenly distributed throughout the seating area. The reverberation time at 

mid-frequencies, fully occupied, is 1.25 sec, within the optimum range for Italian 

opera. Particularly important is the low noise level. Adverse focusing effects and the 

need for uniform distribution of the music were both addressed by the ceJing design, 

the shapes of the balcony fronts, the forms of the rear walls of the boxes, and the 

addition of convex panels at several levels. There is no carpet and only a small 

amount of sound-absorbing materials. A major acoustical achievement is the car­

rying of the balcony fronts to the front of the stage so that surfaces are available to 

augment, by reflection, the direct sound from the singers. The New York Times 

reported (Sunday, August 15, 1999), "So it's not a uniformly perfect acoustic. But 

in the main floor and in the front rows of the rings it's miraculous." 
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SUSSEX 

~ c%CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera. Center ceiling: 6-in. (IS-em) precast concrete, height of ceiling chosen 

to achieve desired reverberation time; soffits of balconies also 6-in. (IS-em) precast 

concrete. Sidewalls: (separating auditorium from rest of building) two layers, 8.6-in. 

(22-cm) brickwork with 2-in. (5-cm) cavity; the fronts of balconies, rear walls of boxes, 

and upper walls are covered all or in part by I-in. (2.S-cm) pitch pine. Floors: Soffits 

of balconies that form the floors of the balconies above are 1.8-in. (4.S-cm) wood; 

main floor is 2 in. (S em) on steel supports, perforated by ventilation holes which in 

tum are fed by concrete ducts into a plenum beneath the floor. Pit: Poured concrete 

sidewalls to which I-in. (2.S-cm) wood is affixed on spacers; pit raJ above floor level 

at first row of seats, O.S-in. (1.25-cm) wood, made semi-perforate by a slatted treat­

ment, with extra material provided if an unperforated pit raJ is desired. Carpets: None. 

Seating: Molded plywood with high bacl<s and slotted seat bottom; upholstering covers 

ca 9S% of the front of seat bacl< and is 1.2 in. (3 em) thick that covering the seat 

bottom is 1.8 in. (4.S em) thick; arms not upholstered; ventilation from holes in floor 

is expelled through a perforated cylinder adjacent to the pedestal support. Noise level: 

PNC-I5 

ARCHITECT: Michael, Hopkins & Partners. ACOUSTICAL CONSULTANT: Arup 

Acoustics. REFERENCES: The Architectural Review, Special edition, Summer 1994. R. 

Harris, "The acoustic design of the Glyndeboume Opera House," Proc. IDA Interna­

tional Auditorium Con/erence, England (I995) (www.ioa.org.ul<). 

v = 275,000 ft3 (7,790 m3) Sa = 6,004 ft2 (558 m2) SA = 7,543 ft2 (701 m2) 

S,;t = 1,173 ft2 (109 m2) S,,,, = 1,612 ft2 (150 m2) ST = 10,328 ft2 (960 m2) 

N = 1243 H = 62 ft (18.9 m) W = 25 ft (7.6 m) 

L = 89 ft (27.1 m) D = 96 ft (29.3 m) VIST = 26.6 ft (8.11 m) 

VISA = 36.4 ft (11.1 m) VI N = 221 ft3 (6.27 m2) SA/N = 6.07 ft2 (0.564) 

S.I N = 4.83 ft2 (0.449 m') HIW = 2.48 L/W = 3.56 ITOG = 20 msec 

NOTE: The terminology is explained in Appendix I. 
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43 
Liverpool 

Philhannonic Hall 

~hilharmonic Hall, now seating about 1,800, is pleasant, warm, and com­

~ fortable. The sidewalls and ceiling form a shell inside the basic construction 

composed of a series of sections, each about 15 ft (4.6 m) wide, that, in the bacl< 

part of the hall, extend down to the balcony floor and in the front part to a level 

equal to that of the soffit of the balcony overhang. These sections are arranged in 

echelon, with the front edge of each section rolled bacl< to leave a recess for lighting. 

An audience of over a hundred partially surrounds the orchestra. 

Opened in 1939, Philharmonic Hall recently has undergone extensive reno­

vations, without noticeably changing its visual appearance. The renovations include 

enlargement of the stage, replacement of the plaster sidewalls and ceiling surfaces 

with concrete, addition of a front row to the balcony, and the installation of qua­

dratic residue diffusers QRD's (see Chapter 4) over the entire rear wall. The QRD's 

replace sound-absorbent, rocl<-wool batts that reduced the reverberation time, and 

they provide useful lateral reflections to those in the upper balcony. The new con­

crete interior reflects the bass sounds which were forrr..erly absorbed by the thin 

plaster. Carpet was removed from under the seats and replaced with wood on con­

crete. New chairs have been installed that reduce the audience absorption. Although 

occupied reverberation time data are not available, it is estimated that the changes 

increase it about 0.1 sec at mid-frequencies. 

In 1960, Gerald McDonald, then General Manager of the Royal Liverpool 

Philharmonic Society, said, "From the point of view of artists performing in the 

hall, the fact that there are only 613 [then] seats enclosed by a ring of most attractive 

boxes seating over a hundred, with a further audience of 943 [then] in the balcony, 

is unusual and stimulating. Its relatively low reverberation time and beautiful well­

defined tone mal<e it uniquely favorable for baroque and Classical music starting 

with Bach, for modern music, and for any music that is cerebral in nature or requires 

refinement of definition." The improved reverberation time should, today, mal<e the 
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LIVERPOOL 

hall excellent for music of the late Classical period with greater fullness of tone and 

richness of bass. 

[N ote: The bottom photo is from 1960 and does not show the enlarged stage 

and the decreased seating on the main floor and behind the stage. The stage photo 

is current.] 

F- ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic music, cinema, and speech. Ceiling and sidewalls: Concrete, di­

vided above the boxes by lighting coves into 15-ft (4.6-m) sections; boxes are of wood. 

Rear upper wall: Partially covered by quadratic residue diffusers (QRDs). Floors: 

Wood over concrete. Stage enclosure: One side wall is occupied by a pipe-organ grille; 

the remaining surfaces are concrete. Stage floor: Boards on joists over airspace. Stage 

height: 30 in. (76 cm). Seating: Wooden construction with upholstering only on the 

seats and front of the backrests. 

ORIGINAL ARCHITECT: Herbert J. Rowse. ORIGINAL ACOUSTICAL CONSUL­

TANT: Hope Bagenal. RENOVATION ARCHITECT: Brock Carmichael Co. RENOVA­

TION ACOUSTICAL CONSULTANT: Kirkegaard and Associates. PHOTOGRAPHS: Main 

hall, courtesy of the City of Liverpool; stage, Jonathan Keenan. REFERENCE: M. Bar­

ron, Auditorium Acoustics and Architectural Design, E & FN SPON, Chapman & Hall, 

New Yorl" and London (1993). 

T CHNICAL DETAILS 

v = 479,000 ft3 (13,570 m3) 

So = 1,720 ft2 (160 m2) 

H = 46 ft (14 m) 

D = 119 ft (36.3 m) 

VI N = 266 ft3 (7.54 m3) 

HIW = 0.47 

Sa = 10,560 ft2 (981 m2) 

Sr = 15,440 ft2 (1,435 m2) 

W = 98 ft (30 m) 

VI Sr = 31 ft (9.46 m) 

SA/N = 7.62 ft2 (0.71 m2) 

LIW = 0.96 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,720 ft2 (1,275 m2) 

N = 1,803 

L = 94 ft (28.6 m) 

VISA = 34.9 ft (10.64 m) 

Sal N = 5.87 ft2 (0.545 m2) 

ITDG = 25 msec 
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44 
London 

Barbican Concert Hall 

~ Barbican Concert Hall was originally planned as a conference facility 

({;j/ ;~h a design that boasted audience proximity to the stage and a relatively 

low reverberation time of 1.4 seconds. When it was decided to use it for concert 

music, it was too late to raise the ceiling to give it a higher reverberation time and 

to decrease the width and increase the length to make it closer to a shoebox shape. 

An architectural feature that has been a disaster acoustically is two 12-& (3.7-m)­

deep ceiling beams, necessary to support the roof and the outdoor plaza above, that 

run the full width of the hall. Until recently, these beams have prevented most of 

the ceiling from sending reflections of the sound to the upper tiers of the audience 

area. Listeners there complained of a lack of excitement and a feeling that they were 

isolated from the performance. Throughout the hall, the most serious deficiencies 

were lack of bass caused by thin wood paneling and echoes caused by delayed re­

flections from the side and angled rear walls. 

The recent renovations have significantly improved the acoustics without ap­

preciably increasing the reverberation time. The principal changes in 1994 and 

2001 involve the ceilings over the stage and the audience chamber and the elimi­

nation of thin wood paneling wherever possible to strengthen the bass. Also, the 

stage has been enlarged. The canopy over the stage and a series of reflecting panels 

over the audience area are the most visible changes in 2001. The canopy and ceiling 

reflectors, integrated in design, comprise 35 burgundy-colored stainless-steel reflec­

tors, the largest of which is nearly 66 & (20 m) in length, each made up of between 

4 and 17 panels. These reflecting panels can be adjusted to different heights and 

angles so as to distribute the sound equally to the players and to the forward part 

of the audience. Placed around and between the large trusses, new reflecting panels 

were designed to improve the sound for those seated farther back. The hall in its 

usual configuration seats 1,924. 

The Guardian wrote, "The refurbished auditorium is a revelation ... the new 

sense of immediacy and det~il is compelling, and the physicality of the sound gen­

uinelyexciting." 
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LONDON 

For London, these improvements are vital, not only for concerts of the London 

Symphony Orchestra but also for concerts of many visiting performing groups. 

C-.....:;?;;. ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic music, chamber music, recitals, and some conferences. CeJing: 

Solid concrete, below which hang a number of large burgundy-colored stainless-steel 

reflecting panels that are adjustable in angle. Sidewalls: Upper sidewalls 2.83-in. 

(7.2-cm) single-layer, braced plywood panels on frames; lower sidewalls are the same 

but are selectively covered with felt 0.125 in. (0.32 cm) thick; rear walls are covered 

with diffusers like those in New York's Carnegie Hall. Carpets: None. Stage enclo­

sure: Timber with sculptured surface over concrete. Stage canopy: A large portion of 

the 35 burgundy-colored stainless-steel panels in the room are located here, each of 

which is made up of 4 to 17 panels, and are placed in steeply ascending order above 

the stage. Stage floor: Partly wooden over airspace, and four elevators. Stage height: 

3 ft (0.91 m). Seating: Top of seat bottom, front of bacl~rest, and armrests are up­

holstered. 

ORIGINAL CONSULTANT ARCHITECTS (1982): Chamberlain, Powell & Bonn. 

ORIGINAL ACOUSTICAL CONSULTANT: Hugh Creighton. ARCHITECT FOR RENO­

VATION (2001): Caruso St John. ACOUSTICAL CONSULTANT FOR RENOVATIONS 

(1994, 2001): Kirl"egaard & Associates. PHOTOGRAPHS: Robert Moore, London. 

TECHNICAL DETAILS 

v = 600,000 ft3 (17,000 m3) 

S, = 2,250 ft2 (209 m2) 

H = 47 ft (14.3 m) 

D = 107 ft (32.6 m) 

VIN = 312 ft3 (8.84 m3) 

HIW = 0.364 

S, = 11,820 ft2 (1,100 m2) 

ST = 15,550 ft2 (1,445 m2) 

W = 129 ft (39.3 m) 

VIST = 38.6 ft (11.76 m) 

SA/N = 7.07 ft2 (0.66 m2) 

LIW = 0.70 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf' 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,610 ft2 (1,265 m2) 

N = 1,924 

L = 90 ft (27.4 m) 

VISA = 44.1 ft (13.43 m) 

S,IN = 6.14 ft2 (0.57 m2) 

ITOG = 25 msec 
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45 
London 

Royal Albert Hall 

() n Wednesday, March 29, 1871, Queen Victoria, on one of her rare public 

appearances after the death of the Prince Consort, appeared in the royal box 

of the newly completed Royal Albert Hall of Arts and Sciences, surrounded by 
members of the Royal Family, to participate in the official opening. The official 

record (see References, Clark, p. 58) relates: The "Prince of Wales ... began to 

read a welcoming address ... speaking distinctly in a clear voice that could be heard 

in all parts of the building; in many parts it could be heard twice, a curious echo 

bringing a repetition of one sentence as the next was begun." Thus began 100 years 

of experiments in an attempt to transform into a concert hall a space that is much 

too large ever to be fully successful for this purpose. 

The Royal Albert Hall holds 5,222 persons seated plus about 500 standees. 

It is nearly elliptical in shape with a cubic volume of about 3,060,000 ft3 (86,650 
m3), four times as great as the largest regular well-liked concert hall in the world. 

Its uses are many-pageants, lectures, exhibitions, choral presentations, symphony 

concerts, proms (pops) concerts, solo recitals, even athletic events. One of the build­

ings most famous features is the great pipe organ, installed in 1871, and rebuilt 

for a second official presentation in 1934. The Royal Albert Hall fulfills London's 

need for a hall with a large seating capacity. 

The principal acoustical problems of the Royal Albert Hall, particularly before 

the 1970 additions, arise from its size. They are (1) a decrease in loudness of the 

direct and early sound emanating from the performers as it travels such large dis­

tances in the hall (consider a voice trying to fill nearly six times more cubic volume 

of air than there is in a typical European concert hall); and (2) echoes, owing to 

the return of very-long-delayed reflections from distant surfaces back to the front 

of the hall. 

To alleviate the echoes, but further weakening the loudness of the sound, a 

large velarium of cloth weighing 1.25 tons (1,136 kg) was hung and remained in 

place until 1949. This velarium was raised and lowered from time to time in an 
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LONDON 

effort to improve the acoustics. In 1934, we read, "The echo persisted and there 

was even some suggestion that it had grown worse." 

I take the following information on the Royal Albert Hall from M. Barron 

(see References, 1993, pp. 117-125): 

It was only in 1968-1970 that the echo problem was finally suppressed by sus­

pending 134 "flying saucer" diffusers at the level of the Gallery ceiling [see the photo­

graph and sketch] ... Two aspects were also dealt with during this period .... The 

reverberation time [that] was particularly long at mid-frequencies ... was rendered more 

uniform with frequency ... by placing absorbent which was most efficient at these fre­

quencies on the upper side of the saucers ... This location for absorbent is particularly 

apt because it increases the effect of the saucers by absorbing some remaining sound 

reflected from the dome. Another problem with a large space is maintaining sufficient 

early reflections when some seats are inevitably remote from useful surfaces. The reflec­

tions from the suspended saucers are very valuable at the upper seating levels. A reflector 

above the stage, as first used in 1941, has been retained to provide [early sound] reflec­

tions particularly to the [main floor] and [lower side] seating. [The middle photo shows 

the saucers. Recent revisions have changed the front, as shown in the lower photo.] 

The measured occupied reverberation time (measurements by M. Barron in 

1982) is 2.4 sec at mid-frequencies. This is not disastrous in a room this size. The 

more serious problem is the weakness of orchestral sound, partly because it is ab­

sorbed to some extent by the upper surfaces of the saucers, and partly because it 

has to be distributed over 5,080-6,000 heads, compared to 1,680 in Vienna's 

Grosser MusikvereinssaaL Perhaps, as electronic sound reinforcement becomes 

more common, the level can be increased by that means. The hall has been very 

successful in presenting popular (pops or proms) concerts-audiences of over 4,000 
are common. 

I heard Tchaikovsky's 1812 Overture there. The great organ sounded out at 

the climax and the "cannon" boomed forth. The chimes clanged loudly through 

their part and, finally, in combination with the military fanfare theme, the Russian 

Imperial Anthem thundered forth. The general reverberation swelled with the in­

creased vigor of the composition. Above all the great organ sounded like the voice 

of Jupiter. The audience was left breathless and tingling. It is for these moments of 

ecstasy that Albert Hall continues to exist. 



Royal Albert Hall 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: General purpose. Ceiling: Roof over balcony is of plaster directly on the struc­

ture; fluted inner dome with perforated inner skin backed by mineral wool, plus 134 

hanging sound-diffusing reflectors-"flying saucers" which are glass reinforced plastic 

dishes with 1.5-in. (3.8-cm) glass fiber blanl~et on top. walls: Generally plastered, but 

the bacl~ of the boxes are of thin wood. Floors: Arena floor is 1 in. (2.5 em) on wooden 

joists over large airspace; balcony is of concrete; box floors are of wood. Stage enclo­

sure: Glass-reinforced canopy over orchestra. Stage floor: Thick wood over airspace. 

Stage height: 40 in. (102 em). Carpets: Often used on arena floor. Seating: Arena 

and main floor surrounding, tops of seats and fronts of backrests are upholstered with 

cloth covering-all other surfaces are of wood; boxes, loose occasional chairs uphol­

stered the same as for arena; balcony, theater-type tip-up chairs upholstered in cloth; 

gallery, 300 wooden chairs for use in the standing areas. 

DESIGNERS: Capt. Francis Fowke (who died during design in 1865) and Lt. 

Col. H. Y. D. Scott (who succeeded Fowke and continued as Director of Works under 

the supervision of a "Committee on Advice"). PHOTOGRAPHS: Courtesy of M. Barron 

and Royal Albert Hall. REFERENCES: Ronald W. Clark The Royal Albert Hal!, Hamish 

Hamilton, London, 1958; M. Barron, Auditorium Acoustics and Architectural Design, 

FN SPON, Chapman & Hall, New Yorl~ and London (1993). 

v = 3,060,000 ft' (86,650 m') 

S, = 1,900 ft2 (,76 m2) 

H= 118ft(36m) 

o = 140 ft (42.7 m) 

VIN = 586 ft' (16.6 m3) 

HIW = 0.76 

Sa = 29,000 ft2 (2,700 m2) 

Sr = 39,700 ft2 (3,688 m2) 

W = 155 ft (47 m) 

VISr = 77.1 ft (23.5 m) 

SA/N = 7.24 ft2 (0.672 m2) 

LIW = 0.94 

NOTE: The terminology is explained in Appendix 1. 

.-

SA = 37,800 ft2 (3,512 m2) 

N = 5,222 + 500 standees 

L = 146 ft (44.5 m) 

VISA = 81 ft (24.7 m) 

S.lN = 5.55 ft2 (0.517 m2) 

ITDG = 15 msec 
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London 

Royal Festival Hall 

~ Royal Festival Hall, opened in 1951, is said to host more important 

@ ~:sical events annually than any other large concert hall. The architecture 

is a triumph, a fascinating mosaic of stairways, carpets, lighting, and interior vistas. 

The approach up the stairs and through foyers is so cleverly made and so beautiful 

that it promises an evening of excitement. The designers have achieved beauty 

through proportion and color and admirably contrived lighting. Dominant features 

in the hall itself are a large three-part canopy over the stage, projecting box fronts 

on the sidewalls, a large pipe organ, and a steeply ral;:ed main floor. 

From 1900 to 1948 only a handful of large halls had been built in the world, 

and most of them before modern acoustical measuring equipment was available. 

Thus Festival Hall, seating 2,901, was the site for most of the experiments in 

concert hall acoustics in the first half of the twentieth century. 

The general consensus by all types of listeners is that the hall is "too dry," not 

reverberant enough, particularly at low frequencies, and that the bass tone is weal;:. 

The primary cause was the lacl;: of technical information on how much sound an 

audience absorbs when seated in modern theater chairs. The consultants used an 

absorbing indicator of 0.33 per person, compared to today's accepted 0.57 per 

person. The result: a reverberation time at 500 Hz of 1.5 sec, compared to the 

design goal of 2.2 sec. At the low frequencies the reduced reverberation time is also 

exacerbated by the open area of the boxes, the lightweight ceiling, and other sound­

absorbing surfaces. 

My analysis, bacl;:ed by interviews, is that the definition is excellent and the 

hall is very good for piano, chamber music, and modern music. The hall is not as 

effective for music of the late Classical and Romantic periods. The lacl;: of bass is 

the most serious problem. 

Several well-Imown coi1.sultants and architects have been engaged to mal;:e 

recommendations for major revisions in Festival Hall. It appears that the reverber-
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LONDON 

ation time can be increased somewhat and that the bass can be strengthened. As 
this is wxitten, it is said that work can begin when funding becomes available. 

c ~ ~ __ -_R_C_H_I_T_E_C_T_V_R_A_L_A_N_D_S_T_R_V_C_T_V_R_A_L_D_E_T_A_I_L_S_ 

Uses: Classical concerts, plus summer ballet season. Ceiling: 2-3-in. (5-7-cm) plas­

ter, prefabricated with wood lath and rags for binding. Side walls and rear walls: 

O.4-in. (I-em) elm plywood with 3-4-in. (7-10-cm) airspace behind; the doors, the 

rears of the side balconies, and the rear walls are covered with leather, backed by roel" 

wool with several inches of airspace behind; exposed wood wool, 2 in. (5 em) thick is 

used in 33% of the cornice regions. Floors: Principally thin, 11.ard, compressed cork 

on concrete. Carpets: Transverse aisles carpeted. Stage floor: Wooden boards over 

airspace. Stage height: 30 in. (76 em). Sound-absorbing ll1.aterials: See walls and 

ceiling. Seating: Molded wooden seat back upholstered front of seat back and top of 

seat bottom with porous fabric; underseat, perforated wood; choir seats partly uphol­

stered in leather; armrests upholstered in leather. 

ARCHITECT: London County Council Architects' Department, R. H. Mathews, 

]. L. Martin with E. Williams and P. M. Moro. ACOUSTICAL CONSULTANT: Hope 

Bagenal with Building Research Station (H. R. Humphreys, P. H. Parkin, and W. A. 

Allen). PHOTOGRAPHS: Courtesy of Royal Festival Hall. REFERENCES: P. H. Parkin, 

W. A. Allen, H. ]. purlds, and W. E. Scholes, Acustica 3, 1-21 (1953); E. Meyer 

and R. Thiele, Acustica, 6, 425-444 (1956); M. Barron, Auditorium Acoustics and 

Architectural Design, E & FN Spon, Chapman and Hall, New YorI" and London 

(1993). 

v = 775,000 ft' (21,950 m') 

So = 1,860 ft2 (173 m2) 

H = 50 ft (15.2 m) 

o = 126 ft (38.4 m) 

VIN = 267 ft' (7.56 m') 

HIW = 0.47 

Sa = 16,500 ft2 (1,540 m2) 

ST = 23,090 ft2 (2,145 m2) 

W = 106 ft (32.3 m) 

VIST = 33.6 ft (10.2 m) 

SA/N = 7.32 ft2 (0.68 m2) 

L/W = 1.14 

NOTE: The terminology is explained in Appendix 1. 

SA = 21,230 ft2 (1,972 m2) 

N = 2,901 (with box seats) 

L = 121 ft (36.8 m) 

VISA = 36.5 ft (11.1 m) 

Sal N = 5.69 ft2 (0.53 m2) 

ITOG = 34 msec 
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47 
London 

Royal Opera House 

~Royal Opera House, rehabilitated in 2000 and seating 2,157 plus 108 
@ s:~~dees, is one of the world's most important centers for opera. The site 

was originally a convent garden owned by the Abbey of Westminster. In 1630-33, 
the garden was laid out as a residential square according to the design of the English 

landscape architect Inigo Jones. In 1632 a theater for plays was opened where the 

ROH now stands. In 1734-1737 George Frideric Handel emphasized opera. In 

1847 it became the Royal Italian Opera House. After several fires, the theater was 

rebuilt for the third time in 1858 and is now the Royal Opera House. 

London profits from the Royal Opera House's long heritage and interest in 

producing all that is internationally good in opera, whether Italian, French, Aus­

trian, German, English, Slavic, or other. It has presented the world's finest singers 

and has boasted of celebrated music directors-Frederich Oye, Augustus Harris, 

Sir Thomas Beecham, Bruno Walter, Rafael Kubelik, Georg Solti, Colin Davis, 

and Bernard Haitink. The Royal Opera House is a boon to artists because London 

appreciates opera and the house is small enough to be intimate and truly enjoyable. 

Also home to the Royal Ballet, the House is in use nearly every day and evening 

the year around. The orchestra of the Royal Opera House, with musicians of the 

highest quality, not only accompanies the opera and ballet performances, but it 

performs on concert stages. During the recent two years when the House was closed 

for rehab, the orchestra appeared at a number of the world's leading concert venues. 

The acoustical quality of the house has improved markedly as a result of the 

renovations. The bass, which formerly was diminished by thin wood, is now in 

balance. Nearly all carpet has been eliminated and the chairs of modest, but com­

fortable, upholstering also act to preserve the bass. As is true in other houses of 

similar design, singers are not as loud when they move upstage from the proscenium 

line. Special reflecting surfaces on the audience side of the proscenium would help 

this problem, but they would: have to be part of the basic architectural design. All 

in all, I rate this house among the top ten of the world's prominent opera houses. 
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LONDON 

F' ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, ballet, and occasional concerts. Ceilings: Dome mainly Biele (Masonite) 

board; balcony ceJings generally 1.2-in. (3-cm) plasterboard on metal lath, painted 

finish. Walls: Outer walls plastered brick; box divisions 2-in. (5-cm) wood paneling. 

Floors: Main floor, tongue-and-groove timber strips laid on plywood; in balconies, 

same except laid on timber or stone floor. Pit: Side walls, 0.9-in. (2-cm) plasterboard, 

doors, wood; floor, tongue-and-groove timber load on plywood, the recess under stage 

is equipped with reversible acoustic panels. Stage height: 55 in. (140 cm) above floor 

at front of main floor. Carpet: none, except two runners behind seats on first tier to 

quiet footsteps. Seats: plywood on metal frame; 3-4-in. (8-1O-cm) upholstering on 

upper seat bottom and 1.6-in. (4-cm) upholstering on front of seat back. 

ARCHITECT: 1858, Edward Berry; 1999, Dixon Jones, BDP. ACOUSTICAL 

CONSULTANT: Amp Acoustics. PHOTOGRAPHS: Rob Moore. REFERENCE: J. P. 

Newton, "Room acoustics measurements at the Royal Opera House, London," Pro­

ceedings 17th leA, Rome, 2001. 

TECHNICAL DETAILS 

v = 432,425 ft' 112,250 m') 

Sp;, = 910 ft2 (84.6 m2) 

N = 2,157 

L = 100 ft (30.5 m) 

VI SA = 30.9 ft (9.42 m) 

HIW = 0.97 

Sa = 9,684 ft2 (900 m2) 

Sp = 1,720 ft2 (160 m2) 

H = 61 ft 118.6 m) 

D = 141 ft (43 m) 

SA/N = 6.49 ft2 (0.60 m2) 

LIW = 1.59 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,000 ft2 (1,300 m2) 

ST = 16,630 ft2 (1,545 m2) 

W = 63 ft (19.2 m) 

VIST = 26.0 ft (7.93 m) 

VI N = 200 ft' (5.68 m') 

ITOG = 22 msec 
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48 
Manchester. 

Bridgewater Hall 

;9?h; motivations for constructing the Bridgewater Hall were to provide a new 

@ h:~~e for the Manchester Halle orchestra and to upgrade a lame site made 

available by the Central Manchester Development Corporation. To one side of the 

hall lies the historic center of the city, another side faces a vast exhibition hall, and 

the remaining sides front on an area that rapidly has become a venue for offices, 

restaurants, and chic bars. A seven-year planning and construction period followed 

its conception, resulting in a design process that produced a unique architectural 

entity. Approaching from the city center, one comes upon a dramatic glass prow, 

sparkling when illuminated. 

The foyers beyond the entrance provide a grand introduction to the audito­

rium, whose interior shape both suggests the rectangularity of a classic shoebox hall 

and the vineyard design of the Berlin philharmonie. One's eyes are drawn toward 

four features. First, we see the impressive organ with its 5,000 pipes. In front of 

these, over the stage, are convex transparent sound reflectors through which the 

platform receives its illumination. One next sees the tall, spindly columns that 

support the ceiling. And, finally, one observes the unusual general hall lighting 

composed of ropes of low-intensity lamps. The hall opened in 1996. 
The seating capacity is 2,357; no person is more than 123 ft (37.4 m) from 

the front of the stage. Owing to the steep slope of the vineyard seating, spectators 

have a full view of the orchestra, in line with the architect's wish that every instru­

ment be visible; although there are a few side seats that do not see 100 percent of 

stage. The front of each tier provides necessary early lateral sound reflections toward 

various parts of the audience. The high ceiling provides the cubic volume needed to 

produce a mid-frequency reverberation tine of 2.0 sec, with the hall fully occupied. 

To promote diffusion of the r~flected sound, irregularities are provided on the ceil­

ing. The balcony fronts and the vertical walls are relatively smooth, even though 

the acoustical consultant recommended sound-diffusing irregularities. 
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256 MANCHESTER 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily symphonic, choral, and organ music, but also chamber music and 

solos, and a host of amplified sound events. Ceiling: Pre-cast, sound-scattering con­

crete panels. Side walls: Inner wall plaster; balcony fronts, and reflectors, 1.2-in. (3-

em) glass-reinforced gypsum (veneer or paint). Stage surround: Stage enclosure 

formed by surround choir and terrace (vineyard) seating. Floors: Red oak wood im­

bedded in concrete. Suspended canopy: Array of curved glass panels (convex down­

ward) over stage and choir seating, adjustable in height in sections. Stage floor: 

Tongue-and-groove boards over airspace with grille openings in wall just above the stage 

surface. Stage height: 35 in. (90 em) above front-floor surface. Carpet: None. Seats: 

plywood on metal frames; upholstering on front of seat back and top of seat bottom; 

arm rests wooden; underside of seats perforated. Vibration isolation: To isolate the 

hall from an adjacent light railway, the hall, weighing 36,000 tons, is supported on 

3.5-Hz springs. Noise level: PNC 15. 

ARCHITECT: Renton Howard Wood Levin. ACOUSTICAL CONSULTANT: Arup 

Acoustics. PHOTOGRAPHS: Dennis Gilbert. REFERENCES: Proceedings 0/ the Institute 

0/ Acoustics, 19, 129-133 (1997). RIBA ProNe 103, 1-29 (1996). 

v = 882,500 ft3 (25,000 m3) 

So = 2,970 ft2 (276 m2) 

H = 77 ft (23.5 m) 

D = 130 ft (39.6 m) 

VIN = 374 ft3 (10.6 m3) 

HIW = 0.90 

Sa = 14,558 ft2 (1,353 m2) 

ST = 19,271 ft2 (1791 m2) 

W = 86 ft (26.2 m) 

VIST = 45.8 ft (14 m) 

SAIN = 7.35 ft2 (0.683 m2) 

L/W = 1.13 

Note: ST = SA + 180 m2; see definition of ST in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

SA = 17,334 ft2 (1,611 m2) 

N = 2357 

L = 97 ft (29.6 m) 

VISA = 50.9 ft (15.5 m) 

Sal N = 6.18 ft2 (0.57 m2) 

ITDG = 39 msec 
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Lahti 

Sibelius/talo 

~ Sibelius Hall in Lahti, Finland, is unique. It is the only concerl: hall 

({;!I b:ilt with wood as a basis for its construction. Even before an architect was 

engaged, the thought was motivated by Finland's celebration of the "Year of Wood 

in 1996." The Town of Lahti, the government, and the Finnish forestry industry 

funded the hall. 

Even the process by which the architect was chosen was unique. The acoustical 

consultant was first engaged by the town with the charl:er that the hall had to be 

constructed strictly according to his instructions. The vote to proceed with the 

construction was taken by the Town Council in May 1998. The 1996 campaign 

was followed by the "Era of Wood in 1997-2000," whose patron was the Finnish 

government. WIth the Sibelius Hall as the centerpiece of timber engineering, wood 

is now said by the town "to have regained its position as an 'officially' recognized 

building material." The site is along beautiful Lake Vesijarvi, remote from the noise 

of a downtown area. 

The Sibelius Hall is the home of Sinfonia Lahti and is used for congresses 

suited to a hall seating 1,250 (of which 150 seats are for audience or choir). The 

hall is basically rectangular, but interesting curves in the balcony fronts and the 

main floor seating section give it an inviting appearance. Ground-floor-to-roof and 

full front-to-aft reverberation chambers are located at the sides of the hall with 188 
controlled doors coupling them to the hall at all levels. The visible exterior is all 

glass with no floor levels showing. Inside this are the outer sidewalls of the rever­

beration chambers. These walls are made of two thick layers of wood separated by 

a sand-filled space 7 in. (18 cm) thick. The wooden panels of this sandwich are 

made from a type of laminated-veneer lumber called "Kerl:o-Wood." An adjustable­

height, three-pari: "Kerl:o-Wood" canopy hangs above the stage. 

Being a small hall with a proven shape and every efforl: made to preserve the 

bass, it is not surprising that the opening night reviews by a number of European 

music critics were favorable. 
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8ibelius Hall 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and chamber music, soloists, recordings, conferences. Ceiling: 

Laminated veneer wood {"Kerto-Wood") 2.7 in. (6.9 cm) thick, over 30-cm-deep air­

space, over another laminated wood layer 2 in. (5.1 cm) thick. Hanging canopies: 

"Kerto-Wood" 2.7 in. (6.9 cm) thick with applied layer of 0.75-in. (1.9-cm)-thick 

plywood. Range of travel between 39 ft (12 m) and 49 ft (15 m) above stage floor. 

Balcony undersides: Gypsum wallboard 0.5 in. (1.2 cm) thick over airspace. Side­

walls: Outer sidewalls of reverberation chambers made from a sandwich of 2.7 in. 

(6.9 cm) "Kerto-Wood," layer of sand 7 in. (18 cm) thick and 2 in. (5.1 cm) "Kerto­

Wood." The 188 doors to chambers also of same thick veneer wood. Most other interior 

surfaces same. Balcony faces: Veneer plywood 0.35 in. (0.9 cm) supported by wood 

members 15 in. (50 em) on center. Stage walls: Semi-circular arrangement of re­

versible panels-reflective side I-in. (2.5-cm) plywood, and, absorptive side 2-in. 

(5-cm)-thick glass fiber boards covered with perforated metal. Main floor: 0.5-in. 

(1.2-cm) parquet bonded to 0.25-in. (0.6-cm) corl" bonded to concrete. Balcony 

floors: Same, except 2.7-in. (6.9-cm) "Kerto-Wood" instead of concrete. Stage floor: 

I-in. (2.5-cm) tongue-and-groove flooring over I-in. (2.5-cm) substrate, supported by 

2 X 6-in. ( 5 X 15-cm) timbers on edge, on neoprene pads, on concrete. Height of 

the stage above the audience level: 39 in. (1 m). Seating: Molded plywood back 

and seat with 1.5-in. (3.7-cm) padding covered with porous fabric; wooden armrests. 

ARCHITECT: Hannu Tikka and Kimmo Lintula of the firm Arkl"itehtityohuone, 

APRT ACOUSTICAL CONSULTANT: ARTEC Consultants Inc. THEATER PLAN­

NING: ARTEC Consultants, Inc. PHOTOGRAPHS: 2000 Voitto Niemela. 

TECHNICAL DETAILS 

v = 547,150 ft3 (15,500 m3)* Sa = 6,1 OOft' (567 m') SA = 8,156 ft' (758 m') 

S, = 1,950 ft' (181 m') ST = 10,11 0 ft' (940 m') N = 1250 

H = 62 ft (19 m) W = 75 ft (doors closed) L = 138 ft (42 m) 

D = 98 ft (30 m) VIST = 54.2 ft (16.5 m) VISA = 67.1 ft (20.4 m) 

VIN = 438 ft3 (12.4 m3) SA/N = 6.52 ft' (0.61 m') Sal N = 4.88 ft' (0.45 m') 

HIW = 0.83 (closed) LIW = 1.84 (closed) ITOG = 20 msec 

*Note: Not including 247,000 ft3 (7000 m3) periphery reverberation chamber. 

NOTE: The terminology is explained in Appendix 1. 
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50 
Paris 

Opera Bastille 

~ Opera Bastille is larger than all but a few opera houses in the world, 

({dI ti::ee of the biggest being those in Milan (2,289), Buenos Aires (2,487), 

and New Yorl~ (3,816). The Bastille seats 2,700 and it is unique in Europe because 

of the government's requirement that all spectators have a full frontal view of the 

stage. To meet this demand, the architect had to reject the multi-ringed house made 

so popular by the Teatro Alia Scala of Milan, inaugurated in 1778, and instead 

chose a two-balcony design, with moderate overhangs. The Opera Bastille opened 

in July 1989 to some troublesome reviews. 

The acoustical consultants designed the means to provide the various parts of 

the audience with the necessary early lateral sound reflections, including two-di­

mensional sound-diffusing surfaces on the sides and above the proscenium, and on 

the front sidewall, and curved box fronts that spread the incident sound over large 

areas. The reverberation time, fully occupied, at mid-frequencies is 1.55 sec, about 

the same as that for the highly regarded Buenos Aires Opera Colon, and well above 

the 1.3-sec average for the best l~nown European houses and for the Paris Opera 

Garnier (with a RT of 1.1 sec). 

As usual with large halls, the sound is better in the balcony, particularly the 

rear part of the second balcony, than on the main floor center because of the higher 

density of early lateral reflections farther bacl~. The reverberation is heard in all 

parts of the house, but more in the rear part. The measured early sound energy 

compared to the later reverberant energy is nearly optimum for opera promoting 

clarity of the singing voice. 

One early review speaks of the unevenness of the sound in the audience as a 

singer moves bacl~ from the proscenium line. Some say the bass sound is weal~er 
than desired. The musicians ,indicate that communication among the orchestral 

sections in the pit is not ideal and that ensemble playing is difficult. Various ex­

periments to improve the acoustics in the pit have been performed by rearranging 
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PARIS 

the orchestra and mal~ing use of the full flexibility of the pit, whose width, depth, 

and overhangs can be changed. 

The original plan was to have all opera in the Bastille and all ballet in Garnier. 

For some time now, the houses share nearly 50/50 in both. Certainly, the Opera 

Garnier with its small size, plush interior, gold trimmings, and great heritage will 
always be loved by Parisians and will remain a formidable competitor. 

~ (~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera and ballet, 90%; Symphonic concerts, 10%. Ceiling: Clamped glass 

tiles, 0.25 in (6 mm) thick. Walls: Side and rear walls, granite 1.2 in. (3 cm) thick, 

fastened to concrete wall by hooks, over an air gap filled with mineral wool 1-2 in. 

(2.5-5 cm) deep; two-dimensional QRD diffuser (see Chapter 4) used for fixed part 

of the vertical proscenium area and on the front side walls. Movable proscenium: 

Diffusing wood structures hidden behind highly transparent perforated metal sheet. 

Floors: Wood cemented to concrete below seats; stone tJes in the aisles of the main 

floor; carpet (no underpad) in the aisles of the balconies. Sound-absorbing materials: 

None except glass ceJing planned for low-frequency absorption. Pit: Size is variable, 

all surfaces are wood-0.8 in. (2 cm) for pit walls, 2 in. (5 cm) air slots in floor. 

Seating: Rear of seat back is wood; upperside seat bottom is upholstered with poly­

urethane foam and covered with porous velvet fabric; underside, perforated wood. 

ARCHITECT: Carlos Ott. ACOUSTICAL CONSULTANTS: Mueller-BBM. As­

SOCIATED ACOUSTICAL CONSULTANTS: Centre Scientifique et Technique des Salles. 

PHOTOGRAPHS: Courtesy of Opera Bastille. REFERENCE: Bruno Suner, "Ott. 

r.:Opera BastJle," LArchitecture D'Aujourd'Hu. 

TECHNICAL DETAILS 

v = 741,500 ft3 (21,000 m3) 

So (pit) = 2,000 ft2 (186 m2) 

N = 2,700 

L = 123ft(31.1 m) 

VISA = 45.3 ft (13.8 m) 

HIW = 0.66 

S, = 13,650 ft2 (1,268 m2) 

Sp = 2,600 (242) 

H = 70 ft (21.3 m) 

D = 148 ft (39 m) 

SA/N = 6.1 ft2 (0.56 m2) 

L/W = 1.16 

NOTE: The terminology is explained in Appendix 1. 

SA = 16,382 ft2 (1,522 m2) 

ST = 21,000 ft2 (1,951) 

W = 106 ft (16.2 m) 

VIST = 35.3 ft (10.8 m) 

VI N = 275 ft3 (7.8 m3) 

ITOG = 41 msec 
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Paris 

Opera Garnier 

~ famous opera house, which opened in 1875, was designed by the ar­

(j;J/ :h~ect Charles Garnier. Garnier pursued diligently the elusive factors of 

good acoustics, but in his book, The Grand Opera in Paris, he confesses that he 

finally trusted to luck, "like the acrobat who closes his eyes and clings to the ropes 

f d· b 11 " "Eh b· I" hId "J . . -I" o an ascen lng a oon. len. e conc u es, e SUlS arnve. 

The Opera Garnier has very good acoustics-not the finest but very good. 

Garnier said, "The credit is not mine. I merely wear the marks of honor." He 

continues, 

It is not my fault that acoustics and I can never come to an understanding. I gave myself 

great pains to master this bizarre science, but after fifteen years of labor, I found myself 

hardly in advance of where I stood on the first day .... I had read diligently in my books, 

and conferred industriously with philosophers-nowhere did I find a positive rule of 

action to guide me; on the contrary, nothing but contradictory statements. For long 

months, I studied, questioned everything, but after this travail, finally I made this dis­

covery. A room to have good acoustics must be either long or broad, high or low, of wood 

or stone, round or square, and so forth. 

The baroque interior of the Opera Garnier combines tan-gold plaster" carv­

ings" and gold trim with burgundy-red plush upholstery and box linings. The recent 

paintings on the ceiling (not in the photo), beneath which hangs a grand chandelier, 

place this theater in an age of elegance far removed from the frugal reconstruction 

of La Scala or the almost chaste interior of the Vienna Staatsoper. On the main 

floor, there are only 21 closely spaced rows, the last 8 of which are elevated above 

those in front. The architectural effect of this raised area is to foreshorten the main 

floor and give the hall an intimate appearance. 

The reason for the good acoustics is the room's small size. The audience area 

is 11,000 ft2 (1,020 m 2) with 2,131 seats. Eighty-six of the seats fold down into 
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the aisles during performances. The reverberation time is very low, the orchestra is 

said to dominate the singers, and the best seats in the house are in the front rows 

of the upper two rings, opposite the stage. Herbert von Karajan said (1960), "The 

acoustics of the Paris Opera House are wonderful." 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera and ballet. Ceiling: Dome is O.lO-in. (2.5-mm) steel; above the top level 

(amphitheater) the ceiling is plaster; ceilings of the boxes are stretched damask cloth 

1 in. away from the plaster. Walls: All visible surfaces (faces of the rings, columns, 

capitals, and so forth) are plaster; the dividers between boxes are O.5-in. (1.25-cm) 

wood covered with damasl.'; inside and top of the balcony railing are covered with plush; 

rear of boxes are separated from cloak room by velour curtains; walls at the rear of the 

amphitheater are of plaster. The front of the rail dividing the main floor is of wood; 

rear is lined with carpet. Floors: Wood throughout the house. Carpets: Main floor 

and all boxes fully carpeted; no carpet in amphitheater. Note: Cyclorama on stage is of 

aluminum with canvas facing. Orchestra pit: Floor is of wood over airspace; side walls 

are of solid wood. Stage height: 26 in. (66 cm) above floor level at first row of seats. 

Seating: Main floor seats are fully upholstered on all surfaces except for wood trim; 

boxes have upholstered chairs; in amphitheater the seat bottoms are fully upholstered, 

backrests are of open wood. 

ARCHITECT: Charles Garnier. REFERENCES: plans, details, and photographs 

courtesy of the management of the Opera Garnier. 

TECHNICAL DETAILS 

Opera 

V = 352,000 ft' (10,000 m'l 

S, (pitl = 840 ft' (78 m'l 

N = 2,131 

W = 62 ft (18.9 ml 

VI ST = 22.7 ft (6.9 ml 

SA/N = 5.75 ft' (0.53 m'l 

ITDG = 17 msec 

S, = 9.100 ft' (900 m'l 

Sp = 2,632 ft' (244 m'l 

NT = 2,231 

L = 91 ft (27.7 ml 

VI SA = 29 ft (8.87 ml 

HIW = 1.1 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,120 ft' (1,126 m'l 

ST = 15,600 ft' (1,448 m'l 

H = 68 ft (20.7 ml 

D = 106 ft (32.3 ml 

VI N = 165 ft' (4.68 m'l 

L/W = 1.47 
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Paris 

S aIle P leyel 

~half a century, Salle Pleyel was Paris's principal concert hall. It opened 

y i:
L 

;927. The architect believed that once-reflected sound largely sets acous­

tical quality. But the parabolic shape that he chose primarily reflected sound to the 

rear of the hall, although he tilted the side walls inward slightly to bring some sound 

to the audience areas. No attention was paid to reverberation time. A fire in 1928 
did major damage. The redesign seemed influenced by the American consultant, 

F. R. Watson, whose credo was "Design the auditorium so that for listening the 

sound will be comparable to outdoor conditions." Upholstered seats were installed 

and sound-absorbing materials were applied to all surfaces surrounding the balco­

nies. The entire floor was carpeted. Some changes were made in 1981, mainly stage 

extension, the addition of stage ceiling reflectors, more stage ventilation, and re­

moval of a considerable amount of sound-absorbing material. 

In 1994, extensive changes were made to increase the energy in the lateral 

sound reflections and to distribute them more evenly over the floor by the use of 
large MLS sound-diffuSing reflectors spaced out from the side walls. Changes were 

made in the stage ceiling to improve communication among the musicians. The 

balcony fronts were made more irregular and a small amount of sound-absorbing 

material was added to the rear wall above the second balcony to reduce echoes heard 

primarily on stage. These changes are on the accompanying drawings, but not in 

the main-hall photographs. Following new ownership, the hall is currently not used 

by a major orchestra. 

The hall seats 2,386 and the unoccupied reverberation time at mid-frequencies 

is 2.0 sec. Fully occupied it is 1.6 sec, below the optimum of about 1.9 sec for the 

usual symphonic repetoire. Except for 860 fe (80 m 2) near the proscenium of the 

stage, the ceiling is covered with a hanging array of wooden strips, 2 in. (5 cm) 

wide, separated by 3 in. of space and located about 6.5 ft (2 m) (average) below the 

hard ceiling. Orchestral b~lance is adjusted by mechanical platforms, adjustable 

ceiling reflectors, and tilting baclz-stage prismatic reflectors. 



PARIS 

reflector, diffuser panel 



Salle Pleyel 

SEATING CAPACITY 2388 

(2) 1508 o 482 o 418 

10 0 10· 20 30 40 50 60 70 80 90 

"6 F~ 
5 0 10 20 30 

METERS 



274 PARIS 



Salle Pleyel 

Paris music critics, in 1994, generally stated that the string sound is clearer 

and the orchestral balance is better; the woodwinds are softened and clearer; and, 

overall, the orchestral tone is richer and less "frontal." 

~ c%CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Music and recitals, 80%; speech and others, 20%. Ceiling: Brick, lightly plas­

tered, beneath which, except for 860 ft2 (80 m2) at the front, is hung a sawtooth 

wooden-slat structure, each slat 2 in. (5 cm) wide, spaced 3 in. (7.5 cm) apart. Walls: 

Sidewalls are heavy brick, plastered and painted, to which are attached wide-band MLS 

acoustic diffusers, 13-16 ft (4-5 m) high, tilted at the same angle as the sidewalls; 

50% of rear walls and walls under the balconies are lightweight gypsum boards with air 

spaces of variable thiclmess. Floors: Wooden, including balconies. Stage enclosure: 

Movable wooden panels, varnished, 1 in. (2.5 cm) thick. Panels forming the stage back 

wall are large and prism-shaped (see the photograph). Stage height: 3 ft (1 m). Sound­

absorbing materials: Some above rear of orchestra; also above second balcony on rear 

wall; gypsum panels on the rear walls below the two balconies absorb low frequencies. 

Seating: Molded wooden seat back, upholstered front of seat back and top of seat 

bottom. 

ORIGINAL ARCHITECT AND ENGINEER: Gustave Lyon. RENOVATION ARCHI­

TECT, 1994: M. De Portzampare. ACOUSTICAL CONSULTANT, 1994: Albert Yaying 

Xu. PHOTOGRAPHS: Paul Maurer. 

TECHNICAL DETAILS 

v = 547,000 ft' (15,500 m31 

So = 2,605 ft, (242 m'l 

H = 61 ft (18.6 ml 

o = 120 ft (36.6 ml 

VIN = 229 ft3 (6.5 m31 

HIW = 0.73 

S. = 8,396 ft, (780 m'l 

ST = 13,330 ft, (1,238 m'l 

W = 84 ft (25.6 ml 

VIST = 41.0 ft (12.52 ml 

SA/N = 4.77 ft, (0.44 m'l 

L/W = 1.19 

Note: ST = SA + 1,940 ft2 (180 m21; see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 11,390 ft2 (1,058 m'l 

N = 2,386 

L = 100 ft (30.5 ml 

VISA = 48 ft (14.6 ml 

Sal N = 3.52 ft2 (0.327 m'l 

ITOG = 35 msec 
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Baden-Baden 

Festspielhaus 

~first large opera house in Europe to be financed by private money, actually 

({!J ~~;;al-estate fund, is the Festspielhaus in Baden-Baden, built on land do­

nated by the city. The historical railway station next door serves as its foyer. In 

Europe, all opera houses receive subsidies except the Festspielhaus Baden-Baden, 

and that has posed a severe challenge for its sponsors. Opened in 1998, and off to 

a rocky financial start, the Festspielhaus is presently a huge success. 

The Festspielhaus is of contemporary design, however, the entrance through 

the historical railway station, which has wonderful paintings on both the ceiling and 

the sidewalls-even the ticket windows are attractive-give this opera house a spe­

cial flavor. The size of the house is also unique, with 2,392 seats, second only (in 

Europe) to the Opera de la Bastille in Paris. 

From the acoustical standpoint, the primary goal was to direct the sound 

strength to the audience areas, and away from the ceiling, floor, the sides of the 

proscenium, and the side walls. Sound-absorbing material was kept to a minimum. 

Because the height of the room is great, 72 ft (22 m), the ceiling above the orchestra 

pit is stepped downward toward the singers. This also serves as part of the ceiling 

for the concert stage. These steps provide communication among the orchestra 

players and provide early reflections to the audience on the main floor. Additional 

sound reflectors, suspended from the ceiling, provide desirable reflections to the 

balconies. Music critics have generally spoken favorably about the acoustics, al­

though the reverberation time for opera (normal semi-closed set) is high, 1.9 sec at 

mid-frequencies, fully occupied. 

The media have vigorously discussed the entire project, including private own­

ership and the architectural design. It appears that the Festspielhaus Baden-Baden 

still must become accepted 'into the family of state-supported opera houses of Eu­

rope. The owners believe that they have made a great beginning and they speak 

confidently for the future. 
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Festspielhaus 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, opera, soloists, chamber music, chorus, and ballet. Ceiling: Upward­

curved, concrete slab; two lighting bridges, hanging ll .S ft (3.5 m) below the ceiling, 

with convex glass, sound-reflectors attached directly to their undersurfaces. Side walls: 

Plaster directly on brick or concrete walls; the balcony fronts are plaster, irregular to 

provide sound diffusion. Rear walls: Wooden panels, varying in thickness from 0.3-

l.4 in (0.8-3.6 cm) with airspaces behind to provide sound absorption over a range 

of low frequencies. Stage enclosure: Wooden. Floors: Concrete or wooden panels 

supported by standards above concrete-all covered with cork linoleum. Stage floor: 

Pine wood. Stage height: 3.3 ft (1 m). Carpet: None. Seats: Plywood, perforated on 

the seat bottom, covered with thick upholstering wherever people come into contact 

while seated. Orchestra pit: Height of pit floor variable, with adjustable side-wall panels 

for changing the area of the pit floor; some panels can be rotated to provide either 

sound-reflecting or -absorbing surfaces. 

ARCHITECT: Atelier Wilhelm Holzbauer. ACOUSTICAL CONSULTANT: 

Karlheinz Muller, Muller-BBM. PHOTOGRAPHS: Courtesy Festspielhaus Baden-Baden. 

TECHNICAL DETAILS 

Concerts (with orchestra shell) 

V = 709,500 ft3 (20,100 m3) 

S, = 3,040 ft' (282 m') 

H = 72 ft (22 m) 

D = 115 ft (35m) 

VI N = 308 ft3 (8.74 m3) 

HIW = 0.735 

Opera (curtain lowered) 

V = 692,000 ft3 (19,600 m3) 

Spit = 1,173 ft' (109 m') 

N = 2,300 ( + 92 standees) 

D = 131 ft (40 m) 

VIN = 308 ft' (8.74 m') 

HIW = 0.735 

S, = 12,320 ft' (1,145 m') 

ST = 17,227 ft' (1,601 m') 

W = 98 ft (30 m) 

VIST = 41.2 ft (12.6 m) 

SAIN = 6.65 ft' (0.62 m') 

L/W = 0.94 

S, = 12,320 ft' (1,145 m') 

Sp = 2,322 ft' (216 m') 

Hand W. as above 

VIST = 36.8 ft (11.2 m) 

SA/N = 6.65 ft' (0.62 m') 

L/W = 1.19 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,290 ft' (1,421 m') 

N = 2,300 ( + 92 standees) 

L = 92 ft (28 m) 

VISA= 46.4 ft (14.1 m) 

S,IN = 5.36 ft' (0.50 m') 

ITOG = 38 msec 

SA = 15,290 ft' (1,421 m') 

ST = 18,785 ft' (1,746 m') 

L = 117 ft (35.7 m) 

VISA = 45.2 ft (13.8 m) 

Sal N = 5.36 ft' (0.50 m') 

ITOG = 26 msec 
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Bayreuth. 

Festspielhaus 

~ Festspielhaus in Bayreuth is probably the world's most unusual opera 

@ h:~use. Its design is unique; it was conceived by the composer Richard Wagner 

to satisfy his own image of how an opera house should look and sound; and it 

responds well only to the music of its master and best to Der Ring Des Nibelungen 

and Parsifal. 

In 1876, Wagner's dream of a building for his operas solidified into reality. 

Not only does the sunken pit (shown in the drawings) project under the stage, but 

the conductor and the strings are under a solid wooden cover. Their music radiates 

outward from a slot over the middle of the orchestra which extends from one end 

of the pit to the other. The whole orchestra is out of sight and the musicians can 

play, unseen, in their shirtsleeves! 

The seating area of the audience is fan-shaped, but the side walls of the theater 

are parallel. To fill in the progressively wider space between the walls and the seats 

toward the front of the hall, a series of seven piers is employed, each one penetrating 

deeper into the hall than the one behind it and each capped by a column that extends 

to capitals just beneath the ceiling. Although the ceiling is flat (I walked on it), one 

has the impression that it rises from the back toward the front, like a great awning 

stretched over a Greek amphitheater. 

The average height of the ceiling above the sloping floor of the Festspielhaus 

is great, with the result that the reverberation time is long. It is 1.55 sec at middle 

frequencies when the theater is fully occupied, which is especially favorable to Ro­

mantic Wagnerian music. 

The sunken-pit design is the center of endless controversy. One purpose of 

the sunken pit is to give greater balance between the singers and the orchestra. But 

this was not the only featur~ Wagner had in mind. He desired the unusual and 

dramatic effect of a "mystical abyss." He expected to create acoustically a mysterious 

sound, emanating from an invisible orchestra, with a modified, somewhat uncanny 
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Festspielhaus 

timbre. One can easily conclude that the overriding purpose of the Bayreuth pit 

was to emphasize the drama, rather than to preserve the vocal-orchestral balance. 

Most conductors love to perform in the Bayreuth pit. Every note can be heard 

at the podium. The orchestra can "let out the throttle" and not drown out the 

singers. They feel that, because the blending of the sound takes place in the pit, it 

merges in the form intended by the composer. 

Joseph Wechsberg's description of his experience in the August 18, 1956, 
issue of The New Yorker is the most colorful I have read: 

Then there was silence, and out of the darkness came a sustained E flat-so low that I 

couldn't distinguish exactly when the silence ended and sound began. Nor could I be 

sure where the sound came from; it might have come from the sides of the auditorium, 

or the rear, or the ceiling. It was just there. Slowly the orchestra began to play melodic 

passages, barely audible at first and gradually increasing in volume until the auditorium 

was filled with music-the music of the water of the Rhine. When the curtain parted, 

the whole stage seemed filled with water-blue-green waves, ebbing and flowing in precise 

synchronization with the music. The Rhine Maidens appeared from behind a rock, pretty, 

slim and wearing golden one-piece bathing suits, the music rose and fell back to the 

pianissimo; and Woglinde started her "Weia! Waga!" It took me a moment to realize that 

there were no props and no stage set; the whole scene-rock and all-were created by 

means of projected film and light. The music, the singing, the waters, and the lights 

blended perfectly. Although the brass dominated, it did not sound brassy, as it often does 

in the large orchestra Wagner calls for. By accident or design, the strings, particularly 

the first violins, were somewhat subdued .... I was under a spell. 

Some conductors have suggested that the cover over the violins be removed. 

Herbert von Karajan told me that he tried this experiment. He removed the cover, 

but he found that, with the rest of the orchestra buried beneath the stage the result 

was not satisfactory and the cover was replaced. At another time a perforated hood 

was tried. It was said to have given good results, but when objections were raised by 

one of the conductors, the old hood was re-installed. 

In some productions, almost no teaser curtains are used and there is a mini­

mum of hanging scenery. Also, a heavy, sound-reflecting cyclorama canvas ordi­

narily surrounds the acting area. As a result, the stage-house reverberation can be 

long, although the singers' voices project well into the house when the full undraped 

height of the proscenium is employed. The stage is lower than the audience, and 

thus the forestage is importa~t as a sound reflector. 

The interior finish is largely of plaster, either on brick or on wood lath. The 

ceiling combines wood and plaster. The horizontal ceiling contributes short-time-
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delay reflections at most seats. The projecting wings on the sides of the hall give a 

desirable mixing of the sound in the house. The Festspielhaus is small-it seats 

only 1,800 persons-and thus its size alone favors its acoustical quality. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Wagner's opera. Ceiling: O.S-in. (1.2S-cm) plaster on reeds over O.S-in. wood; 

wooden carvings used as decorations. Rear and side walls: Plaster on brick or wood 

lath; the round columns and part of their capitals are of thick wood; the wing nearest 

the stage is closed off with corrugated asbestos sheet. Seating: Seats wood with cane 

bottoms. 

ARCHITECT: Otto Brueckwald. CREDITS: Drawings from Edwin O. Sachs, Mod­

ern Opera Houses and Theatres, Vol I., London, B. T. Batsford, 1896-1897. Seating 

count from a box-office plan and other details, courtesy of Secretary. PHOTOGRAPHS: 

Lauterwasser, Uberlingen/Bodensee. OTHER: Pit drawings were developed from mea­

surements by the author during the visit. 

~TEqt!NICAL DETAILS 

v = 364,000 ft3 (10,308 m3) 

S, (pit) = 371 ft' (34.5 m') 

N = 1,800 

VI N = 202 ft3 (5.72 m3) 

W = 109 ft (33.2 m) 

HIW = 0.385 

Sa = B,125 ft' (755 m') 

Sp = 1,640 ft' (152 m') 

VIST = 32.8 ft (10 m) 

SAIN = 5.1 ft' (0.47 m') 

L = 106 ft (32.3 m) 

L/W = 0.97 

NOTE: The terminology is explained in Appendix 1. 

SA = 9,100 ft' (845 m') 

ST = 11,111 ft' (1,032 m') 

VISA = 40 ft (12.2 m) 

H = 42 ft (12.8 m) 

D = 111 ft (33.8 m) 

ITOG = 14 msec 
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Katntnerrnusiksaal der Philharrnonie 

~ Kammermusiksaal follows the concept of "Music in the Center" that 

({;!I ;:s the design premise of the neighboring Philharmonie KonzertsaaL Seat­

ing about 1,138, it was completed in 1987 and embodies features consistent with 

the new multimedia age. The reverberation time is about 1.8 sec at mid-frequencies, 

occupied. The stage in the center of the hall is surrounded by two tiers of circular 

seating areas. The lower tier, seating 419 listeners, plus 40 on stage, is symmetrical 

and to that audience it constitutes an intimate hall suited to the traditional musical 

repertoire of soloists or groups up to the size of a chamber orchestra. The side walls 

around the stage are tilted to provide cross reflections that help the performers hear 

each other. The parapet surrounding the first tier was made larger than normal to 

attain greater strength of early lateral sound reflections for the audience. Above the 

stage at a height of about 30 :& (9 m) hang nine multi-sided sound reflectors in a 

circular arrangement, that provide early reflections to the players and to those seated 

in the lower tier. 

The upper tier with 619 seats is asymmetrical and the architect describes the 

relation of the symmetry to asymmetry in the design of the room as corresponding 

to a dialog between the traditional and the future. The convex, tent-shaped ceiling 

provides early reflections to the listeners in the upper tier. Again, sound diffusion 

is provided by 95 pyramidal diffusing elements in the ceiling which do not also 

serve, as in the main hall, as sound-absorbing resonators. All walls are shaped to 

diffuse sound and are positioned to prevent echoes. 

Three elevated sections, containing 101 seats, can be used for special musical 

presentations, such as those required by the music of Giovanni Gabrieli and Claudio 

Monteverdi, or by modern works. Special rooms, with operable windows, are pro­

vided around the periphery for multimedia and broadcasting controls. 

Loudspeakers are located in the center and around the edges of the convex 

tent ceiling and at various places outdoors, thus permitting unusual sound effects 

associated with such music as that of composer Luigi Nono. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Chamber groups, soloists, and dance. Ceiling: Three layers-the roof, an in­

termediate plate, and the actual ceiling, which is 1.2-in. (3-cm) plaster on metal lath. 

Suspended over-stage panels: 9 multi-sided polyester panels, each about 90 ft2 
(8.4 m2 ) in area, with equal airspace between and variable in height, 26-40 ft (8-

12 m) above the stage. Sound-diffusing units: 95 pyramidal-shaped, sound-diffusing 

units are located in the ceiling. Sidewalls: Part of the side walls are thin wood over 

airspace to control low-frequency reverberation. The parapets are faced with Jurassic 

limestone plaster. Stage floor: Wooden floor on planks over airspace. Audience floor: 

Oak parquet cemented to pre-cast slabs. Seating: Seat bacl .. , molded veneered plywood, 

the upper part bent vertical so that maximum sound reflection occurs when occupied; 

cushion on front of seat back does not extend to top; seat bottom is upholstered on 

top and the underside is covered with cloth only and is perforated; armrests are uphol­

stered. 

ARCHITECT: Edgar Wisniewski. ACOUSTICAL CONSULTANT: Lothar Cremer 

with Thomas Fuetterer. PHOTOGRAPHS: Courtesy of the architect and M. Barron. 

REFERENCE: E. Wisniewski, Die Berliner Philharrnonie und ihr Karnrnerrnusiksaal Der 

Konzertsaal als Zentralraurn, Gebr. Mann Verlag (1993). 

TECHNICAL DETAILS 

v = 388,400 ft3 (11 ,000 m3) 

So = 840 ft' (78.2 m') 

N = 1,138 

L = 60 ft (18.3 m) 

VISA = 44.5 ft (13.6 m) 

HIW = 0.23 

Sa = 6,650 ft' (618 m') 

Sc = 204 ft' (19 m') 

H = 37 ft (11.3 m) 

o = 62 ft (18.9 m) 

VIN = 341 ft3 (9.66 m3) 

LIW = 0.38 

NOTE: The terminology is explained in Appendix 1. 

SA = 8,720 ft' (810 m') 

ST = 9.164 ft' (907 m') 

W = 159 ft (48.5 m) 

VlST = 39.8 ft (12.1 m) 

SA/N = 7.7 ft' (0.71 m') 

ITDG = 20 msec 
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Berlin 

Konzerthaus Berlin 
(forlllerly, Schauspielhaus) 

~ old Schauspielhaus, opened in 1821, was totally destroyed in World 

(q ~:r II. Restored to the original design of architect Karl Friedrich Schinkel 

and recently renamed Konzerthaus Berlin, it tal~es its place among the most archi­

tecturally distinguished halls in the world. Every detaJ inside-the gorgeous par­

quetry floor, the pictorial coffered ceJing, the white walls with illuminated sculp­

tures, the balcony fronts with gold ornamentation, the stainless steel organ pipes, 

and the crystal chandeliers-presage an extraordinary experience. 

The hall, including the choir rows, seats between 1,507 and 1,677, depending 

on the size of stage. Sound-diffusing surfaces are everywhere. To promote clarity­

enhancing early reflections to the audience, the side walls of the stage were made 

as high as possible. To enable the players to hear each other better, the upper part 

of the wall, beneath the balustrade and molding around the stage, are tJted inward. 

The reverberation time, with audience, is now 2.0 sec at mid-frequencies, 

rising to 2.2 sec at low frequencies. Although, before opening, only about 20 percent 

of a judgment group thought the reverberation too large, afterwards there were 

reservations. The reverberation was overwhelming, rising to 2.7 sec at low frequen­

cies. Corrective steps tool~ the form of a large number of sound-absorbing resonators 

placed in the ceJing and tuned to reduce the low-frequency reverberation. Even 

now, for a hall this size, the optimum reverberation time at all frequencies is usually 

considered to be 0.1 to 0.2 sec lower than in this hall. 

Seated on the main floor, the listener is immersed in the reverberant sound 

from all directions. Although there are no special surfaces directing the early sound 

reflections onto the audience, the ratio of early reflected sound energy to later 

reverberant energy is about the same, i.e., the same clarity, as in other rectangular 

halls (e.g., Vienna and Boston). The tonal and loudness balances among instru­

ments are excellent. The hall is loud both because of its smaller size (about 60 
percent of the number of seats in the Boston hall) and the high reverberation times. 
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BERLIN 

For music of the Classical and Romantic periods the acoustics equal the best in 

the world. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Classical music. Ceiling: Plaster. Walls: Plaster over concrete block; balcony 

faces, plaster. Resonators: Helmholtz-type, tuned from 130 Hz to 300 Hz, installed 

in the ceiling at the slot just above the upper side wall molding. Floors: Parquet on 

concrete. Stage enclosure: Sidewalls, plaster. Stage floor: Tongue-and-groove wood 

over timber 3 in. (8 cm) thick; risers adding 51-59 in. (1.3-1.5 m). Stage height: 

Variable from 31 in. (0.8 m) to 95 in. (2.5 m). Seating: Wood chairs, upholstered 

seat bottom and backrest. 

ARCHITECT: Architekten-kollektivs: Prasser. ACOUSTICAL CONSULTANTS: 

Wolfgang Fasold, Ulrich Lehmann, Hans-Peter Tennhardt, Helgo Winkler PHOTO­

GRAPHS : Jens Huebner. REFERENCES: W. Fasold, U. Lehmann, H. Tennhardt and 

H. winl"ler, "Akustische Massnahmen im Schauspielhaus, Berlin," Bau/orschung, Bau­

praxis, 181, 1-20 (1986); W. Fasold and U. Stephenson, "Gute Akustil.. von Audi­

torien, Planung Mittels Rechnersimulation und Modellmesstechnil"," Bauphysik 15, 

20-49 (1993). 

TECHNICAL DETAILS 

v = 530,OUO ft3 (15,000 m3) 

So = 1,700 ft' (158 m') 

H = 58 ft (17.7 m) 

D = 84 ft (25.6 m) 

VI N = 336 ft3 (9.53 m3) 

HIW = 0.85 

Sa = 8,440 ft' (784 m') 

ST = 11,850 ft' (1,101 m') 

W = 68 ft (20.7 m) 

VIST = 44.7 ft (13.6 m) 

SA/N = 6.4 ft' (0.60 m') 

L/W = 1.16 

NOTE: The terminology is explained in Appendix 1. 

SA = 10,150 ft' (943 m') 

N = 1,575 

L = 79 ft (24.1 m) 

VISA = 52.2 ft (15.9 m) 

Sal N = 5.36 ft' (0.50 m') 

ITOG = 2.5 msec 
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Berlin Philharrnonie 

" ~ ~SiC in the Center" was the overriding postulate of architect Hans 

C!::// /U Scharoun. He felt that the nonnal placement of the orchestra at one 

end of a hall prevents audience and musicians from communicating freely and 

intensely. The result is a most dramatic room, dedicated in 1963, with 250 of the 

2,218 seats directly behind the orchestra and about 300 on either side. In addition, 

there are about 120 places on stage and spaces for 44 handicapped listeners. No 

listener is more than 100 ft (30 m) away from the stage, compared to 133 ft in 

Boston Symphony Hall (seating 2,612). 
Philhannonie Hall has become one of the models of successful acoustical 

designs, pioneering the concept of the "vineyard" style hall. The acoustical consul­

tant agreed on the advantage of breaking the audience into blocl~s, so that the first 

row in each block receives unimpeded direct sound. The seats in many of the blocks 

receive early lateral reflections from the side walls that surround them, including 

the wall behind. The fronts of the terraced blocks provide early reflections for both 

the musicians and the audience seated in the middle of the hall. Additional early 

reflections are provided to the orchestra and audience by ten large suspended panels 

hung above the stage. The seats in the upper blocks receive early reflections from 

the convex, tent-shaped ceiling. 

In the audience sections in front of the orchestra, the sound is beautiful, clear, 

balanced, and with a liveness that completely surrounds one. The principal disad­

vantage is that those seated to the rear, or near rear, of the stage hear a different 

sound: the trumpets and trombones radiate forward, and the French horns back­

ward. The sound from piano and singers is also troubling, a large part of the upper 

registers are projected forwflrd. Fortunately, the visual impression of viewing the 

conductor face-on favorably shapes one's judgment of the acoustics. The mid­

frequency reverberation time, fully occupied, is 1.9 sec. The bass is controllable by 

adjusting the 136 pyramid-shaped low-frequency resonators in the ceiling. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerls, primarily. Ceiling: Suspended (1.2 in. [3 cm, up to 4 cm at center]), 

chalk-gypsum plaster on expanded metal. Suspended stage panels: 10 trapezoidal 

polyester panels, each 81 ft2 (7.5 m2) in area, 50% open space between, variable in 

height 32-40 ft (10-12 m) above the stage. Ceiling sound-absorbing units: l36 

pyramidal-shaped, combination sound-diffusing, low-frequency Helmboltz-resonator­

type absorbing boxes. Sidewalls: Parl of sidewalls are thin wood over airspace. The 

parapets are faced with Jurassic limestone plaster. Stage side walls: Arranged to reflect 

sound back to the musicians. Stage floor: Wooden floor on plant,s over airspace. Stage 

height: 30 in. (76 cm). Audience floor: Oak parquet in asphalt base over precast 

slabs. Seating: Seat back, molded veneered plywood, the upper parl bent verlical (see 

the photograph) so that maximum sound reflection occurs when occupied; cushion on 

front of seat hacl" does not extend to top; seat bottom is upholstered on top and the 

underside is covered with cloth only and is perforated; armrests are wooden. 

ARCHITECT: Hans Scharoun. ACOUSTICAL CONSULTANT: Lothar Cremer 

with Joachim Nutsch. PHOTOGRAPHS: Foto R. Friedrich. REFERENCES: L. Cremer, 

"Die raum- und bauakustischen Massnahmen beim Wiederaufbau der Berliner phJ­

harmonie," Die Schalltechnik 57, 1-11 (1964); R. S. Laniel; "Acoustics in-the-round 

at the Berlin Philharmonic," Architectural Forum 120,99-105 (1964). 

TECHNICAL DETAILS 

v = 741,300 ft3 (21,000 m3) 

So = 1857 ft2 (1,72.5 m2) 

H = 42 ft (12.8 m) 

D = 98 ft (30 m) 

VI N = 317 ft3 (9 m3) 

HIW = 0.3 

Sa = 11 ,380 ft2 (1 ,057 m2) 

ST = 16,765 ft2 (1 ,558 m2) 

W = 140 ft (42.7 m) 

VIST = 42.2 ft (13.5 m) 

SA/N = 6.72 ft2 (0.62 m2) 

L/W = 0.68 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,900 ft2 (1,385 m2) 

N = 2,218 + 120 on stage 

L = 95 ft (29 m) 

VISA = 49.8ft{15.2m) 

Sal N = 4.87 ft2 (0.455 m2) 

ITOG = 21 msec 
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Beethovenhalle 

~Beethovenhalle project in Bonn is one of the impressive cultural centers 

@ th:~ have been buJt in Germany since World War II. Separated from the 

Rhine by a narrow mall on one side, and backed by ample parbng space at the rear, 

the hall is well situated. Viewed from an airplane, its striped molded roof suggests 

a lively whale at play. Its lobbies are typical of contemporary architecture in Ger­

many, a little aseptic but relieved by colorful murals. The Beethoven Halle opened 

in 1959 and after a 1983 fire was rebuJt identically. 

The architecture of the interior tal<es the visitor by surprise. The main floor, 

which contains 1,030 seats, is flat, and the hall may be used for banquets, dances, 

or exhibitions. An asymmetrical balcony seats 377 listeners. On entering, one's 

eyes are immediately carried to the ceJing, which lool<s l~e a many-tufted yellow 

bedspread, held by an upward pull of gravity against a domed ceJing. From the 

ceiling down, the interior of the hall suggests the classic struggle between architec­

ture and acoustics; the architect wants a majestic domed ceiling, and the acoustician, 

faced with the difficult acoustics usual to domes, must find a means of scattering 

the sound. 

The 1,760 acoustical elements on the ceiling are designed not only to scatter 

the sound impinging on them but also to absorb sound in the region of 125 Hz. 

Low-frequency sound absorption is always debatable. Musicians and music critics 

express a preference for a rich, strong bass-such as results from a room finished 

in heavy plaster. Yet the possible focusing of the dome, especially at the lower fre­

quencies, had to be combated. The Beethoven Hall has a satisfactory bass response, 

although not as strong as before the fire. 

After the fire the upholstering on the seats was replaced with a thicl<er polyvinyl 

padding, which has reduced the reverberation time by a small amount, particularly 

the bass. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, meetings, and social events. Ceiling: Beneath the concrete roof of 

the hall is hung a rhombic (egg crate) grid of I-in. (2.5-cm) reinforced-gypsum sheets. 

Inside each unit a "sound scatterer" is placed, made from a gypsum-vermiculite mixture, 

0.3 in. (0.8 cm) thick; each of these 1,760 scatterers, with a height of 1 ft (30 cm) 

[the total area covered being 12,000 ft2 (1,115 m2)], is either a double pyramid, a 

spherical segment, or a cylindrical segment obliquely cut on both sides with the cur­

vature facing downward. Sidewalls: An acoustically transparent grid of vertical slats 

covers some vertically oriented cylindrical diffusers, each with a chord of 3 ft (1 m) 

separated from each other by 1 or 2 ft. Some damped resonators tuned to 250 Hz are 

located between each pair of the cylinders; the four sections of wall above the balcony 

on either side of the hall that face the audience are 0.75-in. (1.9-cm) wooden panels 

over airspaces that vary between 0.4 in. (1 cm) and 3.5 in. (9 cm) deep; behind half 

the panels there are 2-in. (5-cm) glass fiber blanlwts; the lower walls are of plaster. 

Floor: Oak parquet. Stage floor: Wood over airspace. Stage height: 43.5 in. (110 

cm). Seats: The tops of the seat bottoms and the fronts of the seat backs are thicl"ly 

upholstered. 

ARCHITECT: Siegfried Wolsl"e. ACOUSTICAL CONSULTANTS: Erwin Meyer and 

Heinrich Kuttruff. PHOTOGRAPHS: Courtesy of the architect. REFERENCES: Deut­

sche Bauzeitung 65, 59-75 (1960); E. Meyer and H. Kuttruff, in a letter to the editor 

of Acustica 9, 465-468 (1959). 

TECHNICAL DETAILS 

Concerts 

v = 555,340 ft2 (15,728 m2) 

So = 2,200 ft2 (204 m2) 

H = 40 ft (12.2 m) 

D = 125 ft (38.1 m) 

VlN = 395 ft3 (11.2 m3) 

HIW = 0.33 

Sa = 9,300 ft2 (864 m2) 

ST = 13,940 ft2 (1,295 m2) 

W = 120 ft (36.6 m) 

VlST = 39.7 ft (12.13 m) 

SA/N = 8.5 ft2 (0.79 m2) 

LIW = 0.95 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in !lPpendix 1. 

SA = 12,000 ft2 (1,115 m2) 

N = 1,407 

L = 114 ft (34.8 m) 

VISA = 46.3 ft (14.1 m) 

SalN = 6.61 ft2 (0.614 m2) 

ITOG = 27 msec 
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SelTIperoper 

() ne of Europe's most elegant opera houses, the Semperoper has suffered a 

troubled history. Created by the architect Gottfried Semper in 1838-41, 
it was destroyed by fire in 1869. With Gottfried Semper again as architect, it opened 

anew in 1879, this time buJt of stone and marble, only to be destroyed in 1945 
by Allied bombing. The theater was rebuJt exactly as before. The cornerstone for 

the reconstructed building was laid June 24, 1977, and the House opened on Feb­

ruary 13, 1985, with a production of Wolfgang Amadeus Mozart's COS! fan tutte. 

The Semperoper is a commanding buJding on the west banlz of the Elbe 

River. A tour through the entire house is breathtalzing. Starting with the splendid 

foyer, one admires the richly decorated staircase and enters the auditorium that is 

dominated by a lavish stage curtain and gorgeous balcony fronts. The quality of 

worlzmanship in all the public spaces is beyond belief, including stunning baroque 

ceilings, "marbelization" of columns as they were done originally, and a multitude 

of chandeliers, sconces, and paintings everywhere. Seating only 1,300, it is one of 

the most intimate of opera houses. In the four rings above the main floor, there are 

no dividing walls, so that all listeners hear the performance equally. 

Lighting for the stage is provided from the "boxes" nearest the proscenium, 

from the space above the fourth ring, and through small openings in the ceJing. 

The rear wall of the concert shell is 26 ft (8 m) behind the proscenium opening. 

The rating of the acoustical quality of the Semperoper, made by 21 well-known 

opera conductors, is next to that of the highest, the Opera Colon in Buenos Aires, 

and equal to that of La Scala in MJan (Hidaka and Beranek, 2000). Its mid­

frequency reverberation time with normal scenery in the stage house, occupied, is 

an optimum l.6 sec. Its binaural quality index measures higher than that of any 

other house and the strength of its bass is equal to that of the two houses just 

mentioned. When the house is used with stage enclosure for concerts, the measured 

reverberation time, occupied, at mid-frequency, is l.9 sec, also optimum. 
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DRESDEN 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Principally opera, with concerts and occasional ballet. Ceiling: Suspended gyp­

sum (stucco) varying in thickness from 1.5 to 2.8 in. (4 to 7 cm). Walls: Brick or 

reinforced concrete approximately 1 ft: (30 cm) thick. Floors: 0.8-in. (2-cm) parquet 

wood directly on concrete base. Pit: Usual size about 20 X 66 ft: (6 X 20 m), but 

can be extended 3.5 ft: (1 m) in length. Seats: Heavily upholstered, back, front, and 

armrests, with air conditioning in back. Concert enclosure: O.4-in. (l-cm) plywood 

on wooden framing. Pipe organ: Located on one of the movable side stages, for use 

in concerts and musical theater. 

CHIEF ARCHITECT FOR THE RECONSTRUCTION: Wolfgang Hansch. Acous­
TICAL CONSULTANT: Walter Reichardt and (for model measurements) Wolfgang 

Schmidt. REFERENCES: "Die neue Semperoper in Dresden," Kulturbauten, Heft: 2 

(1985), with acoustics paper, Wolfgang Schmidt, "Die Raumal"ustik im Zuschauer­

raum"; Wolfgang Schmidt, "Der Wieferaufbau der Semper-Oper.-Raumakustik im 

Zuschauerraum," Biihnentechnische Rundschau, Heft: 6, pp. 15ff. (1979). 

TECHNICAL DETAILS 

Opera 

V = 441,200 ft3 (12,500 m3) 

Sp;t = 1,291 ft' (120 m') 

N = 1,284 (+39 standees) 

L = 84 ft (25.6 m) 

VISA = 47.3 ft (14.4 m) 

VlS8 = 65 ft (18.8 m) 

Concerts 

V = 457,500 ft3 (12,960 m3) 

So(Extra) = 490 ft' (45.6 m') 

H = 62.3 ft (19 m) 

D = 80 ft (24.4 m) 

VI N = 356.3 ft3 (10.1 m3) 

HIW = 0.706 

S8 = 6,790 ft' (631 m') 

Sp = 1,800 ft' (167.2 m') 

H = 62.3 ft (19 m) 

D = 98 ft (29.9 m) 

VIN = 344 ft3 (9.74 m3) 

HIW = 0.706 

S8 = 6,790 ft' (631 m') 

ST = 11,100 ft' (1,032 m') 

W = 88.2 ft (26.9 m) 

VIST = 41.2 ft (12.56 m) 

SAIN = 7.26 ft' (0.67 m') 

L/W = 0.736 

NOTE: The terminology is explained in Appendix 1. 

SA = 9,318 ft' (866 m') 

ST = 12,409 ft' (1,153 m') 

W = 88.2 ft (26.9 m) 

VIST = 35.55 ft (10.84 m) 

VISA = 47.3 ft (14.43 m) 

LIW = 0.95 

SA = 9,318 ft' (866 m') 

N = 1,284 (+39 standees) 

L = 65 ft (19.8 m) 

VISA = 49.1 ft (15 m) 

S8/N = 5.29 ft' (0.49 m') 

ITOG = 35 msec 
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Gewandhaus 

~redecessor to the Gewandhaus was the "N eues" Gewandhaus, completed 

({j/ i:
v 

{884 and destroyed in World War II. It was preceded by the "Altes" 

Gewandhaus, which spanned the period from 1781 to 1894. Those older Gewan­

dhauses were both famous, the 1781 one because of its excellent orchestra and 

small size (400 seats) and the "Neues" because of its great orchestra and famed 

acoustics (1,560 seats). Notwithstanding the repute of those previous "shoebox"­

type halls, the architect had courage to stril<e out in a contemporary direction. 

Opened in 1981, the Gewandhaus is a stril<ing building, located in the city 

center on the Augustus-Platz. At night the lights of the splendid foyer glisten and 

enliven the grand plaza. The concert hall's interior is dramatic in a very different 

sense than that of Berlin's Konzerthaus. The art that shows everywhere in the 

Konzerthaus is missing completely in the Gewandhaus. One is impressed instead 

by the white balcony fronts that contrast with the red upholstering, the assemblage 

of acoustical sound-diffusing boxes on the darl<ened side walls and the majestic pipe 

organ in the front of the hall. With the audience size of 1,900, the architect choose 

to mal<e the hall fan/rhombic-shaped and to locate the platform about one-fourth 

of the room length from the front wall. The audience is seated on all sides of the 

stage. With this plan, the farthest auditor is only about 110 ft (33.5 m) from the 

front of the stage, compared to Boston Symphony Hall's 133 ft (40.5 m). 

Much of the audience in a typical fan-shaped hall will receive too little early 

reflected sound energy unless special acoustical additions are made to the wall sur­

faces. An extreme example of such treatment are the very large sloping panels found 

in the Town Hall in Christchurch, New Zealand. In the Gewandhaus the solutions 

were to employ a large number of sound-reflecting tilted surfaces on the side walls 

(see the photograph and drawing) and to tilt the balcony fronts at various angles in 

the hall to direct early sound energy to the listeners. Around the stage the balcony 

fronts that form the upper wall are tilted inward to provide cross-reflections for the 

musicians, which make ensemble playing easier. The shaped ceiling supplies early 
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Gewandhaus 

sound reflections to most of the audience in hall. The curved panels over the stage 

return early reflected sound energy to the musicians and to the audience sitting 

near the stage. The reverberation time is about 2.0 sec at mid-frequencies with full 
occupancy, and has almost the same value at all frequencies below 1,400 Hz. The 

low-frequency absorption that reduces the reverberation time somewhat more than 

expected may be caused by the large number of openings in the ceiling for air 

conditioning, lights, loudspeakers, and lines. Also, the heavily upholstered seats 

absorb low frequencies. 

With full audience, this listener was surprised to sense that the early sound 

energy predominated over the later reverberant sound energy. Only in fortissimo 

passages and after musical stops did the reverberation seem to take an active part 

in the music. The high walls surrounding the stage seem to shield the side walls 

from receiving a significant part of the sound energy, and the stage enclosure as a 

whole seems to direct a large part of the energy to the audience in the rear half of 

the hall. These factors would explain why more energy is not sent into the upper 

part of the hall where the reverberant sound is developed. On the side walls them­

selves, about 50% of the surfaces are directed to the upper part of the hall in an 

effort to strengthen the reverberation. 

The tone quality is excellent and the orchestral balance is good, except in the 

seats on either side of the orchestra where the sections nearest the listener are louder. 

A group of 50 subjects, chosen in equal number from music professionals, 

concertgoers, and acousticians, were asked to judge the hall's quality in the months 

before the hall opened. They listened to a range of symphonic compositions in five 

parts of the hall. All judged the loudness and clarity to be very good. About 20% 
felt that the room did not take an active enough part in shaping the sound and that 

the reverberation time was a little short. Strangely, about 5% felt that the rever­

beration time was a little long, which indicates the range of subjective judgments 

even from a selected group. About 40% said that the overall impression was less 

than perfect. But the unanimous response of the group as a whole was "sehr gut" 

or "gut" (very good or good). The general conclusion was that the acoustics of the 

hall had received high marks. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Classical music. Ceiling: At least 1.4 in. (3.5 cm) of gypsum board (8.2lb/ftz, 

40 kg/mZ) formed as cylindrical sections, of several different lengths and widths (see 

the reflected ceiling plan), with a different radii of curvature of about 26 ft (8 m), 
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oriented to direct reflections of sound energy to the various seating areas; larger panels 

are introduced over the podium to reflect more energy back to the musicians and to 

the seating areas near the stage; an unusually complex roof structure was used to elim­

inate noise. Walls: The walls around the platform and the sidewalls are two thicknesses 

of plywood, each 0.7 in. (1.8 cm) thick with a steel plate 0.12 in. (0.3 cm) thick 

cemented to the back; in the back parts of the side walls and the rear wall, the steel 

plates were eliminated, so that those areas resonate at a frequency of 63 to 110Hz; 

a complex structure was used in the outer walls to eliminate noise. Balcony fronts: 

1.1-in. (3 cm) artificial stone. Floors: parquet cemented to concrete base. Stage floor: 

Two layers of wood, each 1.6 in. (4 cm) thicl~. Stage height: 27.5 in. (70 cm). Seat­

ing: Rear of seat back molded plywood; upholstering chosen to give same absorption 

unoccupied as occupied; the wood part of the seatbacl~s is higher, therefore larger, in 

the steeper raked audience sections. 

ARCHITECT: Leipziger Architekten Gemeinschaft, Dr. Skoda & Partner. 

ACOUSTICAL CONSULTANTS: Same as References. PHOTOGRAPHS : Foto Gert 

Mothes. REFERENCES: W. Fasold, E. Kuestner, H. Tennhardt, and H. Winl~ler, "Aku­

stische Massnahmen im Neuen Gewandhaus, Leipzig," Bau/orschung, Baupraxis 117, 

1-33 (1982); W. Fasold and U. Stephenson, Gute Akustik von Auditorien, Ernst & 

Sohn, Verlag, fur Architel~tur und technische Wissenschaften, Berlin (1993). 

v = 742,000 ft' (21,000 m3) 

So = 1,945 ft, (181 m') 

H = 65 ft (19.8 m) 

D = 108 ft (32.9 m) 

VIN = 390 ft3 (11 m3) 

HIW = 0.55 

S, = 11,150 ft, (1,036 m') 

ST = 14,825 ft, (1,378 m') 

W= 118ft(36m) 

VIST = 50 ft (15.2 m) 

SA/N = 6.78 ft, (0.63 m') 

LIW = 0.90 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,880 ft, (1,197 m') 

N = 1,900 

L = 106 ft (32.3 m) 

VISA = 57.6ft(17.6m) 

S,I N = 5.87 ft, (0.545 m') 

ITOG = 27 msec 



GERMANY 

61 
Munich 

Herkulessaal 

~ Herkulessaal, located in the Residenz Museum of Munich, is an impor­

(j;J/ t::~ venue for the rich musical life of the city. It was constructed in 1953 
with the same proportions and dimensions as the old throne room of the Royal 

Palace, which was destroyed during World War II. The hall is rectangular in shape, 

seating 1,287 listeners on a flat floor. Along the sides and rear of the main floor 

are many rather large columns that partially conceal the access space at the ends of 

the rows of continental seating. None of the main floor seating is overhung by the 

single balcony. The ceiling is coffered and constructed from thin plywood, backed 

by sound-absorbing material (Beranek, 1996, p. 434). As part of the construction, 

the architect requested that old Flemish Gobelin tapestries, each with an area of 

300 ft2 (28 m2), be hung on the upper side walls. Ten in number, these were removed 

some 15 years ago and put in museum storage. The tapestries have been replaced 

by exact photographic copies produced on cotton cloth using a large-format, digital­

printing technique. The cloth is backed by a relatively thick mat and is spaced from 

the walls about 1 in. (2.5 cm). 

Because of its relatively small size, the acoustical defects of the hall are largely 

disregarded. The deficiencies: The large columns shield the side walls from the direct 

sound of the pel.forming entity, so that the room is deficient in lateral reflections. 

The thin wood of the ceiling absorbs the bass tones (100-400 Hz), although this 

is compensated to some degree by the "tapestries," which absorb the higher fre­

quencies. The lack of upper side wall irregularities and so little hard surface area 

destroy the magnificent reverberation heard in halls like Boston's Symphony Hall 

and Vienna's Musikvereinssaal. Also, the flat floor results in a loss of direct high­

frequency sound in the rear of the main floor owing to the absorption by intervening 

heads. 

An attempt was made in the early years of the hall to overcome the deficiency 

in high-frequency sound at the rear of the hall by adding curved-plastic sound-
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MUNICH 

reflecting panels above the stage (faintly seen in the photograph). These have been 

removed owing to aging. Audience complaints after removal were minimal. 

The reverberation time at mid-frequencies is nearly 2.0 sec with full occu­

pancy, which is specially suited for orchestral music. Music critics say that the 

acoustics are "average," some adding that the sound is more distant when heard in 

the rear seats of the main floor and that the reverberation does not seem fully 

connected with the music. 

c~ c%CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, 60%; chamber music, 10%; chorus, 5%; soloists, 10%; other, 15%. 

Ceiling: 0.2-0.4-in. (0.5-1-cm) plywood, backed by rock wool over 4-10-in. (10-

25-cm) airspace; laboratory tests indicate that the ceiling has the following absorption 

coefficients: 100 Hz, 0.25; 200 Hz, 0.33; 400 Hz, 0.22; 800 Hz, 0.12, and 1,600 

Hz and above, about 0.035. Sidewalls: Plaster on solid brick, except that 4,000 ft2 
(372 m2) consist of 0.25-in. (0.64-cm) sheets of gypsum board separated by 2 in. 

(5 em) from the solid wall behind. Rear wall: Plastered bricl~; great doors are metal 

and plywood. Added absorptive lllaterial: Ten tapestries or heavy draperies hung on 

upper walls for architectural reasons. Floors: TJe on concrete and tJe on the wood of 

the risers. Stage floor: 2-in. (5-cm) wooden planks over airspace. Stage height: 40 in. 

(102 cm). Seating: Upholstered on both sides of backrest and top of seat bottom. 

Underseat is solid. 

ARCHITECT: Rudolf Esterer. ACOUSTICAL CONSULTANT: L. Cremer. PHO­

TOGRAPHS: Courtesy of the management. REFERENCES: L. Cremer, Die Schalltechnik 

13, 1-10 (1953); L. Cremer, Gravesaner Blatter 2/3, 10-33 (1956); E. Meyer and 

R. Thiele, Acustica, 6,425-444 (1956). 

TECHNICAL DETAILS 

Concerts 

v = 480,000 ft' (13,590 m') 

S, = 1,810 ft2 (168 m2) 

H = 51 ft (15.5 m) 

D = 108 ft (32.9 m) 

VI N = 373 ft' (10.6 m') 

HIW = 0.71 

Sa = 6,304 ft2 (585.7 m2) 

ST = 9,060 ft2 (842 m2) 

W = 72 ft (22 m) 

VlST = 53 ft (16.1 m) 

SAl N = 5.63 ft2 (0.52 m2) 

LIW = 1.46 

NOTE: The terminology is explained in Appendix 1. 

SA = 7,250 ft2 (674 m2) 

N = 1,287 

L = 105 ft (32 m) 

VISA = 66.2 ft (20.2 m) 

Sal N = 4.9 ft2 (0.455 m2) 

ITOG = 24 msec 
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62 
Munich 

philharnlonie anl Gasteig 

~ Gasteig is a clear statement of Munich's desire to be a major cultural 

@ c·~:ter in Germany. The name is taken from "gachen footpath" and its site 

is high enough to command vistas of the center of the city, the river Isar, the famous 

Deutsches science museum, and old residential sections. In planning stages for 14 
years, it has five principal components, a concert hall, multipurpose theater, music 

conservatory, college, and library. The philharmonie, which opened in November 

1985, presents a whole new appearance in the world of concert halls. Finished in 

American red oalz, with red seat upholstering, it is visually striking. The multitu­

dinous acoustic panels, free-standing from the walls and ceiling, mean that every 

effort was made to realize good acoustics. 

Seating 2,387, plus 100 chorus, it is 287 seats larger than the Berlin phi­

harmonie and 587 seats larger than the Leipzig Gewandhaus. The great size, 

1,050,000 ft3 (29,800 m 3), necessary to achieve an occupied reverberation time of 

1. 95 sec at mid-frequencies, combined with the architect's concept of two wings, 

brought special problems to the acoustical consultant. A fan-shaped plan and a 

rising ceiling, without embellishment, would mean that early sound reflections 

would not reach listeners in the front two-thirds of the hall. To solve this problem, 

free-standing, reflecting panels on the side walls and a suspended sound-reflecting 

ceiling, diffuse in cross-section, and a stepped audience area with intermediate re­

flecting walls (vineyards) were introduced to provide multiple reflections within the 

first 100 msec to each listener. 

The sound is different in various seating areas; not bad anywhere, just of 

varying texture. In the exact center of the seating areas the music sounds as though 

played in a cathedral. When seated off the center line, especially in elevated levels, 

the sound is well-balanced and of high quality, without giving the impression of a 

very large hall. The stage isvery large, and often musical groups move toward the 

baclz wall for acoustical support, using the front and the elevated podium steps as 

reflecting surfaces. This is particularly helpful to soloists. 
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Since the hall's opening, Plexiglas reflectors have been added above the stage 

to improve acoustical contact within the orchestra (see photograph and drawing). 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: PrimarJy classical music. Ceiling: Wooden, with a uniform weight of 6 lb/ft2 

(30 kg/mZ); wooden suspended panels are hung from the ceJing (see the photographs); 

veneer of American red oak. Walls: Concrete base with wooden particle-board lining 

weighing 2 to 10 lb/ftz (10 to 50 kg/mZ); veneer of American red oak. Floors: Wood 

on prefabricated thin concrete plates. Stage enclosure: Reflections from rear wall, 

some from low side walls, more from organ and hung Plexiglas panels. Stage floor: 

Wood on wooden joists. Stage height: 30 in. (75 cm). Seating: Molded plywood backs, 

perforated wood underseats, upholstering on seat backs and on seat tops; arms are wood. 

ARCHITECTS: C. F. Raue, E. Rollenhagen, G. Lindemann, G. Grossmann. 

ACOUSTICAL CONSULTANT: Mueller-BBM. PHOTOGRAPHS: Sigrid Neubert. REF­

ERENCES: H. A. Mueller, U. Opitz, G. Vol1erg, "Structureborne sound transmission 

from the tubes of a subway into a buJding for a concert hall," Proceedings 0/ Internoise 

11,715-718 (1980); H. A. Mueller, U. Opitz, "Anweng der raumakustischen Mo­

delltechniken bei der Planung des Konzertsaales der Muenchner phJharmonie," Buil­

dungswerk des Verbandes Deutscher Tonmeister, 306-313 (1984); H. A . Mueller, U. 

Opitz, J. Reinhold, "Al<ustische Wirkung eines Raumes auf die ausfuehrenden Musi­

ker," db Deutsche Bauzeitung 123, 69-81 (1989). 

TECHNICAL DETAILS 

v = 1,050,000 ft' (29,737 m') 

So = 2,476 ft' (230 m') 

H = 48 ft (14.6 m) 

D = 145 ft (44.2 m) 

VIN = 440 ft' (12.45 m') 

HIW = 0.29 

Sa = 14,305 ft' (1,329 m') 

ST = 19,580 ft' (1,819 m') 

W = 168 ft (51.2 m) 

VIST = 53.63 ft (16.35 m) 

SAIN = 7.39 ft' (0.69 m') 

L/W = 0.80 

Note: ST = SA + 1.940 ft' (180 m'); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 17,640 ft' (1,639 m') 

N = 2,387 + 100 chorus 

L = 134 ft (40.8 m) 

VISA = 59.5 ft (18.1 m) 

Sal N = 5.99 ft' (0.557 m') 

ITOG = 29 msec 
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Stuttgart 

Liederhalle, Beethovensaal 

~tuated on one of Stuttgart's busiest streets, the Liederhalle contains four 

CE::;J halls, two of which seat 2,000 persons-one general purpose and the 

other for concerts-and the other two seat 750 and 350 persons. of these, the 

750-seat hall is the most spectacular from the outside; the Beethovensaal, from 

the inside. This concert hall has an unusual shape, like a grand piano, chosen for 

architectural and not acoustical reasons. The stribng balcony rises like a grand 

staircase from the left side of the main floor, and with graceful lines soars over the 

main floor seats and sweeps around the rear of the hall to the wall on the right­

hand side. 

A large, convex concrete wall, on which there is a mosaic of painted wooden 

pieces and gold threads, connects the left side of the stage to the rising portion of 

the balcony. The right-hand wall of the hall, which is finished in teak, is irregular 

with projecting boxes and control booths for radio and television broadcasting. All 

the other walls are of tealz. The main floor is flat. The ceiling is interestingly con­

toured to provide sound diffusion and to give desirable short-time-delay sound re­

flections. Reflecting panels, hanging over the orchestra, direct the sound of the 

strings to the audience at the rear of the main floor to overcome the disadvantages 

of intervening heads between listeners and the stage. 

The Beethovensaal was renovated in 1992. Measurements by the acoustical 

consultants show that the modernizing has not affected the acoustical conditions. 

The hall has about the same reverberation time (1.6 sec) as Severance Hall in 

Cleveland (USA) but it is less reverberant than Symphony Hall in Boston (1.9 sec) 

and the Grosser Musilzvereinssaal in Vienna (2.0 sec). 

In general, visiting conductors have enjoyed this hall, saying that on the po­

dium one can hear everything, even the smallest error in the performance. Some 

listeners spealz of the hall a~ acoustically excellent. Others say it is very good, but 

that it falls below the quality of the Vienna hall. In my one concert experience, I 

found the sound quite satisfactory. The sound in the balcony is excellent. In the 
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Liederhalle, Beethovensaa! 

rear half of the main floor, not under the balcony, I especially enjoyed the intimate, 

brilliant sound. I have not listened in the front half of the main floor. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, organ, chamber, soloists, and general. Ceiling: Gypsum plaster on 

metal lath except for a strip about 10 ft (3 m) near the walls, one-third of which is 

0.62-in. (1.6-cm) fiberboard over airspace and two-thirds slotted fiberboard backed by 

a layer of fiberglass. Walls: The left convex wall is concrete; other walls are plywood 

that varies from 0.38 in. (9.5 mm) to 0.88 in. (2.2 em) thick over an airspace 1-5 in. 

(2.5-12.7 em) deep; some panels are slotted with fiberglass behind; the slotted panels 

and the tl1.in panels are backed with a fiberboard egg-crate structure; these variations 

yield walls that absorb sound over a wide range of low frequencies. Floors: Wood par­

quet; no carpet. Stage enclosure: Largely 0.88-in. plywood; the organ is located 

behind closeable "jalousies" on the right-hand side of the stage; splayed 0.88-in. 

(2.2-cm) plywood reflectors are hung over the orchestra and the front two rows of 

seating. Stage floor: 2-in. (5-cm) boards on elevators. Stage height: 49 in. (1.24 m). 

Seating: The front of the backrest and the top of the seat are upholstered; the under­

seats are solid; the armrests are upholstered in leather. 

ARCHITECT: A. Abel and R. Gutbrod. ACOUSTICAL CONSULTANTS: Lothar 

Cremer, Helmut Mueller and L. Keidel. PHOTOGRAPHS: Courtesy of the management. 

REFERENCES: L. Cremer, L. Keidel, and H. Mueller, Acustica 6, 466-474 (1956); 

"Konserthaus Stuttgarter Liederhalle," Dr. Pollert Verlag, Stuttgart (1956). 

TECHNICAL DETAILS 

v = 565,000 ft3 (16,000 m3) 

So = 1,900 ft2 (176 m2) 

H = 44 ft (13.4 m) 

D = 134 ft (40.8 m) 

VIN = 282.5 ft3 (8.0 m3) 

HIW = 0.37 

Sa = 10,800 ft2 (1,000 m2) 

ST = 16,500 ft2 (1,533 m2) 

W = 119 ft (36.2 m) 

VIST = 34.2 ft (10.4 m) 

SA/N = 7.0 ft2 (0.65 m2) 

LIW = 1.15 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,000 ft2 (1,300 m2) 

N = 2,000 

L = 137 ft (41.8 m) 

VISA = 40.36 ft (12.3 m) 

Sal N = 5.4 ft2 (0.5 m2) 

ITDG = 29 msec 
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64 
Athens 

Me garon , the Athens Concert Hall 

~ Athens Concert Hall Megaron encompasses two facJities, one dubbed 

({j/ ,:ihe Friends of Music," seating 1962 plus 30 spaces for wheelchairs, and 

the other "The Dimitris Mitropoulos Hall," seating 494. In daJy reference, the 

large hall described here is usually called the "main hall" of the Megaron. The 

Megaron was to be completed in the early 1970s and the concrete-shell structure 

was erected at that time. For financial reasons, completion of the hall was delayed 

untJ 1991. With a new architect and acoustical consultant, a drastic change was 

made to the interior space in order to obtain greater acoustical intimacy, spacious­

ness, and clarity. The balcony was converted into an assemblage of parallel boxes, 

with fascia that provide the early lateral reflections to the audience areas that are 

necessary for good sound. The walls behind these boxes were brought in to reduce 

the acoustical width of the hall. The distance between opposite balcony faces is now 

about 88 ft (27 m) compared to 137 ft (42 m) in the original design. Irregularities 

on the sidewalls and ceiling provide necessary diffusion of the sound field as well as 

a better distribution of early sound reflections. 

An unique feature is provision of means for transforming the concert hall into 

an opera house, although with limited stage depth. The six balcony boxes at the 

front sides of the stage can be retracted and four or five rows of seats removed to 

form a pit. Two towers imbedded several meters bacl~ from the front of the stage 

floor rise to form a proscenium. Space above the stage is then opened to reveal a 

fly (stage) tower from which a main curtain and other scenery can be dropped. About 

2 m of the forestage is adjustable in height and can be lowered to create a full-size 

orchestra pit. For the large pit the seat count is reduced to 1700. With proscenium 

and pit avaJable, the hall is also used for ballet and theater. 

I attended a performance of Mahler's Second Symphony, with the Boston 

Symphony Orchestra on stage. I was seated in the rearmost box on the right side 

of the hall. At that location, the acoustics of the hall were entirely satisfactory. I 

was told that in some seats, in particular, those nearest the sides of the stage, the 
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ATHENS 

sound is not as good. All in all the Megaron has made a significant contribution 

to the cultural facilities of Athens. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic concerts, chamber music, soloists, opera, and theater. CeJing: 

Thick wood, with weight of 6 11/ft2 (30 kg/m2). Walls: Concrete with wood cladding. 

Floors: Parquet, glued on chipboard on a steel substructure. Carpet: None. Stage 

height: 30 in. (98 cm) above floor level at first row of seats. Seating: Plywood frame, 

seat bottoms upholstered, armrests wooden. 

ARCHITECT: 1971, building frame, Heinrich Keilholz; 1991, Elias Scrubelos. 

ACOUSTICAL CONSULTANT: Muller-BBM. 

Concerts 

v = 674,200 ft3 (19,100 m3) 

So = 3,088 ft2 (287 m2) 

VIST = 46 ft (14 m) 

SAl N = 6.49 ft2 (0.603 m2) 

W = 117 ft (35.7 m) 

HIW = 0.48 

Operas 

V = 529,500 ft3 (15,000 m3) 

So = 1,237 ft2 (115 m2) 

VlST = 32.3 ft (9.84 m) 

VI N = 311 ft3 (8.82 m3) 

Hand W. as above 

HIW = 0.48 

Sa = 10,050 ft2 (934 m2) 

ST = 14,656 ft2 (1363 m2) 

VISA = 53ft{16.1 m) 

Sal N = 5.12 ft2 (0.476 m2) 

L = 104 ft (31.8 m) 

LIW = 0.89 

Sa = 9,270 ft2 (862 m2) 

Sp = 3,440 ft2 (320 m2) 

VISA = 45.1 ft (13.8 m) 

SAl N = 6.9 ft2 (0.64 m2) 

L = 111 ft (33.8 m) 

L/W = 0.95 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,729 ft2 (1,183 m2) 

N = 1,962 

VI N = 344 ft3 (9.73 m3) 

H = 56 ft (17.1 m) 

o = 106 ft (32.3m) 

ITOG = 38 msec 

SA = 11,735 ft2 (1,090 m2) 

ST = 16,412 ft2 (1,525 m2) 

N = 1700 

Sal N = 5.45 ft2 (0.51 m2) 

0= 113 ft (34.3 m) 

ITOG = 40 msec 
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Budapest 

Magyar Allatni Operahaz 

~ Budapest State Opera House has a long and distinguished history. The 

@ h:vu~e is located in the center of the city, on the Pest side. Hungary, a country 

with a population equal to that of New Yorl~ City, has produced an extraordinary 

number of important composers, directors, and musicians. Music is taught in the 

schools, and attendance at musical events is at a high level. Budapest, the size of 

Greater Boston, possesses three venues for its musical performances, the Large Hall 

in the Academy of Music, seating 1,170 persons; the Erl~el Theatre, rebuilt in 

1951, seating 2,340 (for both concerts and opera); and the State Opera House, 

seating 1,277. 
The State Opera House, Magyar Allami Operahaz, opened on September 27, 

1884, with the Emperor Franz Ferdinand I in attendance. Performed were excerpts 

from two of Ferenc Erl~el' s operas and one act from Wagner's Lohengrin. Gustav 

Mahler was music director of the House between 1888 and 1891. Some years after 

World War II, the house was declared unsafe. A big reconstruction tool~ place be­

tween 1981 and 1984. The auditorium and surrounding spaces were rebuilt exactly 

as they were before. The stage area underwent a major expansion and is now 

equipped with the finest of stage machinery. On September 27, 1984, exactly a 

hundred years to the day after its founding, the house re-opened. 

The gold and marble grand stairway and foyers with their exquisite chandeliers 

provide a fitting entrance to the auditorium. The colors of gold and red dominate 

the house's all-wooden interior. The reverberation time, fully occupied and at middle 

frequencies, is a little over 1.2 sec, and the bass strength is about the same as those 

of Milan's La Scala. The small size, 314,000 ft3 (8,900 m 3), mal~es it one of the 

most intimate grand opera houses in the world. The low reverberation time prevents 

it from becoming overly loud.',Needless to say, its acoustics are judged excellent for 

opera, although they are less favorable for symphonic music. 
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BUDAPEST 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera principally, concerts occasionally. Interior materials: All wooden. Con­

certs: The pit floor is raised to the stage level and the orchestra sits in front of the 

proscenium curtain, below the large state bo:X:es on either side. Carpets: On all aisles 

and on floors of boxes. Seats: Fully upholstered except for arms, which are wooden. 

ARCHITECT: Built from plans of the tender, Miklos Ybl. The original construc­

tion took nine years and used a totally new stage hydraulic system, fust in the world, 

which served without problems for 84 years. RECONSTRUCTION ARCHITECT: Maria 

Siklos. 

TECHNICAL DETAILS 

Opera 

V = 314,170 ft3 (8,900 m3) 

Sp;t = 624 ft2 (58 m2) 

N = 1,277 

L = 82 ft (25 m) 

VISA = 45.3 ft (13.8 m) 

S,I N = 4.36 ft2 (0.40 m2) 

S, = 5,574 ft2 (518 m2) 

Sp = 1,710 ft2 (159 m2) 

H = 61 ft (18.6 m) 

D = 103 ft (31.4 m) 

VI N = 246 ft3 (6.97 m3) 

HIW = 1.22 L/W = 1.64 

NOTE: The terminology is explained in Appendix 1. 

SA = 6,929 ft2 (644 m2) 

Sr = 9,263 ft2 (861 m2) 

W = 50 ft (15.2 m) 

VISr = 33.9 ft (10.3 m) 

SAIN = 5.42 ft2 (0.50 m2) 

ITOG = 23 msec 
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Budapest 

Patria Hall, 
Budapest Convention Centre 

~ Pcitria Hall of the Convention Centre opened in 1985. A wide-fan­

({;!I sh:ped room, it posed difficult acoustical problems. Nevertheless, with the 

seating capacity of 1,750 and a mid-frequency reverberation time of 1.6 sec, fully 

occupied, the hall has been selected as a concert venue by touring orchestras. 

The acoustician's solution to the wide-fan plan was to design a system of 

reflecting plates for the side walls that directed sound to the upper rear part of the 

auditorium so that it would be reflected across to the other side of the hall and back. 

This raised the reverberation time from a computed low of 1.3 to 1.6 sec. 

The necessary lateral reflections to the main floor of the hall are provided by 

the side walls and ceiling of the stage and additional early reflections by the sus­

pended reflectors in the fore-part of the room. These stage reflectors, both on the 

sides and at the front edge, resemble fingers, with different slopes, that reflect sound 

energy both to the musicians and to the middle of the main-floor seating. As is the 

case in many halls, the best sound is to be heard in the front center of the balcony. 

The stage has an area of 1,680 ft2 (156 m2) and can be extended 3.9 ft 
(1.2 m) to accommodate a large orchestra and large chorus. For recitals or chamber 

music concerts chairs are placed on the stage for audience seating. Although the 

balcony overhang is large, the opening is also large and the front edge is shaped to 

reflect sound to the rear seats. Much of the floor is flat to accommodate convention 

and banquet activities. 

The reflecting structures on the side walls and ceiling are 1.6-in.-thick layered 

plates that do not absorb the low frequencies appreciably and the chairs on the main 

floor are not heavily upholstered. Therefore, the bass ratio (ratio of low to middle 

frequency reverberation times) and the low-frequency level is high enough to con­

tribute to the feeling of spaciousness in the hall. 

One attendance at an ~ll-Bartok concert in this hall by the Chicago Symphony 

Orchestra under Maestro George Solti was an experience to be remembered. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, chamber music, and recitals. Ceiling: Thick plaster; hung panels are 

gypsum board, 1 in. (2.5 em) thick. walls: Concrete covered by sound-reflecting panels, 

1.6 in. (4 em) thick, suspended from steel t~bing; the lowest part of the sidewalls are 

splayed concrete; rear walls behind seating, splayed plyboards, with low-frequency res­

onant absorbers. Floors: Parquet cemented to solid concrete. Carpet: None. Stage 

height: 35 in. (0.90 m). Seating: Plywood seat back, covered with stretched fabric; 

plywood underseat with polyvinyl cushion; bacl~rest covered by porous fabric; armrests 

wooden. 

ARCHITECT: J. Finta. ACOUSTICAL CONSULTANTS: W. Fasold, B. Marx, 

H. Tennhardt, and H. Winkler. REFERENCE: Fasold, Marx, Tennhardt, and Winkler, 

"Raumakustische Massnahmen im Budapester Kongresszentrum," Bauakademie der 

Deutschen Demokratischen Republik, Berlin (1986). 

TECHNICAL DETAILS 

v = 473,150 ft3 (13,400 m3) 

So = 1,680 ft2 (156 m2) 

H = 43 ft (13.1 m) 

D = 87 ft (26.5 m) 

VIN = 270 ft3 (7.66 m3) 

HIW = 0.31 

Sa = 12,270 ft2 (1,140 m2) 

ST = 15,520 ft2 (1,442 m2) 

W = 138 ft (42.1 m) 

VI ST = 30.5 ft (9.3 m) 

SA/N = 7.9 ft2 (0.73 m2) 

L/W = 0.62 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,840 ft2 (1,286 m2) 

N = 1,750 

L = 86 ft (26.2 m) 

VISA = 34.2 ft (10.4 m) 

S81N = 7.0 ft2 (0.65 m2) 

ITOG = 44 msec 
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67 
Belfast 

Waterfront Hall 

~cated on the River Lagan, the dramatic Waterfront Hall building resem­

~ bl~s a massive alien spacecraft. In form, it is a five-story cylinder with two 

appendages, one containing a small auditorium and the other an outdoor dining 

terrace. Heavily glazed, two-thirds of the periphery contains foyers wrapped around 

the hall that are open to the public. 

Entering the hall itself is a dramatic experience-one encounters terraced 

seating running the length of the sidewalls and also behind the stage, and an un­

usual, circular, sound-reflecting "ceiling" hung from the geometrical center of the 

flat ceJing that covers the whole space beneath the dome. The hall seats 2,250, but 

with the main-floor seats removed and the floor converted to standing space for 

promenade (pops) concerts, the audience size increases to 3,000. The percentage 

of the audience seated to the sides and rear of the stage is only about 12 percent. 

The hall is multipurpose, with primary emphasis on orchestral use. A very 

high reverberation time, 2.0 sec at mid-frequencies, fully occupied, was chosen. To 

mal~e allowance for the amplified music and speech uses, retractable absorbent fabric 

drapes hang bel1.ind each of the two lighting bridges. However, even with the drapes, 

the reverberation time drops only to 1.7 sec, fully occupied. About a dozen large 

circular panels hang at a height of about 38 ft (11.6 m) above the stage, to enable 

the musicians to hear each other and to provide mixing of the sound. 

For theater or opera, a high portion of the ceiling directly above the stage 

contains a fly grid from which scenery can be hung. Such scenery will reduce the 

reverberation time further. The distance between the farthest listener and the front 

of the stage is 119 ft (36 m). 

Sound diffusion is provided by the hung central "ceiling," by various panels 

below the ceiling, by the fronts of the simultaneous-interpretation and broadcasting 

rooms, the organ platform, 'galleries around the stage area, sloping balcony fronts 

and lighting bridges. It is not apparent to what extent lateral early sound reflections 

are provided. 
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BELFAST 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and choral concerts, recitals, conferences, and sports. Ceiling: Un­

derside of concrete roof, pre-cast concrete blocks; Decorative ceJing, acoustically trans­

parent, timber slat areas, and fixed concentric rings of acoustic reflectors composed of 

convex curved plywood on steel frames; underside of seating tiers, thicl~ plasterboard 

with airspace above. Orchestra canopy: Circular (different sizes) convex DRG panels, 

adjustable in height and inclination. Walls: Plaster on concrete blocks; sides and rear 

of orchestra seating and sides of main floor seating-thicl~ veneered wooden paneling. 

Floor: Heavy wood, covered with thin pJe nylon carpet. Stage floor: Heavy wood with 

elevators to provide orchestra risers or to join the main floor for arena events. Choir 

area: Also used for orchestra seating; Can extend down to orchestra level, by use of 

seating wagons and stage risers, together with a removable section of the choir raJing. 

Adjustable sound-absorbing areas: Motorized drapes in ceJing void and manually 

pulled drapes on sidewalls. Seats: Molded plywood: Lower part of seatback and upper 

side of seat bottom upholstered; choir seated on upholstered benches; majority of main­

floor seats mounted on wagons, so that, when removed, provide a flat arena surface. 

ARCHITECT: Robinson & McAllwaine. ACOUSTICAL CONSULTANT: Sandy 

Brown Associates. THEATER CONSULTANT: Carr and Angier. 

v = 1,088,000 ft3 (30,800 m3) 

So = 2,150 ft2 (200 m2) 

H = 63.6 ft (19.4 m) 

D = 125 ft (38 m) 

VIN = 484 ft3 (13.7 m3) 

HIW = 0.64 

Sa = 11,513 ft2 (1,070 m2) 

ST = 15,935 ft2 (1,481 m2) 

W = 98.4 ft (30 m) 

VI ST = 68.2 ft (20.8 m) 

SA/N = 6.22 ft2 (0.58 m2) 

LIW = 1.0 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,000 ft2 (1,301 m2) 

N = 2,250 

L = 98.4 ft (30 m) 

VISA = 77.7 ft (23.7 m) 

SalN = 5.12 ft2 (0.48) 

ITOG = 34 msec 



ISRAEL 

68 
Jerusalem 

Binyanei Ha'Ootnah 

~erusalem Congress Hall, containing 3,142 seats and opened in 1960, 
({;!I ;:s) designed initially for conventions. The shape of the hall, the balcony 

around the stage, and the inward sloping walls were fixed by that purpose. Construc­

tion was started in 1950, suspended for several years, and resumed with the purpose 

changed to include musical performances. Such modifications as could be made 

were then recommended by the acoustical consultant. The reverberation time was 

increased to 1.75 sec at mid-frequencies with full audience. The hall is constructed 

of materials that preserve the warmth and liveness of the sound. 

The overall architectural effect is one of simplicity and nobility. The rich wood 

interior is especially designed not to absorb the bass. When flooded with light, the 

white coffers overhead act to diffuse the light and provide uniform illumination to 

the seating areas. 

The Binyanei Ha'Oomah has received favorable comments from the conduc­

tors who have used it. Israeli phJharmonic Orchestra members prefer it to the 

Mann Auditorium, primarily because of its longer reverberation time. 

A typical J:eview of a performance by the Netherlands Kamerorkest: 

But as soon as the [chamber music] concert started, beauty of tone and the complete 

union of the 20 musicians into a single body made this concert one of the finest heard 

for some time. The sensitive acoustics allowed one to enjoy every phrase and every shade 

of dynamics employed in a highly polished presentation. 

Though it is not as good for concert performances as smaller rectangular 

concert halls (for example, the Grosser Musikvereinssaal in Vienna), Binyanei 

Ha'Oomah is superior for symphonic music to most of the larger multipurpose halls 

built in its time. Its acoustics are satisfactory for lectures and conferences, many of 

which can be heard without: an amplifying system, but a state-of-the-art sound 

system is incorporated. 
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JERUSALEM 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, general music, and meetings. Ceiling: Prefabricated from 2-in. 

(5-cm) gypsum plasterboard. Sidewalls: 0.5-in. (1.25-cm) plywood affixed to 2-in. 

plaster. Rear walls: Upper, 0.5-in. plywood over airspace; lower, 0.5-in. plywood on 

masonry. Floors: Asphalt tJes on concrete. Carpet: None. Stage enclosure: Ceiling, 

0.5-in. plywood, fabricated into a movable canopy; back wall: 0.5-in. plywood on ma­

sonry. Side walls: Large plywood wooden doors, adjustable into sawtooth splays. Stage 

floor: Heavy wood over air space. Stage height: 44 in. (112 cm). Seating: Tops of 

seat bottoms and fronts of bacl~rests upholstered; underseats perforated with glass fiber 

blanket inside. 

ARCHITECT: Rechter, Zarhy, Rechter. ACOUSTICAL CONSULTANT: Bolt Ber­

anel~ and Newman. PHOTOGRAPHS: Courtesy of the architects. REFERENCES: L. L. 
Beranel~ and D. L. Klepper, "The acoustics of the Binyanei Ha'Oomah Jerusalem 

Congress Hall,"]. Acoust. Soc. Am. 33, 1690-1698 (1961). 

irlrECHNICAL DETAILS 

v = 873,000 ft3 (24,700 m3) 

So = 2,800 ft, (260 m') 

H = 45 ft (13.7 m) 

D = 145 ft (44.2 m) 

VI N = 278 ft3 (7.9 m3) 

HIW = 0.45 

Sa = 18,000 ft, (1,672 m') 

ST = 24,940 ft, (2,317 m') 

W = 100 ft (30.5 m) 

VIST = 35.0 ft (10.66 m) 

SA/N = 7.32 ft, (0.68 m') 

L/W = 1.22 

Note: ST = SA + 1,940 ft, (180 m'); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 23,000 ft, (2,137 m') 

N = 3,142 

L = 122 ft (37.2 m) 

VISA = 38 ft (11.6 m) 

Sal N = 5.72 ft, (0.532 m') 

ITOG = 26 msec 



ISRAEL 

69 
Tel Aviv. 

Fredric R. Mann Auditorium 

~ Fredric R. Mann Auditorium is a pleasant contemporary concert hall. 

@ The unusual arrangement of the seating reduces the apparent size of the 

hall, even for the viewer in the balcony. The pattern and lighting of the ceiling and 

the warm interior of wood give this hall a handsome yet relaxed appearance. 

The design of the Mann Auditorium was begun in 1951 and the hall opened 

in 1957. On the advice of the late Serge Koussevitsky and the Israel Philharmonic 

Orchestra, the building committee and the architects wanted a hall that resembled 

Kleinhans Music Hall in Buffalo rather than one of the older rectangular halls. 

It was planned that the reverberation time in the Mann hall should be about 

1.9 sec, fully occupied, a number about halfway between the reverberation time in 

Boston Symphony Hall (then thought to be 2.3 sec, fully occupied) and that in 

Kleinhans Hall in Buffalo (then thought to be 1.5 sec). Unfortunately, the design 

preceded the author's findings in 1957 that the sound absorption of an audience 

must be calculated on the basis of the number of square meters that the chairs sit 

over and not on the number of people in them. The result, for a certain cubic 

volume, is that the reverberation time will be lower in the completed hall than that 

calculated. The reverberation time in the Mann hall measures 1.55 sec at mid­

frequencies, fully occupied. The hall seats 2,715. 
Because of its low reverberation time, there have been complaints by the mem­

bers of the Israel Philharmonic Orchectra and music critics. The orchestra wrote, 

"Our main complaint is the lack of a certain sonority which we especially observe 

in the sound of our string body and which is particularly noticeable at the climaxes 

of the orchestral music." 

plans are underway for a major revision of the hall which should reduce the 

amount of thin wood, which absorbs the bass, and increase the height of the inner 

and stage roofs, which would increase the reverberation time. 
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TEL AVIV 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, chamber music, and soloists. Ceiling: Solid upper ceJing, 0.75-in. 

(1.9-cm) plaster; hung center portion (1/3 of area) is pyramid shaped to diffuse sound, 

made of 0.16-in. (0.4-cm) asbestos board; visible hung portion is 6-in. (15-cm) deep 

wooden egg-crate sections, each 12 X 12 in. (30 X 30 cm). Side walls and rear 

walls: On the upper side walls are three types of panels, each 18 X 56 in. (46 X 

142 cm). One-third are 0.25-in. (0.6-cm) ash plywood, to the back of which a 2 X 2 

X 0.75-in. (5 X 5 X 1.9-cm) egg-crate structure is glued. One-third have the same 

egg-crate bacl<ing, but with two layers of 0.25-in. plywood. The remaining one-third 

are a sandwich of two 0.25-in. plywood panels, with about 0.5-in (1.25-cm) of softwood 

filling, making a solid panel of 1 in. (2.5 cm). The lower part of the side walls is vertical 

slats about 2-in. (5 cm) wide, with no airspaces behind; the rear wall is 0.25-in. plywood 

panels. Carpet: None. Floor: Vinyl tJe on concrete. Stage enclosure: None. Stage 

floor: Heavy wood over airspace. Stage height: 30 in. (76 cm). Seating: Front of 

backrest and top of seat are upholstered. 

ARCHITECT: Z. Rechter and D. Karmi. ASSOCIATE ARCHITECT: ]. Rechter. 

ACOUSTICAL CONSULTANT: Bolt Beranel< and Newman. PHOTOGRAPHS: Courtesy 

of the architects. REFERENCES: 1. 1. Beranek, "Acoustics of the F. R. Mann Concert 

Hall," f. Acoust. Soc. Am. 31, 882-892 (1959). 

TECHNICAL DETAILS 

v = 750,000 ft3 (21,240 m3) 

So = 2,100 ft2 (195 m2) 

H = 40 ft (12.2 m) 

D = 127 ft (38.7 m) 

VI N = 276 ft3 (7.82 m3) 

HIW = 0.52 

Sa = 14,500 ft2 (1 ,350 m2) 

ST = 20,240 ft2 (1,880 m2) 

W = 77 ft (23.5 m) 

VIST = 37.05 ft (11.30 m) 

SA/N = 6.74 ft2 (0.626 m2) 

L/W = 1.30 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 18,300 ft2 (1,700 m2) 

N = 2,715 

L = 100 ft (30.5 m) 

VISA = 41.0 ft (12.49 m) 

Sal N = 5.34 ft2 (0.497 m2) 

ITOG = 30 msec 
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Milan 

Teatro AlIa Scala 

{)n August 3, 1778, La Scala opened its doors to a future of great music, 

glamor, and unequaled tradition. The house was built by Maria Theresa of 

Austria (which then ruled Milan) and its architect was Giuseppi Piermarini. The 

exterior of La Scala looks today very much as it did in 1778. Until World War II 
it experienced only minor changes-in 1883 it got electric lights. In 1943 La 

Scala was the victim of a bombing attack; the walls remained standing, but little 

else. In May 1946 it reopened, "restored to music by Arturo Toscanini," its ap­

pearance almost as before. Every original detail was preserved. 

La Scala is a beautiful and engaging theater. It is horseshoe in plan with high 

balcony faces and a vaulted ceiling 6 ft higher at the center than at the sides. A 

recent study found that 22 world conductors placed it "very good," exceeded in 

rating only by the Teatro Colon in Buenos Aires and the Semperoper in Dresden. 

But acoustical measurements, discussed in Chapter 6, show that its excellent acous­

tical quality exits only in the boxes at all levels, not on the main floor. 

On January 1, 2002, La Scala was closed to be reopened in the fall of 2004. 
The entire stag~ area and fly tower are to be completely modernized. Extensive areas 

of carpet will be taken up and the wooden floors left bare. New seats, with less 

upholstering, will be installed. A spokesman for La Scala said, "But the truth of 

the matter is that if you ask the musicians, they will tell you that the acoustics are 

not that great now. The wood floors will improve the sound." 

The openings to the boxes are only 4.6 ft2 (1.37 m 2), so that the "wall" that 

they present is only about 40 percent open; that is to say, 60 percent of the incident 

sound is reflected back into the center space. This large reflecting area and the 

resulting small cubic volume of the house makes the sound more intimate. Because 

of the carpet and plush seats, the reverberation time is short, 1.24 sec at mid­

frequencies, fully occupied. The Buenos Aires and Dresden houses have reverber­

ation times of 1.6 sec. Owing to the "wall" the sound is returned to the stage with 

an intensity not reached in other large opera houses. The vaulted ceiling returns 
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MILAN 

the sound of the orchestra and the singers to the conductor, clear and loud. For 
these reasons, both singers and conductors are enthusiastic about the acoustics. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera and ballet. Ceiling: Vaulted, 6 ft (l.8 m) higher at the center than the 

sides; plaster on lath attached to 1 X 4-in. (2.5 X lO-cm) longitudinal boards; there 

are no irregularities (coffers) on the ceiling. Walls: Box faces are of plaster 42 in. 

(l.07 m) high; vertical columns at railings are plaster 6 in. (15.2 em) wide; each box 

opening is 54 X 54 in. (l.37 X l.37 m). Floors: Wood over 3-ft (0.91-m) airspace 

over concrete. Carpets: On all floors. Pit floor: Wooden floor, flat, elevator type; often 

located about 10 ft (3 m) below stage level. Stage height: 60 in. (152 em) above floor 

level at first row of seats. Seating: Front of the backrests and the top of the seat bottoms 

are upholstered. 

ARCHITECT: Giuseppe Pierrnarini. REFERENCES : plans, details, and photo­

graphs courtesy of the management of La Scala. 

-···TECHNICAL DETAILS 

Opera 

V = 397,300 ft, (11 ,252 rna) 

V = 318,200 ft, (9,012 m')* 

ST = 17,600 ft, (1,635 m') 

N = 2,289 (w/unnumbered) 

VI SA = 28.3 ft (8.65 m) 

H = 63 ft (19.2 m) 

D = 105 ft (32 m) 

So (pit) = 1,200 ft, (111 m') 

SA = 14,000 ft, (1,300 m') 

SAMF = 7.700 ft, (715 m')** 

NT = 2,489 (N + standees) 

VIN = 174 ft, (4.92 m') 

W = 66 ft (20.1 m) 

HIW = 0.95 L/W = 1.5 

"Volume in open space above main floor. 

** Main floor seating only. 

NOTE: The terminology is explained in Appendix 1. 

So (pit floor) = 1,350 ft, (125.4 m') 

Sp = 2,400 ft, (223 m') 

S,MF = 11 ,300 ft, (1,050 m')** 

VIST = 22.6 ft (6.9 m) 

SAIN = 6.1 ft, (0.57 m') 

L = 99 ft (30.2 m) 

ITOG = 20 msec 
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Naples 

Teatro di San Carlo 

~ original Teatro di San Carlo was built by King Charles of Bourbon in 

@ {7~7 and destroyed by fire in 1816. Architect Antonio Niccolini was en­

gaged by King Ferdinand to rebuild and restore the Teatro di San Carlo as it had 

been before. Re-opened in 1817, the stage was enlarged. The decorations were 

renewed and the ceiling today bears a painting of that date by Giuseppe Cammarano, 

which depicts Apollo introducing the greatest poets in the world to the goddess 

Minerva. 

An orchestra pit was built in 1872 at the recommendation of Giuseppe Verdi. 

A new chandelier with electric lighting was introduced in 1890. Since that date a 

new foyer and a wing for dressing rooms has been added. To meet safety regulations, 

the seating capacity has been reduced to 1414. The 1737 opening date precedes 

that of Teatro Alla Scala in Milan by 41 years. The San Carlo and La Scala theaters 

are two of the largest surviving implementations of the traditional Baroque theater 

for opera. The first opera house was the Teatro di San Cassiano that opened in 

Venice in 1637. The orchestra was between the stage and the audience, although 

there was no pit. The form of the Italian-style house has been in vogue among 

architects for more than two centuries. Certainly, its acoustical characteristics have 

influenced the composers of Italian operas. 

The author was involved recently (see References) in a survey of two-dozen 

well-known opera houses in ten countries. The acoustical quality of each were gar­

nered from 21 leading opera conductors via questionnaires on which the recipients 

rated the houses on a linear scale with "poor" and "one of the best" on the two 

ends, and intervening steps of "passable," "good," and "very good." The acoustical 

rating of the sound in the audience areas placed San Carlo fifth ("very good"), barely 

behind La Scala, Dresden's '8emperoper, and Tokyo's New National Theatre. For 

the sound as heard by the c~nductor in the pit, it ranked second only to Buenos 

Aires' Teatro Colon ("One of the best"). 
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NAPLES 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Opera, symphonic music, and ballet. Ceiling: Canvas painted by Cammarano; 

upper side of the canvas is glued to flat framework composed of thin wooden ribbons 

in basket weave; poured gypsum above the ribbons makes 2-2.75-in. (5-7-cm) rigid 

layer suspended from wooden beams by tie rods. Side walls: Decorated plaster over 

masonry at main floor level. Wooden balustrades on the outer face at higher levels. 

Walls on either side of proscenium: Two half-columns on each side made of masonry 

covered with plaster and wood; four proscenium boxes are inserted between each half­

column pair; proscenium arch made of wood decorated with stucco. Rear wall and 

sidewalls in boxes: Masonry with wooden door in rear; side walls: masonry in the rear 

fourth of their length; front part is double layer of wood, 2 in. (5 cm) thick; thin velvet 

covers the walls. Walls in pit: Wood panels on steel frame fixed to masonry walls. Main 

floor: Heavy wood, covered with parquet, over 28-in. (70-cm) airspace. Floor in 

boxes: Concrete, with ceramic tJes. Floor in pit: Wood covered with wood tJes; height 

changeable. Carpet: Thin and only in the central aisle. Seats: on main floor, well 

upholstered chairs with wooden lower seatbottom; wooden chairs with velvet cushions 

in boxes. 

ARCHITECT: 1737, Antonio Medrano; 1817, Antonio Niccolini. ACOUSTICAL 

CONSULTANT: None. PHOTOGRAPHS: Press Office of the S. Carlo. REFERENCES: 

O. Iannace, C. Ianniello, L. Maffei and R. Romano, "Room acoustic conditions of 

performers in an old opera house,"]' Sound Vib. 232, 17-26 (2000); and "Objective 

measurement of the listening condition in the old Italian opera house "Teatro di San 

Carlo,"]' Sound Vib., 232,239-249 (2000). 

v = 483,600 ft3 (13,700 m3) Sa = 7,941 ft2 (738 m2) SA = 10,222 ft2 (950 m2) 

S';1 = 1,162 ft2 (108 m2) Sp = 2,900 ft2 (270 m2) ST = 14,284 ft2 (1,327 m2) 

N = 1,414 H = 80 ft (24.4 m) W = 73 ft (22.2 m) 

L = 112 ft (34 m) D = 119 ft (36.3 m) VIST = 33.85 ft (10.32 m) 

VISA = 47.3ft (14.4 m) VI N = 345 ft3 (9.78 m3) SA/N = 7.30 ft2 (0.68 m2) 

Sal N = 5.67 ft2 (0.527 m') HIW = 1.10 LIW = 1.53 ITDG = 31 msec 

NOTE: The terminology is explained in Appendix 1. 
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Kyoto 

Concert Hall 

~ Kyoto City Foundation for the Promotion of Classical Music has as its 

@ r::tto, "Kyoto to be a culturaly free city open to the exchange of cultures 

of the world." The Kyoto Symphony Orchestra is owned by the City of Kyoto, the 

only orchestra in Japan owned by a municipality. The Concert Hall, seating 1,840, 

opened in October 1995, celebrating the 1,200th anniversary of the transfer of the 

Capital of Japan to Kyoto. 

Paul Goldberger, architecture critic, The New York Times, wrote on July 2, 

1995, "The hall is crisp and sharp and as serene as a Japanese temple. Its mood is 

defined in part by its materials: white oak floor, natural wood grillwork lining the 

bottom half of the room, white plaster at the top, side columns of gray-green Pietro 

Serena stone and seats of a subtle blue-gray velvet. Like all first-rate halls, Kyoto 

Concert Hall blends a sense of intimacy with monumentally. The room is warm 

enough to feel comforting, spare enough to defer to the primacy of the music." 

With a reverberation time of 2.0 sec at mid-frequencies, fully occupied, the 

hall is well suited to today's taste in classical music. I heard organ music in the 

semi-occupied hall, and the sound was full and warm. 

The hall has interesting acoustical features. On the main floor there are no 

balcony overhangs on the sides; at the rear only two rows of seats are overhung. In 

the balcony behind the stage there are 156 seats and to the sides there are about 

140 seats. The distance from the front of the stage to the farthest listener is only 

about 118 ft (36 m), compared to Boston's 133 ft (40.5 m). To provide sound 

diffusion at the higher frequencies, the concrete sidewalls at the main floor and first 

balcony levels are first covered with a O.4-in. (l-cm)-thick artificial wood cemented 

to concrete and a randomly spaced lattice worl< composed of strips 2.4 X 2.8 in. 

(6 X 7 cm) of artificial wood firmly cemented to the O.4-in. board. Two-thousand 

obliquely cut cubes with an average height of about 1 ft (30 cm) cover the center 

of the ceJing and are designed to diffuse the sound. 
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KYOTO 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, chamber music, soloists, chorus, organ. Ceiling (center): Mortar on 

wire lath, 2.4 in. (6 cm), with 2,000 sound-diffusing, obliquely cut, cubes with heights 

of 6-12 in. (15-30 cm), formed from 0.4-cm steel plate, filled with 1.6-in. (4-cm) 

mortar. Side ceiling: Fiber-reinforced concrete 1.2 in. (3 cm). Sidewalls: Upper, 

mostly 1.2-in. (3-cm) fiber reinforced concrete; sidewalls at 3rd floor, artificial oak 

wood 0.8 in. (2 cm) cemented to solid concrete and 0.3-mm natural oak cemented to 

that; at 1st and 2nd balcony levels, randomly spaced lattice work of 2.4 X 2.8-in. (6 

to 7-cm) artificial wood cemented to 0.4 in.(l cm) artificial wood board, in turn ce­

mented to solid concrete; rear wall, gypsum board, 1.2 in. (3 cm); behind organ, solid 

concrete; around stage, same lattice work as for side walls except separated from concrete 

wall by 24-45-in. airspace. Floors: Audience in general, 0.75-in. (1.8-cm) Japanese 

oak on plywood 0.6 in. (1.5 cm), on wood joists above a large airspace over a concrete 

slab; side balcony of 3rd floor, Japanese oal~ cemented to solid concrete. Stage floor: 

Tongue-and-groove pure Japanese Hinoh cypress, 1.6 in. (4 cm), on wood joists, selected 

by audition. Seating: Seat back, molded plywood; front side of seat back upholstered 

with polyurethane foam, 2.4 in.(6 cm); rear side polyurethane foam, 0.25 in.(0.6 cm) 

thick; upper side of seat bottom with polyurethane foam, 1.6 in.(4 cm); bottom side; 

armrests wood. 

ARCHITECT: Arata Isozaki & Associates. ACOUSTICAL CONSULTANT: Nagata 

Acoustics, Inc. PHOTOGRAPHS: Katsuaki Furudate. REFERENCES: C. Ishiwata, 

K. Oguchi, Y. Toyota & M. Nagata, "Acoustical design of Kyoto Concert Hall," Proc. 
3rd Joint Meeting of ASA/AS], f. Acoust. Soc. Am. 100, 2706(A) (1996); K. Oguchi, 

C. Ishiwata, Y. Toyota & M. Nagata . 

• T ECHNICAL DETAILS 

v = 706,000 ft3 (20,000 m3) 

So = 2,550 ft2 (237 m2) 

H =49.2 ft (15 m) 

D = 118 ft (36 m) 

VIN = 384 ft3 (10.9 m3) 

HIW = 0.42 

S, = 9,533 ft2 (886 m2) 

ST = 14,440 ft2 (1,342 m2) 

W = 119 ft (35.3 m) 

VI ST = 48.9 ft (14.9 m) 

SAIN = 6.80 ft2 (0.632 m2) 

LIW = 0.98 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 12,503 ft2 (1,162 m2) 

N = 1,840 

L = 115 ft (35.1 m) 

VISA = 56.5 ft (17.2 m) 

S,IN = 5.18 ft2 (0.48 m2) 

ITDG = 32 msec 
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Osaka 

Symphony Hall 

~ Osal~a Symphony Hall, which opened in 1982 on the occasion of the 

({;!I ~~th-anniverSary of the Asahi Broadcasting Corporation, was the first con­

cert-only hall built in Japan. It has a very pleasant ambience, in large part because 

the most remote seat is only 98 ft (30 m) from the stage. It is used daily for classical 

music concerts and has a good reputation -a tribute to the care taken in acoustical 

design. A primary goal was to achieve an optimum reverberation time of between 

1.8 and 2.0 sec, fully occupied. 

For a hall that seats only 1,702 persons, it is surprisingly wide, the main floor 

width measuring 92 ft (28 m) and the first-balcony cross-hall width 119 ft (36.3 m). 

This poses some difficult acoustical problems. To produce a satisfactorily short, 

initial-time-delay gap, 26 suspended, convex, sound-reflecting panels are positioned 

over the stage. Early lateral reflections are directed to the main floor seating areas 

both by these suspended panels and by the downward-sloping balcony fronts. Such 

reflections are not provided by the lower side walls because of the presence of large­

scale diffusing elements (see the photograph). Concert reverberation is provided by 

a high ceiling, from which are hung an array of 40 convex panels, chosen to simulate 

the acoustical diffusion provided in classical European halls by ceiling coffers. The 

stage is very wide and large in area (3,070 ft2, 285 m2). 
I attended a concert by an 85-piece symphonic orchestra in 1993. The violins 

sat 2 m from the front of the stage and 4 m from each side of the stage, so that 

the players were using an area equal to that of the entire stage in Boston's Symphony 

Hall. Where I sat in the first balcony, third row, 14 seats off center, the sound was 

excellent. The reverberation time was satisfactory, subjectively 2 sec at mid­

frequencies. The balance among sections of the orchestra was flawless and the en­

semble was perfect. As expected, the orchestra seemed very close, visually and acous­

tically. On the main floor the various sections of the orchestra did not blend as 

well, probably because of the great width of the hall and insufficient early lateral 

reflections from the lower side walls at mid- and high frequencies. 

Osaka is justly proud of this beautiful and musically satisfactory hall. 
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870 OSAKA 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Classical music concerts. Ceiling: Two layers of gypsum or calcium board, total 

thickness 1.5 in. (3.8 cm), some openings. waIls: Plastered concrete, with a gypsum 

board layer to which is cemented artificial marble; balcony faces are plywood over con­

crete. Floors: Cork tile over concrete. Carpet: None in hall. Stage walls: Same as 

side walls. Stage floor: O.75-in. tongue-and-groove hardwood on O.75-in. plywood 

subfloor on sleepers. Stage height: 37 in. (94 cm). Sound-absorbing materials: 

none. Seating: Wooden seat back; front of seat back and seat bottom upholstered with 

porous fabric over polyvinyl foam; underseat, perforated wood; arms, wooden. 

ARCHITECTS: Taisei Corporation. ACOUSTICAL CONSULTANTS: Kiyoteru Ishii 

and Hideki Tachibana. PHOTOGRAPHS: Courtesy of Taisei Corporation. 

v = 628,500 ft3 (17,800 m3) 

So = 3,068 ft2 (285 m2) 

H = 68 ft (20.7 m) 

D = 100 ft (30.5 m) 

V/N = 369 ft3 (10.45 m3) 

H/W = 0.65 

S, = 9,774 ft2 (908 m2) 

ST = 15,244 ft2 (1,416 m2) 

W = 104 ft (31.7 m) 

V/ST = 41.2 ft (12.57 m) 

SA/N = 7.81 ft2 (0.725 m2) 

L/W = 0.89 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf" 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,304 ft2 (1,236 m2) 

N = 1,702 

L = 93 ft (28.3 m) 

VISA = 47.2 ft (14.4 m) 

S,/ N = 5.74 ft2 (0.533 m2) 

ITOG = 40 msec 
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Sapporo. 

UK- 17 C H 11 Itara oncert a 

~apporo, the largest city located on Japan's northernmost island Hol<­

Cf::J kaido, has a concert hall, nicknamed "Kitara," that attracts prominent 

classical-music artists from within Japan and abroad. Seating 2,008, Kitara is the 

home of the Sapporo Symphony Orchestra and the Pacific Music Festival. On 

entering the hall, one sees two huge, sweeping, curved surfaces that focus on the 

stage, behind which stands a beautiful organ, all capped by a three-part canopy that 

is surrounded by an array of lights. 

The concert hall opened on July 4, 1997, and is modeled after the phJhar­

monie in Berlin and the Suntory Hall in Tol<yo. In all three, about 30 percent of 

the audience is seated to the sides and rear of the orchestra, thus reducing the 

distance of the farthest auditor from the podium. The balconies are a collection of 

terraces, eight in number, that not only subdivide the audience, but serve, through 

their fascia, to distribute much of the music's sound energy directly to the seating 

areas. Massive sidewall and ceiling constructions preserve the bass sounds. The 

multiple curved surfaces around the periphery diffuse the reverberant sound. 

In the design, emphasis was placed on providing strong early lateral reflections 

of the orchestra's sound directly to the audience areas. This emphasis on reflecting 

early sound energy from the balcony fronts means that less energy than is normal 

in other halls is available to create reverberant energy; thus the reverberation time 

could be low. However, this possible defiCiency is compensated for by increasing the 

cubic volume so that it is about 60 percent greater then that found in a classical 

rectangular hall with the same seating capacity. The RT at mid-frequencies with 

full audience is (calculated) between 1.8 and 2.0 sec. 

Because of the large volume, the average strength of the sound is less than 

that in a smaller hall, thus making it particularly favorable to large orchestral forces 

such as are required to play compositions lil<e those of Mahler. Large pipe-organ 

concerts are very effective. 
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SAPPORO 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and choral concerts; voice, instrumental, and organ recitals. Ceil­

ing: 6-in. (15-cm) pre-cast concrete. Stage canopy: Adjustable-height, suspended, 

three-part reflectors, 2 in. (5 cm) total thickness composed of multiple layers of glass­

tiber-reinforced gypsum board. Sidewalls: Outer walls, massive concrete; curved inner 

walls, one to three layers glass-tiber-reinforced gypsum board with wood veneer. Frontal 

wall (behind organ): Poured concrete with wood veneer. Rear wall: 50% open grille, 

over 2-in. (5-cm) glass-fiber blanl~et, over airspace. Terrace (balcony) fronts: Poured 

concrete with wood veneer. Audience floors: Wooden parquet on concrete. Carpet: 

None. Stage floor: Two layers wood (Hinoki cypress), over airspace. Stage height: 

31 in. (80 cm). Seats: Seat bottom, perforated; front of back and upper part of seat 

upholstered; armrests, upholstered. 

ARCHITECT: Hokkaido Engineering Consultants. ACOUSTICAL CONSULTANT: 

Nagata Acoustics. ORGAN BUILDER: Alfred Kern (French). REFERENCE: Y. Toyota, 

A. Ozawa, and K. N aniwa, "Acoustical design of the Sapporo concert hall," Proceedings 

0/ 16th International Congress on Acoustics, Seattle, WA, 2457-2458 (1998). 

~TECHNJCAL DETAILS 

v = 1,016,640 ft' (28,800 m') 

S, = 2,582 ft2 (240 m2) 

H = 70 ft (21.3 m) 

o = 117 ft (35.7 m) 

VIN = 506 ft' (14.34 m') 

HIW = 0.7 

Sa = 10,900 ft2 (1,013 m2) 

ST = 17,410 ft2 (1,618 m2) 

W = 100 ft (30.5 m) 

VIST = 58.4 ft (17.8 m) 

SA/N = 7.70 ft2 (0.716 m2) 

LfIN = 0.72 

Note: ST = SA + 1,940 ft2 (180 m2); see definition of ST in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,473 ft2 (1,438 m2) 

N = 2,008 

L = 72 ft (22 m) 

VISA = 65.7 ft (20.0 m) 

Sal N = 5.43 ft2 (0.50 m2) 

ITOG = 45 msec 
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Tokyo 

Bunl~a Kail~an 

@rior to 1975, most Japanese halls used for the performance of music had if been built as city halls or general-purpose public halls. Dramas, public 

speeches, and traditional Japanese opera (Kabul<i) were their mainstay. All had stage 

houses and used a concert stage enclosure for symphonic, chamber, and recital 

music. The most enduring one for concerts is the 2,327 seat Bunl<a Kaikan in 

Deno ParI<, located along with several art museums and a zoo. 

The hall, dedicated in 1961, is diamond shaped. The width at the proscenium 

is 66 ft (20 m), at the rear, 60 ft (18 m), and at the center 112 ft (34 m). Two 

large, very irregular walls extend from the stage into the hall along the entire sides 

of the main floor. The orchestra enclosure is stril<ing in appearance. In plan, it is 

fan shaped. Starting at a height of about 20 ft (6 m) above the rear stage riser, the 

stage ceiling soars upward to double the height at the proscenium. A permanent 

section of the ceiling extends into the hall, reaching a height of 56 ft (17 m) above 

stage level. This steep sound-reflecting canopy is modulated in convex, curved seg­

ments so that reflected sound spreads nearly evenly over the stage, most of the main 

floor, and the lower balconies. A large part of the side walls of the stage are unusual, 

and are not seen in any other hall. They consist largely of horizontal parallel slats 

ranging in widths from one to a few inches, spaced 4 in. (10 cm) apart (see the 

photograph). Behind these slats are vertically splayed surfaces. 

With a reverberation time of only 1.5 sec, occupied, at mid-frequencies, the 

hall is surprisingly live. This is explained by the large number of early reflections 

that come from the canopy, the front sides of the stage, the irregular side walls, and 

the balcony fronts, giving an early sound decay time EDT of 1.85 sec (average 

throughout the hall). On the main floor, the overall impression is one of satisfactory 

bass and lovely string tone. A solo violin is very clear and resonant, aided by the 

1.85 sec EDT. The brass is in good balance with the strings. The woodwinds have 

an optimal sound. The public gives Bunka Kail<an high marks. 
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Bunka Kaikan 

~ ~CHTTECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestral music, drama, public functions, and recitals, Ceiling: I-in. plaster 

on wire lath suspended beneath heavy structure. Walls: Concrete. Floors: Concrete. 

Carpet: In aisles only. Stage enclosure: Walls (see the text) . Stage height: 19.7 in. 

(50 cm). Acoustic reflectors: The two side walls extending from the proscenium to 

the bacl~ of the balconies are heavily modulated to produce diffuse reflections. Sound­

absorbing ll1aterials: On rear walls. Seating: Wooden seat back; front of seat back 

and top of seat bottom upholstered with porous fabric facing; underseat, wood, unper­

forated; arms not upholstered. 

ARCHITECT: Kunio Maekawa. ACOUSTICAL CONSULTANT: NHK Technical 

Research Laboratories. PHOTOGRAPHS: Courtesy of NHK. REFERENCES: Y. Makita, 

M. Nagata, A. Usuba, H. Tsukuda, H . Takato, T. Yamamoto, Y. Sakamoto, T. Yama­

guchi, H. Nakajima, R. Nishimura, and A. Mizoguchi, "Acoustical design of the Tokyo 

Metropolitan Festival Hall," Technical Journal 0/ NHK 15, No. 1-2 (1963). 

TECHNICAL DETAILS 

v = 610,900 ft3 (17,300 m') 

So = 2,600 ft2 (241 m2) 

H = 57 ft (17.4 m) 

D = 118ft(36m) 

V/N = 262 ft3 (7.42 m3) 

H/W = 0.66 

S, = 10,581 ft2 (983 m2) 

ST = 15,940 ft2 (1,481 m2) 

W = 87 ft (26.5 m) 

V/ST = 38.3 ft (11.68 m) 

SA/N = 6.02 ft2 (0.56 m2) 

L/W = 1.2 

Nate: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sf" 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,000 ft2 (1,301 m2) 

N = 2,327 

L = 104 ft (31.7 m) 

VISA = 43.6 ft (13.3 m) 

S,/ N = 4.55 ft2 (0.422 m2) 

ITOG = 14 msec 
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Tokyo 

Dai-ichi Seilllei Hall 

I?JJ / nique in several ways, the Dai-ichi Seimei Hall, opened in 2001, is the U first privately owned musical-performance facility in Tokyo whose opera­

tion is closely tied to the surrounding community through a non-profit organiza­

tion. Located on the manmade Harumi Island in the Tokyo Bay, which is connected 

to the city by two bridges and a subway, the hall is tuclzed in the space between three 

office skyscrapers. Oval in shape, with a mid-frequency reverberation time of 1.6 sec 

and seating 767, it is intended primarily for chamber music. 

The non-profit organization, called the Triton Arts Network, initially plans 

to emphasize string quartets, which currently have no prominent center in Tolzyo. 

At least once a month, on Wednesdays, quartets that have won major competitions 

worldwide, and those that are attracting attention in Japan, will be invited to present 

"award concerts." Special master classes conducted over a two-weelz period precede 

a special performance on Christmas Eve. 

The oval shape of the Dai-ichi Seimei Hall was chosen to bring performers 

and listeners closer together. The interior is bright, featuring toned white oalz. 

Acoustically, an oval shape for a hall is challenging. The reflection patterns of the 

hall were studied using a 20: 1 scale model. All surfaces involved in early reflections 

are made irregular to give the music a rich "patina." To avoid focusing on the 

longitudinal centerline, the designers placed sound-absorbing materials in the rear 

parts of the lighting coves that surround the ceiling. Schroeder diffusers, some with 

absorbent materials, are located on the walls beneath the rear balcony to eliminate 

echoes. A "simulated audience" made by placing a suitable cloth over all seats was 

specially helpful in the tuning period after the hall was completed (Beranelz and 

Hidalza, 2000). This procedure maIzes detailed acoustical tests for the "occupied" 

condition possible and eliminates the anxiety of "how will it sound on opening 

night?" Criticism by critics, ~usicians, and audiences has been favorable as detailed 

in a paper by Olzano and Beranelz (2002). 
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TOKYO 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Classical concerts, especially chamber music, soloists and conferences. Ceiling: 

1.25-in. (3.2-cm) fiber-reinforced gypsum board, 10.4 lb/ft2 (51 kg/m2). Sidewalls: 

0.25-in. (0.6-cm) wood-lJ~e silicate board over 1.0 in. (2.5 cm) fiber-reinforced gypsum 

board, 9 lb/ft2 (44 kg/m2) . Floors: Main floor and floors at upper levels, 0.2-in (0.5-

cm) coated cork tJe cemented to solid concrete. Carpet: None. Stage floor: 0.6-in. 

(1.5-cm) laminated cypress glued over 0.6-in. (1.5-cm) plywood with joists at 18-in. 

(45-cm) intervals. Seats: Wood with cushions at the top of seat bottom and front of 

seat back, each 1.6 in. (4 cm) thick. Stage height: 30 in. (0.75 m). 

ARCHITECT: Basic design: Urban Development Corporation and Nikken Sekkei 

Ltd; DetaJed design: Takenaka Corporation (joint venture). ACOUSTICAL CONSUL­

TANT: Takenaka Research & Development Institute and Leo L. Beranek. PHOTO­

GRAPHS: Technical Art Corporation. REFERENCES: T. Okano, "Overhead and near­

head sound localization in an oval-shaped hall," ]. Acoust. Soc. Am. Paper submitted, 

2002. T. Okano and L. Beranek, "Subjective evaluation of a concert hall's acoustics 

using a free-format-type questionnaire and companion with objective measurements," 

]. Acoust. Soc. Am. Paper submitted, 2002. 

TECHNICAL DETAILS 

v = 240,000 ft3 (6,800 m3) Sa = 4,110 ft2 (382 m2) SA = 5,789 ft2 (538 m2) 

So = 1,120 ft2 (104 m2) ST = 6,909 ft2 (642 m2) N = 767 

H = 38.4 ft (11.7 m) W = 66.9 ft (20.4 m) L = 73 ft (22.3 m) 

D = 73 ft (22.3 m) VIST = 34.7 ft (10.6 m) VISA = 41.45 ft (12.6 m) 

VIN = 313 ft3 (8.86 m3) SA/N = 7.54 ft2 (0.70 m2) S,IN = 5.36 ft2 (0.50 m2) 

HIW = 0.57 LIW = 1.09 ITOG = 24 msec 

Note: When the stage is expanded, So = 1,506 ft2 (140 m2); Sa = 3,900 ft2 (363 m2); 

SA = 5,165 ft2 (480 m2); N = 714. N includes 8 wheelchairs. 

NOTE: The terminology is explained in Appendix 1. 
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Tokyo 

Ham.arikyu Asahi Hall 

~ Hamarikyu Asahi Hall takes its place in Tokyo as a location for musical 

({;!I ;::iormance hospitable to intimate concert music. Small orchestras, cham­

ber groups, and soloists demand a close relationship to their audiences. The solution 

here is a hall of intimate size, proven shape, with a properly tailored stage. 

Seating 552 persons, the hall was dedicated in 1992. Tokyo's building code 

prevents the use of wood except on the stage floor. A marble-like material with a 

corrugated surface is used on the walls below the balcony. Elsewhere, all walls and 

the ceiling are either gypsum board or artificial wood. A thin wooden ply, for ap­

pearance, is cemented to the hard backing above the balcony and on the walls 

surrounding the stage. The random vertical corrugations on the marble-like facing 

were added to scatter the high frequencies above 1,500 Hz into the reverberant 

sound field, thus reducing the high-frequency energy in the early specular reflections 

and giving the early reflected sound a more mellow quality (see Chapter 4). The 

balcony fronts reflect early lateral energy to the seating areas. Similarly, the ceiling 

is coffered to scatter the first reflections and to diffuse the reverberant sound field. 

A tilted, corrugated panel is located around the top of the stage enclosure to provide 

good communication among the players. The stage depth was held to 23 ft (7 m) 

and the area to 786 ft2 (73 m2) to favor small performing groups. 

Measurements in the completed hall disclosed that the seats were absorbing 

more low-frequency energy than those tested during the design period. The result 

was a peak in the reverberation time of 0.2 sec between 500 and 2,000 Hz. This 

peak was flattened by adding a thin sheet of sound-absorbing material behind an 

impervious face in the "white" spaces above the balcony (see the photograph). 

Performers have expressed satisfaction with the stage acoustics and the sound 

is uniform in quality throughout the hall. The acoustical measurements show an 

occupied mid-frequency rev~rberation time of 1.7 sec. 



TOKYO 



Hamarikyu Asahi Hall 

SEATING CAPACrTY 552 

0 448 

0 104 

10 0 10 20 30 40 ~o 60 70 80 90 

FEET 



TOKYO 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Chamber music and recitals. Ceiling: 0.83-in. (2.1-cm) gypsum board. Over­

stage reflecting panels: Chevron shapes, artificial wood (phenol foam board mixed 

with glass fiber). Walls above balcony and balcony fronts: Thin ply of maobi wood 

cemented to 0.31-in. (0.8-cm) artificial wood. Walls around main floor: Corrugated 

marble-like urethane-coated silicate board cemented to 1.7-in. (4.2-cm) gypsum board. 

Floors: Parquet cemented to solid concrete. Carpet: None. Stage height: 30 in. 

(0.75 m). Seating: Upholstered both sides of seat back and seat with polyvinyl cushion 

covered by porous fabric; armrests wooden. 

ARCHITECT: Tal~enaka Corporation, Tokyo. ACOUSTICAL DESIGN CONSUL­

TANT: Leo 1. Beranel~. ACOUSTICAL RESEARCH LABORATORY: Takenaka Research 

and Development Institute. PHOTOGRAPHS: Taisuke Ogawa. REFERENCE: T. Hidaka 

et al., "Acoustical design and evaluation of Hamari1~yu Asahi Hall," Proc. Acoust. Soc. 

Jpn., March (1993) (in Japanese). 

v = 204,800 ft3 (5,800 m3) 

So = 785 ft2 (73 m2) 

H = 39 ft (12 m) 

D = 80 ft (24.4 m) 

VIN = 371 ft3 (10.5 m3) 

HIW = 0.8 

Sa = 3,046 ft2 (283 m2) 

Sr = 5,037 ft2 (468 m2) 

W = 49 ft (15 m) 

VIST = 37.3 ft (11.4 m) 

SA/N = 8.48 ft2 (0.79 m2) 

L/W = 1.65 

NOTE: The terminology is explained in Appendix 1. 

SA = 4,252 ft2 (395 m2) 

N = 552 

L = 81 ft (24.7 m) 

VISA = 43.8 ft (13.3 m) 

SalN = 5.52 ft2 (0.513 m2) 

ITDG = 16 msec 
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Tokyo 

Metropolitan Art Space Concert Hall 

#? pened in 1990, the Tokyo Metropolitan Art Space Concer!: Hall, seating 

f!./ 2,017, is one of four large concer!: halls of Tokyo. Several of the Tokyo 

metropolitan symphony orchestras hold par!: of their subscription concer!:s here. 

The entrance to the Art Space is by way of a huge all-glass atrium, 92 ft (28 m) 

high. Audiences take a single escalator to the fifth floor, and then go up another 

escalator or ascend a flight of stairs. 

The broad design goal was to follow the general shape of the Bunka Kaikan. 

A much larger reverberation time was prescribed, 2.15 sec at mid-frequencies, fully 

occupied, compared to 1.5 sec for the Bunka Kaikan. Early reflections from many 

directions following the direct sound are provided to all par!:s of the seating area. 

The measured results are in agreement with the design concept. The reverberation 

time rises from 2.15 sec at 500 Hz to 2.55 sec at 125 Hz. The sound level is 

remarkably constant on the main floor, and drops off as normally expected in the 

first balcony, but regains its level in the second balcony. The clarity measure is 

normal for good halls. 

Over the stage, a large canopy, adjustable segmentally, provides communica­

tion among the players and sends early reflections to the main floor. The balcony 

faces are tilted to send early sound reflections to the seating areas and large sound 

reflecting and diffusing elemeI1ts are provided on the side walls. 

Listening to a concer!: from the main floor center, featuring Mahler's Second 

Symphony, gave me a very different impression from that in the Bunka Kaikan. 

The music was very much louder-one is enveloped by the sound, almost drowned 

in it-and the clarity is less. Because of the rise in reverberation time at low fre­

quencies, the bass and cello sounds are very strong, primarily on the main floor. 

The players have found the sound on stage quite acceptable. 
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TOKYO 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Music only. Ceiling: l.4-in. (3.6-cm) plasterboard, above which is large airspace; 

cloth finish above seating; perforated board applied on the surrounding areas. Walls: 

Sloping; lower side walls concrete, covered with 0.3-mm walnut veneer, upper side walls 

marble veneer (see the photographs); rear wall at first balcony level, glass wool behind 

perforated board; balcony fronts, plaster covered with walnut veneer. Sound diffusers: 

On side walls, marble veneer. Floors: Japanese oak, penetrated by ventilation mush­

rooms. Carpets: None. Stage enclosure: Lower part, same as lower side walls; upper 

part marble veneer; canopy, l.4-in. (3.6-cm) plaster board with cloth finish; canopy, 

adjustable for small concerts, completely concealing pipe organ; full height for organ 

and large concerts. Stage floor: 1.6-in. (4-cm) Japanese oak over I-in. (2.4-cm) board. 

Stage height: 31.5 in. (80 cm). Seating: Underseats and rear backs, molded plywood; 

porous cloth over polyurethane foam on front of backs and top of seat; armrests, solid. 

ARCHITECT: Yoshinobu ABhihara & ABsociates. ACOUSTICAL CONSULTANT: 

Nagata Acoustics, Inc. PHOTOGRAPHS: Kokyu Miwa. REFERENCE: M. Nagata, 

S. Ikeda, and K. Oguchi, "Acoustical design of the Tokyo Metropolitan Art and Cul­

tural Hall," paper presented at 120th Meeting of Acoustical Society, November 1990, 

f. Acoust. Soc. Am. 88, p. S112 (abstract). 

v = 880,000 ft3 (25,000 m3) 

So = 2,230 ft2 (207 m2) 

H = 51 ft (15.5 m) 

D = 153 ft (46.6 m) 

V/N = 436 ft3 (12.4 m3) 

H/W = 0.55 

Sa = 10,000 ft2 (929 m2) 

ST = 16,060 ft2 (1,492 m2) 

W = 92 ft (28 m) 

V/ ST = 54.8 ft (16.75 m) 

SAIN = 7.0 ft2 (0.65 m2) 

L/W = 1.25 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sp 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,120 ft2 (1,312 m2) 

N = 2,017 

L = 115ft(35 m) 

VISA = 62.3 ft (19.0 m) 

SalN = 4.96 ft2 (0.46 m2) 

ITOG = 27 msec 
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New National Theatre, 
Opera House 

~~I.P=" lim National Perlo=ing An, Cent" hae two rad,-the New 
~ ~lational Theatre (NNT), owned and operated by the Japan Arts Council; 

and the Tol~yo Opera City (TOC), owned by a consortium of industrial companies 

and operated by the Tokyo Opera City Cultural Foundation. The NNT is composed 

of the Opera House, the "Playhouse," and a small experimental theatel; "The Pit." 

The TOC, adjacent to the NNT, consists of a concert hall, a 54-story sl~yscraper, 

an art gallery, and a galleria with shops and restaurants. The complex covers nearly 

11 acres (44,090 m2) and is located in Shinjul~u district. 

Seating 1,810, the opera house opened October 10, 1997. The opening night 

audience, which included the Emperor and Empress of Japan, heard remarks by 

Prime Minister Ryutaro Hashimoto, who stated that with the NNT/TOC, Tol~yo 

had become a cultural center of the world. 

The architect states, "The design of the Opera House facilitates the exchange 

of energies between those on stage and those attending the performance .... The 

people in the audience are positioned so that they surround the stage as much as 

possible, and the balconies encourage empathy amongst them as they face each 

other across the hall." 

The opera house has a main floor that first spreads and then becomes box­

l~e. Each of the three balconies has parallel faces. The acoustical design goals were 

to achieve uniform projection of the singers' voices over the audience at sound levels 

somewhat higher than in conventional opera houses. To achieve those goals an 

architectural" acoustical trumpet" was devised as shown in the drawings by the seven 

surfaces labeled "T." The overhead sound reflector supplies the necessary clarity. The 

balcony-front "T" s assure optimum spaciousness and loudness. Also, the balcony 

faces are shaped to provide early lateral reflections, to aid in uniform sound distri­

bution, and to increase the loudness. The reverberation time, occupied, at mid­

frequencies, is 1.5 sec. 
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New National Theatre, Opera House 

Music critics and performers agree: "The balances between singers and or­

chestra and the high and low tones are just right. The conductor can play full 

strength and yet, every voice and every instrument are clear-the definition is just 

right .... The hall is a success." 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Grand and popular opera and ballet. Ceiling (main): Two layers plywood, each 

0.5 in.(1.2 cm). Balcony soffits: Two layers gypsum boards, each 0.5 in. (12.5 mm). 

Sidewalls (main): Two layers, 1.18 in. (3 cm). Reflectors: Large "T," over proscenium, 

two layers of plywood boards, each 0.25 in. (6 mm); balcony front "T"s, wooden panel, 

1.18 in. (3 cm), cemented silky oak with sound-diffusing grooves, 1 in. (2.5 cm). 

Balconies: faces, wood panel, 2 in. (5 cm); soffits, two layers gypsum board, each 

0.5 in. (1.25 cm). Absorbing ll1aterials: Portion of balcony soffit beneath 1st balcony 

real; 95 m2, covered with glass fiber 1 in. (2.5 cm) to reduce echoes; rear wall, main 

floor, 34 m2 covered with glass fiber, 1 in. (2.5 cm). Floors: Audience, two layers­

one of tongue-and-groove wood flooring 0.5 in. (1.2 cm) and one of plywood 0.9 in. 

(1.5 cm) over concrete; pit floor, two layers-upper one of pine board, 1.2 in. (3.0 cm); 

lower of plywood, 0.5 in. (1.5 cm). Carpet: None. Seating: 65% of bacl"rest covered 

with cushion, 0.8 in. (2.0 cm); seat bottom covered with cushion, 3.9 in. (10 cm); 

armrests wooden. 

ARCHITECT: Tal"ahiko Yanigasawa + TAK Associated Architects, Inc. Acous­

TICAL CONSULTANT: Leo Beranek and Takenaka Research and Development Insti­

tute. PHOTOGRAPHS: From audience, Osamu Murai C; from stage, Shinl"enchJ"u­

sha Co. REFERENCES: L. L. Beranek, T. Hidal"a, and S. Masuda, "Acoustical design 

of the Opera House of the New National Theatre, Tokyo, Japan,"]. Acoust. Soc. Am. 

107,355-367 (2000). 

TECHNICAL DETAILS 

v = 512,000 ft' (14,500 m') Sa = 9,590 ft2 (891 m2) SA = 12,400 ft2 (1153 m2) 

So (pit) = 1,100 ft2 (102 m2) S(proc) = 2205 ft2 (205 m2) ST = 15,705 ft2 (1460 m2) 

N = 1810 H = 67.2 ft (20.5 m) W = 85.3 ft (26 m) 

L = 101 ft (30.7 m) D = 112.5 ft (34.3 m) VI N = 283 ft' (8.0 m') 

VIST = 32.6 ft (9.9 m) VISA = 41.3 ft (12.58 m) SjN = 6.9 ft2 (0.64 m2) 

HIW = 0.79 L/W = 1.18 ITOG = 28 msec 

NOTE: The terminology is explained in Appendix 1. 

3'97 
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NHKHall 

~apanese Broadcasting Corporation (NHK) uses this hall, seating 3,677 
@ ;:::ons, primarily as a concert hall, but also for opera, variety shows, and 

popular music. Opened in 1973, it is the home of the NHK Symphony Orchestra, 

which holds subscription concerts six days a month. A semi-fan plan was adopted, 

fan at front and parallel walls in rear half. At each level, the audience is divided into 

three areas. NHK Hall takes its place as one of the largest concert halls in the world 

used by a major orchestra. The concert stage can be expanded from 2,100 ft2 
(196 m2) up to 3,360 ft2 (310 m2) in three steps, by removing up to 150 seats. 

The audience on the main floor receives early reflections from the stage en­

closure, from the impressive wedge-shaped balcony fronts, and from the succession 

of overhead curved reflectors that begin at the rear wall of the stage and continue 

as an integral part of the ceiling over most of the audience. Shown clearly in the 

photographs are protruding elements attached to the surfaces of the side walls of 

the stage and the auditorium which spread, by diffusion, early sound reflections. 

The greatest distance of a listener from the non-augmented stage front is 156 ft 
(47.5 m). The mid-frequency reverberation time, with full audience, is about 

l.7 sec, a little on the low side for symphony concerts, but excellent for the many 

uses made of the hall. 

I have attended two concerts in NHK Hall, one by the Boston Symphony 

Orchestra and the other by the NHK orchestra. I sat in three seats, one on the 

main floor, the second 15 seats off center in the second balcony, and the third on 

the aisle near an exit stair in the first balcony. I was surprised at the similarity of 

the sound at the three seats and at its strength, although it was a little weal<er than 

than in Boston. The orchestral sections were well balanced and the sound was clear 

and warm. The lower reverberation time and the lack of reverberant sound energy 

from behind made the sound more directional than in classical, smaller rectangular 

halls. The Boston players expressed no dissatisfaction. 
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c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily concerts, variety shows, musical comedies, and popular audience­

participation TV productions. Ceiling: O.2-in. (5-mm) asbestos board. Stage ceiling 

and sidewalls: O.6-in. (1.7-cm) compound panel. Main and balcony side walls: 1.2-

in. (3-cm) mortared, reinforced concrete and O.8-in. (2-cm)-thick asbestos board. 

Sound absorption: In rear part of ceiling, two large areas of perforated asbestos board 

with I-in. (2.5-cm) glasswool and airspace behind; same for rear walls of balconies. 

Stage floor: 1.9 in. (4.8 cm) wooden strips. Stage height: 35 in. (89 cm). Audience 

floor: vinyl tile on concrete. Carpet: Thin, on aisles. Seating: Tops of seats and fronts 

of the bachests are upholstered with cushion; armrests, wood. 

ARCHITECT: Nikken Sekkei Ltd., Tokyo. ACOUSTICAL CONSULTANT: Tech­

nical Research Laboratories of NHK. PHOTOGRAPHS: Courtesy of Tal~ashi Nishi, 

NHK. REFERENCES: T. Yamamoto, M. Nagata, and H. Tsukuda, "Acoustical design 

of the New NHK Hall," NHK Technical Monograph, No. 19,37 pages (March 1972). 

v = 890,000 ft3 (25,200 m3) 

So = 2,077 ft2 (193 m2) 

H = 49 ft (14.9 m) 

D = 156 ft (47.6 m) 

VI N = 242 ft3 (6.85 m3) 

HIW = 0.45 

S, = 15,700 ft2 (1,458 m2) 

ST = 21,540 ft2 (2,001 m2) 

W = 109 ft (33.2 m) 

VIST = 41.3 ft (12.6 m) 

SA/N = 5.33 ft2 (0.50 m2) 

LIW = 1.10 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST. 

NOTE: The terminology is explained in Appendix 1. 

SA = 19,600 ft2 (1,821 m2) 

N = 3,677 

L = 120 ft (36.6 m) 

VISA = 45.4 ft (13.8 m) 

Sal N = 4.27 ft2 (0.40 m2) 

ITOG = 23 msec 
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Orchard Hall 

RJ rchard Hall is the largest hall in a cultural complex called "Bunkamura" 

U (cultural village), situated in a busy and flourishing subcenter of Tokyo. 

Orchard Hall has a stage house whose configuration can be tailored to suit sym­

phonic concerts, opera, ballet, and smaller musical groups. The hall opened in 1989 

with the Bayreuth Festival Company from Germany, featuring Wagner's music. 

Rectangular in shape and seating 2,150, it closely approximates the width and 

length of Boston Symphony Hall. The hall is beautiful, with clean contemporary 

lines. The visual ceiling is transparent to sound; the acoustical ceiling is 10 ft (3 m) 

above. Various sizes of stage enclosure are accomplished with telescoping "shelters" 

that provide platform areas from 940 ft2 (87 m2) to 2,680 ft2 (249 m2). To vary 

reverberation time, areas of sound-absorbing material can be exposed, or for smaller 

performing groups, the volume can be reduced by up to 10%, with a corresponding 

decrease in reverberation time. The reverberation time, with medium-size shelter, 

which is normally used for symphonic music, is about 1.8 sec at mid-frequencies 

at full occupancy. Orchard hall has a clearness or transparency of sound that dis­

tinguishes it from many others, probably because it has less "baroque" ornamen­

tation than the classical rectangular halls in which there is greater diffusion of the 

sound. 

I have attended two symphonic concerts there, in May 1991 and June 200l. 

At the first concert (Tchaikovsky and Brahms), I sat in two seats, one on the main 

floor before intermission and in the center of the first balcony after intermission. 

At the second concert (Mahler's 2nd) I sat in the center of the first balcony. The 

sound quality was good and seemed to come mainly directly from the stage with 

minor support from the sidewalls. Also, the sound was weaker on the main floor. 

The sections of the orchestra were well balanced, and the orchestra did not overpower 

the voices in the Mahler. . 



404 TOKYO 



Orchard Hall 

I 
I 

10 o 10 20 30 40 ~O 60 70 80 90 

FEET 

SEATING CAPACITY 2150 o 1424 

o 410 

CD 316 

4(}$ 



4(}6' TOKYO 

F' ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, 70%; small groups, 10%; opera and ballet, 20%. Ceiling: Two layers 

of wood chip board, each 0.7 in. (1.8 cm). Visual ceiling: Acoustically transparent 

screen. Sidewalls: Same as ceiling, with sound-diffusing elements. Balcony facia: 

Pre-cast gypsum affixed to concrete. Sound-absorbing surfaces: Rear wall under first 

balcony, absorbs low frequencies, composed of hard, thin covering with slits and sound­

absorbing material behind. Floors: 0.6-in. (1.5-cm) wood impregnated in acrylic plas­

tic, on 0.35-in. (0.9-cm) plywood, cemented to concrete. Carpet: None. Stage en­

closure: Built in three pieces, which telescope into each other-for largest stage with 

chorus extension, the stage volume is 141,000 ft2 (4,000 m3); without extension, 

121,800 ft3 (3,450 m3); for medium stage, 94,600 ft3 (2,680 m3); for smallest stage, 

50,850 ft3 (1,440 m3). Stage floor: Resilient wood, 1.2 in. (3 cm) thicl", over two 

plywood sheets 1 in. (2.4 cm) total, over large airspace. Stage height: 43 in. (1.1 m). 

Seating: Front of seat back and top of seat bottom upholstered. 

ARCHITECT: Yuzo Mil..ami and MIDI Architects. ACOUSTICAL CONSULTANT: 

Kiyoteru Ishii and Kimura Laboratory of Nihon University. PHOTOGRAPHS: Osamu 

Murai. REFERENCES: Yuzo Mil..ami and Kiyoteru Ishii, "Design philosophy of the 

Orchard Hall and its development," Architectural Acoustics and Noise Control 19, 61-

68 (1990) (in Japanese). 

v = 723,850 ft3 (20,500 m3) 

So = 2,337 ft2 (217 m2) 

H = 75 ft (23 m) 

D = 131 ft (40 m) 

VI N = 337 ft3 (9.53 m3) 

HIW = 0.94 

S, = 10,760 ft2 (1,000 m2) 

Sr = 16,080 ft2 (1,494 m2) 

W = 80 ft (24.4 m) 

V/Sr = 45.0 ft (13.7 m) 

SA/N = 6.58 ft2 (0.61 m2) 

L/W = 1.57 

Note: Sr = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr. 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,140 ft2 (1,314 m2) 

N = 2,150 

L = 126 ft (38.4 m) 

VISA = 51.2 ft (15.6 m) 

S,I N = 5.00 ft2 (0.465 m2) 

ITOG = 26 msec 
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Suntory Hall 

-~n 1986, Suntory Hall opened on the occasion of the 60th anniversary of 

~ Suntory, Ltd., Japan's largest distillery. Located in the busiest section of 

Tol~yo' s Akasal~a, it has an enclosed courtyard and gracious lobby. Entering the hall, 

one is awed by the beautiful light-colored wood interior and the "vineyard" style in 

which the audience is arranged in blocl~s of various heights. Side surfaces of the 

individual terraces, made of smooth white marble, provide early reflections to most 

of the seats, simulating those that are found in the traditional rectangular concert 

hall. The roomy and comfortable seats, numbering 2,006, were demanded by Sun­

tory's Chairman, Keizo Saji, a large man by Japanese standards. 

The reverberation time for Suntory, fully occupied, is 2.0 sec at mid­

frequencies, equal to that of the best-lil~ed concert halls and just right for the baroque 

repertory especially enjoyed by the Japanese. Diffusion of the reverberant sound field 

is accomplished by splayed side wall surfaces and stepped sections in the convex 

ceiling. The stage area is 2,530 ft2 (235 m2) and the musicians receive early sound 

reflections from ten convex fibreglass panels, each with an area of 43 ft2 (4 m 2) at 

a height of 39 ft (12 m). With a small orchestra, the double basses are likely to be 

far from a wall, thus losing the boost that their sound would otherwise receive. 

The acoustical data show that some parts of Suntory Hall receive more early 

reflections (less than 40 msec), which is desirable, than others. The best seats, in 

this regard, are in the rear half of the hall. 

This hall is one of the most popular in Tokyo, in large part because the world's 

best orchestras on tour tend to go to Suntory. It is also used heavily by five of 

Japan's symphony orchestras. Another reason for its reputation is that touring or­

chestras generally praise those halls with high reverberation times, whereas for con­

centrated rehearsals, necessaty at home, a lower RT is often preferable. In all, 

Suntory Hall is beautiful, th~ acoustics are very good, and it serves the musical 

public very well. 
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~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily classical music. Ceiling: Two layers of 0.5-in. (1.25-cm) gypsum 

board beneath airspace. Sidewalls: Two principal portions, flat and splayed; flat por­

tions are triangles with base at dado line, tw~ layers 2-in. woodchip board, 0.3-in. 

(0.8-cm) plaster board and thin wood ply; splayed portions resemble pillars, with point 

at dado line, widening and deepening until widest portions touch just at the ceiling line 

and then continue under the ceiling; these splayed portions are one or two layers of 

0.7-in. (1.8-cm) chip board, plus plaster board and wood ply; walls on sides of the 

organ, one layer of chip board; back walls splayed (see the drawing) with combination 

of solid and perforated board; several small areas 2-in. fiberglass blanl~et behind grille; 

sides of terraces are marble held by mortar to concrete. Floor: 0.5-in. hardwood, on 

0.5-in. plywood, on concrete. Stage enclosure: Marble (see the photograph). Stage 

floor: 1.6-in. (4-cm) wood on 0.5-in. plywood, on 2.5 X 2.5-in. (6-cm) sleepers, 1 ft 
(30 em) on centers. Stage height: 31 in. (80 em) high. Seating: Front of backs and 

seat tops, upholstered. 

ARCHITECT: Yasui Architects. ACOUSTICAL CONSULTANT: Nagata Acoustics, 

Inc. PHOTOGRAPHS: courtesy of the architect. 

TECHNICAL DETAILS 

v = 740,000 ft3 (21,000 m3) 

So = 2,530 ft' (235 m') 

H = 54 ft (16.5 m) 

D = 118 ft (36 m) 

V/N = 369 ft3 (10.5 m3) 

H/W = 0.53 

S, = 11,220 ft' (1,042 m') 

ST = 16,620 ft' (1,544 m') 

W = 102 ft (31.1 m) 

V/ST = 44.5 ft (13.6 m) 

SA/N = 7.32 ft' (0.68 m') 

L/W = 0.98 

Note: ST = SA + 1,940 ft' (180 m'); see Appendix 1 for definition of Sf' 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,680 ft' (1,364 m') 

N = 2,006 

L = 100 ft (30 .. 5 m) 

VISA = 50.4 ft (15.4 m) 

S,/ N = 5.59 ft' (0.52 m') 

ITDG = 30 msec 
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Tol~yo Opera City, 
Concert Hall 

;?JJ / nquestionably a bold architectural form for the performance of music, U the concert hall in Tokyo Opera City embodies a pyramidal ceiling with 

its apex reaching 92 ft (28 m) above the main floor. Seating 1636, this hall opened 

September 10, 1997, with a performance of Bach's St. Matthew's Passion by 

Japan's international Saito Kinen Orchestra under the direction of Seiji Ozawa. 

Everyone in attendance, including the Emperor and Empress of Japan, was awed 

by the soaring ceiling, the natural wood interior, the coordinated canopy and pipe 

organ, and the unusual lighting. 

The TOC Hall is the first to embody a new set of acoustical parameters 

developed in the previous 40 years by psycho-acoustic laboratories and consulting 

firms around the world. This set of six primary acoustical factors promises to free 

architects from the age-old stricture that excellent acoustics can be obtained only 

by duplicating previously successful halls of the "shoebox" shape. In the process of 
achieving the desired acoustical results in this hall, a computer-assisted design 

(CAD) model was programmed, which enabled the tracing of sound rays in the 

"room" and determining their time delays and directions as they reached the "ears" 

of "listeners." The interior surfaces were adjusted to optimize these "sounds." Next 

followed a 10:1 scale wooden model in which the desired reverberation times, bass 

response, uniformity of sound throughout the hall, placement of the canopy over 

the orchestra, and the absence of echoes were resolved. 

When measurements in the constructed TOC Concert Hall are compared 

with those in the three "superior" halls of Chapter 5, they confirm that it has 

optimum reverberation time (1.96 sec, full audience at mid-frequencies) and ex­

cellent clarity, intimacy, spaciousness, warmth, and strength of sound. 

Performers and music cl;itics uniformly say, "The sound is warm, enveloping, 

and reverberant, aids achievement of excellent ensemble, and is equal in acoustical 

quality to that of the best halls in the world." 
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Tokyo Opera City, Concert Hall 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic concerts, chamber music, and soloists. Ceiling: Three layers-two 

of glass fiber reinforced gypsum board, each 0.4 41. (1 cm) and one of sJicated calcium 

board 0.24 in. (6 mm); quadratic residue diffusors (QRD) cover the longest surface of 

the pyramid. Walls (main and balcony fronts): Plywood 0.35 in. (0.9 em) over wooden 

core (2 cm). Balcony soffits: Three layers-two of gypsum plasterboard, each 0.5 in. 

(1.25 cm), and one of glass-fiber-reinforced phenolic foam board, 0.31 in. (8 mm). 

Floors (audience): Two layers-one of tongue-and-groove wood flooring, 0.6 in. 

(1.5 cm), and one of plywood, 0.5 in. (1.2 cm), over concrete. Stage floor: Two 

layers-one of tongue-and-groove wood flooring, 0.6 in. (1.5 cm), over one of plywood, 

0.5 in. (1.2 cm), over airspace. Carpet: None. Stage height: 31.5 in. (80 cm). Seat­

ing: 65% of bacl"rest covered with cushion 0.8 in. (2.0 cm) thick; seat bottom covered 

with cushion 3-in. (8-cm}-thick. 

ARCHITECT: Tal"ahiko Yanagisawa + TAK Associated Architects, Inc. Acous­

TICAL CONSULTANTS: Leo Beranel" and the Tal"enal"a Research & Development In­

stitute PHOTOGRAPHS: Asamu Murai C. REFERENCES: T. Hidaka, 1. 1. Beranek, 

S. Masuda, N. Nishihara, and T. Okano, "Acoustical design of the Tokyo Opera City 

(TOC) Concert Hall, Japan,]. Acoust. Soc. Am. 107,340-354 (2000). 

TECHNICAL DETAILS 

v = 540,000 ft3 (15,300 m3) 

So = 1808 ft2 (168 m2) 

VIST = 41.1 ft \12.5 m) 

SA/N = 6.92 ft2 (0.64 m2) 

W = 65.6 ft (20 m) 

HIW = 1.08 

S, = 8,533 ft2 (793 m2) 

ST = 13,127 ft2 (1220 m2) 

VISA = 47.7 ft (14.5 m) 

S,I N = 5.22 ft2 (0.485 m2) 

L = 111 ft (33.8 m) 

LIW = 1.69 

NOTE: The terminology is explained in Appendix 1. 

SA = 11,320 ft2 (1052 m2) 

N = 1,636 

VI N = 330 ft3 (9.4 m3) 

H = 70.5 ft (21.5 m) 

D = 113.5 ft (34.6 m) 

ITDG = 15 msec 

4/5 
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Dewan Filharm.onik Petronas 

~ ~sic listeners in North America are so unacquainted with far distant 

Y Iv Malaysia that they may be surprised to learn that Kuala Lumpur has a 

first-class orchestra, the Malaysian philharmonic, created by the Petronas oil Com­

pany. Well-known everywhere are the Twin Towers in Kuala Lumpur because they 

are billed as the tallest in the world. 

As construction of the twin towers was just beginning, Petronas decided that 

the planned 400-seat meeting room nestled between the towers should be abandoned 

in favor of a concert hall, the first such edifice in Malaysia. Because of the nearby 

towers, the buildings' grand lobby, and a six-story mall, the only growth for the hall 

was upwards. The result is a 74 X 132-& (22.6 X 40-m) rectangular footprint 

that includes a full concert stage and 850 seats on three levels. The hall is also used 

for recording. Because of the hall's busy and noisy surroundings, the auditorium 

had to be mounted on resilient pads and the building overall was structurally isolated 

from the rest of the complex. 

On entering the hall one sees the enormous circular sound reflector above the 

stage and the pipes of the 55-rank Klais organ. The interior is a combination of 

light-colored wood and gold, with green upholstered seats. Owing to the small dis­

tance between attendees and the stage the performers seem only a short distance 

away. 

The Petronas Oil Company created and continues lavishly to subsidize this 

excellent orchestra, and has booked a number of touring orchestras into the facility. 

Although the country has no tradition of Western symphonic music, audiences are 

enthusiastically attending the concerts, testifying to the hall's architectural and 

acoustical beauty. 

To achieve the reverberation necessary for music of the Romantic period, the 

ceiling had to be high. However, the hall also had to accommodate chamber music 

and corporate meetings that, successively, demand lower reverberation times, and 

thus lower cubic volumes. The solution, urged by the acoustical consultant, was to 
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KUALA LUMPUR 

mount a heavy, movable acoustical ceiling on motor-operated screw jacks. The low­

est setting for this ceiling is at 55 ft (17 m) above the stage, the highest at 75 ft 
(23 m). An acoustically transparent, perforated metal ceiling located below the 

lowest setting of the acoustical ceiling, finishes the room visually and accommodates 

the theatrical and stage lighting equipment. Deployable sound-absorbing panels are 

built into the sidewalls below the visual ceiling that further lower the reverberation 

times to mal<e the hall optimum for meetings. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic and chamber music, recordings conferences. 

ARCHITECT: Cesar Pelli & Associates, New Haven, Connecticut and Adamson 

Associates, Toronto. ACOUSTICAL CONSULTANT: Kirl~egaard & Associates. PHOTO­

GRAPHS: Courtesy Kirkegaard & Associates. 

TECHNICAL DETAILS 

v = 630,600 ft3 (17,860 m3) 

So = 2,399 ft' (223 m') 

H = 54 ft (16.5 m) 

D = 77 ft (23.5 m) 

V/N = 741 ft3 (21 m3) 

H/W = 0.73 

S, = 4,143 ft' (385 m') 

ST = 8,436 ft' (784 m') 

W = 74 ft (22.6 m) 

V/ST = 74.8 ft (22.8 m) 

SA/N = 7.64 ft' (0.71 m') 

L/W = 1.03 

Note: ST = SA + 180 m'; see definition of ST in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

SA = 6,499 ft' (604 m') 

N = 850 

L = 76 ft (23.2 m) 

VISA = 97 ft (29.6 m) 

S,/ N = 4.87 ft' (0.453 m') 

ITOG = 23 msec 



MEXICO 

85 
Mexico City 

Sala Nezahualcoyotl 

~la Nezahualcoyotl concert hall bears the name of one of Mexico's leg­

~ ~ndary poets and musicians. Built on the campus of the Universidad 

N acional Atonoma de Mexico in 1976, seating 2,376, it is the home of one of 

Mexico City's professional orchestras. It boasts of being the first concert hall in 

North America to surround the stage with the audience. The arrangement of the 

audience into tiers creates side-wall reflecting surfaces that emulate seating in a 

narrower hall. An innovation is a large reverberant room located beneath the stage 

which is coupled to the hall by horizontal grilles located along the front and rear 

edges of the stage and by grillwork along the entire front face of the stage. This 

reverberant room also communicates with the hall through an open grille under the 

first rows of seats. The purpose is to enhance the lowest register tones, but it fre­

quently becomes a convenient storage space. 

An impressive part of the acoustical planning is the dominating arrangement 

of sound reflectors over the stage and the forward part of the main floor seating. 

In the ceiling is a reverse-pyramid structure arranged over the orchestra and the 

main-floor auclience. Beneath it hang brown-tinted acrylic reflectors of two 

shapes-"watch crystals" and "prisms"-each designed to reflect and diffuse the 

high and upper-middle tones to orchestra and audience. The watch-crystals reflect 

over 360°, and the prisms are directed to the audience areas to shorten the initial­

time-delay gap. The low frequencies pass through the arrays and are reflected, dif­

fusely, by the ceiling structure. of importance acoustically are the relatively high 

walls around the stage, 9 ft (2.7 m), with diffusing facias and an overhanging "shelf" 

at the top. Finally, on the wall behind the chorus seating, a large number of organ­

pipe-like diffusing elements are placed to improve the quality of the reverberant 

sound field. 

Is the Sala Nezahualcotyl successful? With the Cleveland Symphony Or­

chestra, under Lorin MaazeI, performing Beethoven's Ninth Symphony, the hall 

received good reviews from music critics imported from New York, Chicago, and 
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MEXICO CITY 

Boston. When asked about newer halls by Chancellor Peter Czirnich of Munich in 

1979, Maazel wrote, "The best new hall that I know of is the one built for the 

University of Mexico ... " 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestral music and recitals. Ceiling: Two layers of splayed I-in. (2.5-cm) 

gypsum board, with batt insulation above. Walls: Rear walls, I-in. splayed wood boards 

with glass fiber batts behind; other walls, poured concrete with decorative splayed I-in. 

wood boards. Floors: In main floor, 2-in. (5-cm) wood over 2-in. airspace; in balconies, 

concrete. Carpet: In aisles only. Stage enclosure: Walls, I-in. splayed wood boards 

with glass fiber behind; floor, 2-in. wood over acoustic moat with 20% grille openings 

under audience seating. Stage height: 37 in. (94 em). Acoustic reflectors: All re­

flectors are acrylic, 0.75-1 in. thick; the watchglasses are 6-10 ft (1.8-3 m) in 

diametel; convex in shape, and located over most of stage; the prisms are splayed and 

located over the near parts of the audience. Sound-absorbing Illaterials: None. Seat­

ing: Front of seat back and top of seat bottom upholstered. 

ARCHITECTS: Orso Nunez, Arcadio Artis, Manuel M. Ortiz, Arturo Trevino, 

and Roberto Ruiz. ACOUSTICAL CONSULTANT: Jaffe Holden Scarbrough. PHOTO­

GRAPHS: Courtesy of tl1.e architects. REFERENCES: "Acoustic devices enhance sound 

of music in a surround hall," Architectural Record, 125-128 (January 1978); "EI placer 

de Una buena Acustica," Obras (June 1979). 

TECHNICAL DETAILS 

v = 1,082,000 ft3 (30,640 m3) 

So = 2,906 ft2 (270 m2) 

H = 52 ft (15.8 m) 

D = 138 ft (42 m) 

VIN = 455 ft3 (12.9 m3) 

HIW = 0.39 

S, = 15,877 ft2 (1,476 m2) 

ST = 20,066 ft2 (1,864 m2) 

W = 134 ft (40.8 m) 

VIST = 53.9 ft (16.44 m) 

SAIN = 7.63 ft2 (0.71 m2) 

LIW = 0.84 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST. 

NOTE: The terminology is explained in Appendix 1. 

SA = 18,126 ft2 (1,684 m2) 

N = 2,376 

L = 113 ft (34.4 m) 

VISA = 59.7 ft (18.2 m) 

S,I N = 6.68 ft2 (0.621 m2) 

ITOG = 16 msec 



NETHERLANDS 

86 
Amsterdam 

Concertgebouw 

~ Amsterdam Concertgebouw, which opened in 1888 and seats 2,037 
({;!I ;::sons, is rated by almost anyone familiar with the concert halls of the 

Western world as one of the three best. These include Vienna's Grosser MusThver­

einssaal and Boston's Symphony Hall, all of which are rectangular. 

Several of the physical features of the Concertgebouw are different. It is wider 

than those two halls, 91 ft (27.7 m), compared, respectively, to 65 and 75 ft (19.8 
and 22.9 m). Twenty percent of the audience is seated on steep stadium steps behind 

the orchestra. The stage is higher than that of any hall studied, 60 in. (153 cm). 

The floor of the Concertgebouw is flat and the seats are removable. The ir­

regular walls and deeply coffered ceiling produce excellent sound diffusion. The 

reverberation time at mid-frequencies, fully occupied, is about 2 sec. 

Opinions of conductors of major orchestras and soloists obtained through the 

years include, "The Concertgebouw has marvelous acoustics. It is probably one of 

the best halls in the world." "I went into the audience and heard the Boston Sym­

phony. It sounded excellent acoustically." "The reverberation in this hall gives great 

help to a violinist. As one slides from one note to another, the previous sound 

perseveres and one has the feeling that each note is surrounded by strength." "The 

sound is fabulous." "The Concertgebouw is arguably one of the best in the world." 

I have attended many concerts in the Concertgebouw and from my notes, I 

glean, "The sound is well balanced, strong in bass. The reverberation sounds greater 

than that in other rectangular halls, a quality that generally pleases visiting con­

ductors. The cello (in a concerto) sounds loud and luxurious. The full orchestra 

plays with rich tone." 

For my taste, the sound in the balcony is better than on the main floor, 

probably because in those seats the articulation is somewhat better. But on the main 

floor, for those who love a fUll sumptuous sound with rich bass, and the feeling of 

being completely surrounded in an ocean of music, this hall has no superior. 



426 AMSTERDAM 



Concertgebouw 

SEATING CAPACITY 2037 

CD 1305 

@ 312 

CD 420 

10 0 10 ZO 30 40 ~O 60 70 80 90 

e FEET 

5 0 ~ W W 
METERS 



AMSTERDAM 

F ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: All types of music, with emphasis on orchestra. Ceiling: 1.5-in. (3.8-cm) plaster 

on reeds, coffered and with ornamentation; there are deep "window" recesses around 

the top edges. Sidewalls and rear walls: Below the balcony, plaster on bricl<; above 

the balcony, plaster on reed, which sounds dull or damped when tapped with the fingers. 

Floors: 5-in. (13 cm) concrete, on top of which hardwood boards are naJed to 2 X 

3-in. (5 X 7.5-cm) wooden battens; cavity filled with 4-cm layer of sand. Carpet: On 

main floor aisles only. Stage enclosure: None. Stage floor: Heavy wood over deep 

airspace. Stage height: 59 in. (150 cm). Added absorptive lllaterial: 700 ft2 (65 m2) 
of draperies over the front of the little room at the rear of the balcony and around the 

doorways. Seating: Upholstered in thick, hard-weave material. 

ARCHITECT: A. L. van Gendt. DETAlLS: Courtesy of the CouncJ, Concertge­

bouw, Amsterdam. PHOTOGRAPHS: Stage view, Hans Samson; seating view, Robert 

Schlingemann. 

TECHNICAL DETAILS 

v = 663,000 ft3 (18,780 m3) 

So = 1,720 ft2 (160 m2) 

VIST = 48 ft (14.6 m) 

SA/N = 5.94 ft2 (0.552 m2) 

L = 86 ft (26.2 m) 

HIW = 0.62 

S, = 9,074 ft2 (843 m2) 

ST = 13,830 ft2 (1,285 m') 

VISA = 54.7 ft (16.7 m) 

H = 56 ft (17.1 m) 

D = 84 ft (25.6 m) 

L/W = 0.94 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,110 ft2 (1,125 m2) 

N = 2,037 

VI N = 325 ft3 (9.2 m3) 

W = 91 ft (27.7 m) 

S,/N = 4.45 ft2 (0.414 m2) 

ITOG = 21 msec 
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87 
Rotterdam. 

De Doelen Concert Hall 

;17;J e Doelen Concert Hall was dedicated in 1966 at a time when acoustics 

~ was still based on visual observation of good and bad halls and on general 

rules-of-thumb. The reverberation time, the length of time it tal<!es for a sound to 

die to inaudibility, was understood to be important and the quality of the reverber­

ation was known to depend on large and small irregularities on the walls and ceiling, 

so-called sound-diffusing elements. Comparison of halls of different reputations 

had shown that a hall had to be narrow in order to keep the gap in time between 

the direct sound and the first reflected sound wave as small as possible. Yet to be 

discovered was that a large part of the early reflections should arrive at listeners' 

ears laterally-from the sides-for best sound quality. WIth the design adopted, 

these acoustical attributes were to a considerable extent achieved. A seating capacity 

of 2,242 is significantly more than in Vienna's Grosser Musikvereinssaal (1,680 
seats) and Amsterdam's Concertgebouw (2,037 seats). 

The central part of the main floor is a walled enclosure whose top is 10 :& 
(3 m) above stage level and whose average width in the first two-thirds of the area 

is 69 :& (21 m), making the main floor equivalent to a small concert hall (594 
seats). A large number of sound-diffusing "boxes" and indentations line all sides of 

this enclosure, including the walls around the stage. These diffusers scatter the 

incident sound and send early lateral reflections to all seats. In the rear seats (facing 

the stage) outside the "inner hall" the earliest sound reflections arrive primarily by 

way of the sound diffusing ceiling. Later lateral reflections come from the sound­

diffusing side walls. As usual, seats to the sides and rear of the stage are not favored 

with as pleasant a sound, but seeing the orchestra and conductor up close seems to 

compensate. There are no echoes and the noise level from machinery is very low. 

The musicians report that maintaining good ensemble playing is easy. 

The acoustics of De D~elen have been praised by visiting conductors and 

musicians, because the sound on stage and in the "inner hall" is excellent. 
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ROTTERDAM 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Classical music, including large and small groups. Ceiling: Heavy concrete, 

1.5 in. (4.5 cm) thick, of which visual layer is O.4-in. (l-cm) plywood. Upper walls: 

Dense concrete to which is attached finished walls, including diffusing panels, con­

structed like ceiling. walls around "inner hall": Marble, diffuse in two dimensions. 

Balcony fronts: Fibrous plaster, 112 in. (1.5 cm) thick. Floors: Concrete with lino­

leum surface. Carpet: None. Stage: Composite structure-top surface, O.B-in. 

(2.4-cm) tongue-and-groove wood; three layers asphalt paper; O.4-in. (l-cm) particle 

board; 0.65-in. (2-cm) elastic mounts, spaced 16 in. (40 cm) in one direction and 

10 ft (3 m) other direction; airspace of about 2 ft. (61 cm). Stage height: 30 in. 

(0.75 m). Seating: Front of seat back and top of seat bottom upholstered. 

ARCHITECT: Kraaijvanger Architekten by. ACOUSTICAL CONSULTANTS: C. W. 

Kosten and P. A. de Lange. PHOTOGRAPHS: Courtesy of the architects. REFERENCES : 

E. H. Kraaijvanger, H. M. Kraaijvanger, and R. H. Fledderus, "De Doelen, concert­

en congresgebouw," Kraaijvanger Architekten bv, Watertorenweg 336, 3063HA Rot­

terdam (1966); C. C. J. M. Hal~ and H. ]. Martin, "The acoustics of the Doelen 

Concert Hall after 30 years," Faculty of Architecture, Eindhoven University of Tech­

nology (AprJ 1993). 

TECHNICA~ DETAILS 

v = 849,900 ft3 (24,070 m3) S. = 13,000 ft2 (1,208 m2) SA = 16,240 ft2 (1,509 m2) 

So = 2,100 ft2 (195 m2) ST = 18,180 ft2 (1,689 m2) N = 2,242 

H = 47 ft (14.3 m) W (lower) = 80 ft (24.4 m) W(upper) = 106 ft (32.3 m) 

L (lower) = 49 ft (14.9 m) L (upper) = 104 ft (31.1 m) D = 126 ft (38.4 m) 

VISr = 46.75 ft (14.25 m) VISA = 52.3ft(15.9m) VIN = 379 ft3 (10.7 m3) 

Sal N = 5.78 ft2 (0.538 m2) HIW(lower) = 0.59 HIW(upper) = 0.44 

L/W(lower) = 0.61 L/W(upper) = 0.98 ITOG = 35 msec 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 
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88 
Christchurch 

Christchurch Town Hall 

~gong all concert halls worldwide, Christchurch Town Hall is the most 

~ s~artling visually. Here acoustical requirements had full swing in the de­

sign. The Town Hall, opened in 1972, was the first hall built following introduction 

of the concept by Harold Marshall that laterally reflected early sound energy was 

necessary to create spatial impression. Spatial impression was defined as the listener 

feeling immersed in the sound field rather than hearing the sound as though it were 

coming from directly ahead through a window. Subsequent studies have shown that 

for good spatial impression there must be a number of reflections in about the first 

80 msec after arrival of the direct sound at a listener's ears and that a fair percentage 

of them should be lateral, but not necessarily all. 

Advantages of the Town Hall are that no part of the audience of 2,662 is 

more than 92 ft (28 m) from the stage, there are good sight lines, and the potentially 

dangerous elliptical shape is prevented from creating focal spots in the hall by the 

overhead array of panels. A large sound-diffusing canopy is installed above the stage 

to provide good communication among the players. 

The eighteen, very large, titled, free-standing reflecting panels that surround 

the audience are designed to spread the early sound uniformly throughout the seat­

ing areas. The balcony fronts and their soffits are shaped to provide additional early 

reflections. These areas accomplish their purpose-the sound is clear, the listener's 

impression is of running liveness, and the hall seems intimate, both visually and 

acoustically. The ensemble and orchestral balance are good. 

As opposed to being in Boston Symphony Hall where one feels enveloped in 

the later reverberant sound field, in Christchurch the listener feels enveloped in a 

sound that is comprised of many closely spaced early reflections that arrive early. 

When the music comes to a sudden stop, the later reverberation sounds weak, 

although the reverberation time RT is 1.8 to 2.1 sec, measured fully occupied. 
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CHRISTCHURCH 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestral music, recitals, choral, and speech events. Ceiling: Concrete. Walls: 

Concrete; free-standing reflectors are of wood, 1 in. (2.5 cm) thick, heavily braced. 

Floors: Concrete. Carpet: None. Stage e~closure: Walls, 1 in. wood; floor, 2 in. 

wood over airspace over concrete; 26 ft: (7.9 m) irregular canopy hung 24 ft: (7.3 m) 

above stage. Stage height: 52 in. (132 cm). Sound-absorbing materials: none. 

Seating: Front of seat back and top of seat bottom upholstered. 

ARCHITECTS: Warren and Mahoney. ACOUSTICAL CONSULTANT: A. Harold 

Marshall. PHOTOGRAPHS: Mannering & Associates, Ltd. REFERENCE: A. H. Mar­

shall, "Acoustical design and evaluation of Christchurch Town Hall, New Zealand," 

f. Acoust. Soc. _A.m. 65, 951-957 (1979). 

TECHNICAL DETAILS 

v = 723,855 ft3 (20,500 m3) 

Sa = 2090 ft2 (194 m2) 

H = 61 ft (18.6 m) 

D = 93 ft (28.4 m) 

VI N = 272 ft3 (7.70 m3) 

HIW = 0.64 

Sa = 12,130 ft2 (1,127 m2) 

ST = 17,180 ft2 (1,596 m2) 

W = 96 ft (29.3 m) 

VI ST = 42. i ft (12.9 m) 

SA/N = 5.72 ft2 (0.53 m2) 

LIW = 0.96 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in Appendix 1. 

SA = 15,240 ft2 (1,416 m2) 

N = 2,662 

L = 92 ft (28 m) 

VISA = 47.5 ft (14.5 m) 

Sal N = 4.56 ft2 (0.423 m2) 

ITOG = 11 msec 



NORWAY 

89 
Trondheim 

Olavshallen 

~dheim is one of the small, beautiful cities of Europe. It was founded by 

({JI th:'Viking King Olav Tryggvason in 997 A.D., and it holds a special place 

in the country's history and culture. In the Middle Ages the city was one of the 

most visited sites of pilgrimage in the whole of Europe. Located on the Trondheim 

Fjord and also at the Nidelven river, it offers great attractions for summer visitors 

looking for boating and salmon fishing. Its population and more than 25,000 

university students take great interest in the performing arts. To satisfy this need, 

the city built the Olavshallen as the venue for the Trondheim Symphony Orchestra. 

It opened in 1989 and seats 1,200. Because the orchestra and the city wanted a 

hall that possessed the acoustics of the famous old halls of Europe, the architects 

were urged to adopt a rectangular shape. The mid-frequency reverberation time, 

fully occupied, is 1.8 sec for concerts, but with provisions for reducing it down to 

as low as 1.3 sec for drama and congresses. 

The hall has a pleasant, intimate feeling, partly because the distance between 

the farthest seat and the front of the stage is only 102 ft (31 m). Visually, two 

architectural features impress one when attending a concert. The first are the nine 

freely-hanging, 7.2-ft (2.2-m}-wide, long panels that serve both to augment the 

acoustics and to house the lighting. The other are the three "towers" on either side 

of the stage. The upper part of each tower contains a curved sound-reflecting surface, 

designed to reflect sound back to the musicians and thus enabling them to maintain 

good ensemble. To close off the fly tower, the orchestra enclosure also has a sound­

reflecting fire curtain behind the towers and plywood elements above the ceiling. 

plans are underway to replace the towers and the walls of the stage enclosure with 

a nicer-looking plywood shell. 

For opera, the hall's acoustics are judged superb. The lower reverberation times 

for opera, chamber concerts, and congresses are achieved by lowering suitable 

amounts of heavy curtains in:to the space above the hanging panels and at the upper 

rear wall of the hall. 
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TRONDHEIM 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily concerls, also opera, drama, meetings. Upper ceiling: 4-in. (6 cm) 

concrete. Visual ceiling: Freely hanging elements, O.24-in. (O.6-cm}-thick glass-fiber­

reinforced polyester. Sidewalls: 12-24-in. (30-60-cm}-thick sound-insulating gyp­

sum plate construction, with three plates facing the hall. Floor: Oal~ parquet over pre­

cast slabs. Seating: Upholstered top of seat bottom and front of bacl~rest. Orchestra 

enclosure walls: "Towers" made of O.4-in. (l-cm) plywood, with upper curved parl 

made from vibration-damped steel plate. Variable sound-absorptive Inaterial: Thick 

curlains stored in plywood boxes above ceJing and at rear wall. 

ARCHITECT: Per Knudsen of Mellagerkvarlalet. ACOUSTICAL CONSULTANT: 

Svein Strom and Asbjorn Krokstad. PHOTOGRAPHS: Svein Strom and Roar 

0hlander. REFERENCE: ICA-95 International Congress on Acoustics, Trondheim, 

Norway; 661-664 (1993). 

Concerts 

v = 458,900 ft3 (13,000 m3) 

So = 2,517 ft2 (234 m2) 

H = 59 ft (18 m) 

D = 102 ft (31 m) 

VIN = 382 ft3 (10.83 m3) 

HIW = 0.69 

S, = 7,736 ft2 (719 m2) 

Sr = 10,717 ft2 (996 m2) 

W = 85.9 ft (26.2 m) 

VISr = 42.8 ft (13 m) 

SA/N = 7.32 ft2 (0.68 m2) 

LIW = 1.145 

Note: Sr = SA 180 m; see definition of Sr in Appendix 1. 

Opera 

SA = 8,780 ft2 (816 m2) 

N = 1200 

L = 98.4 ft (30 m) 

VISA = 52.3 ft (15.9 m) 

S,I N = 6.45 ft2 (0.60 m2) 

ITOG = 26 msec 

V = 458,900 ft3 (13,000 m3) S, = 7,736 ft2 (719 m2) SA = 8,780 ft2 (816 m2) 

Spit = 717 ft2 (67 m2) Sp = 3185 ft2 (296 m2) Sr = 12,684 ft2 (1,179 m') 

N = 1,200 H = 59 ft (18 m) W = 85.9 ft (26.2 m) L = 98.4 ft (30 m) 

D = 102 ft (31 m) 

VI N = 382 ft3 (10.83 m3) 

HIW = 0.69 

VISr = 36.2 ft (11 m) 

SA/N = 7.32 ft2 (0.68 m2) 

L/W = 1.145 

NOTE: The terminology is explained in Appendix 1. 

VISA = 52.3 ft (15.9 m) 

S,I N = 6.45 ft2 (0.60 m2) 

ITOG = 26 msec 



SCOTLAND 

90 
Edinburgh. 

Usher Hall 

;9ih';beauty of Usher Hall is awe-inspiring since its 2000 refurbishing. New 

@ s::t~ with deep red upholstering, a new stage floor, and gold leaf on vital 

decorative surfaces, combined with subtle changes in light-colored shades through­

out the hall, leave one convinced that an exciting performance is to follow. Comfort 

is evident in the new seats on the main floor and the first balcony (called the Grand 

Circle). At the main floor level the seats close to a compact upright position when 

unoccupied and with a seat back that tilts as the seat base is lowered. The orchestra 

has a deepened stage, enlarged from 1,290 ft2 (120 m2) to 1,775 sq2 (165 m2) with 

a stage lift to the piano store below. With 29 seats removed, the stage can further 

be enlarged whenever a large orchestra is performing. 

The main floor has been replaced, the center aisle eliminated, and sight lines 

slightly improved. Ventilation air now enters the hall from air grilles under each 

seat. The extensive choir seating (no upholstering), peculiar to the U.K., is also 

used for audience. The hall is partly multipurpose, all the main floor seats are 

removable for such events or concerts lil~e promenade-type pop concerts and can be 

stored via the elevator under the stage. 

Dedicated in 1914, and updated in 2000, the hall now seats 2,502, less, 

sometimes, the 29 seats mentioned above. The reverberation time has been sub­

stantially increased from a discouraging low, for orchestral music, of 1.5 sec up to 

1.7 sec at mid-frequencies, fully occupied. This increase is attributable to removal 

of areas of carpet and the new seats that are slightly less absorbent than the previous 

ones. Some of the same problems attributable to its circular architecture persist as 

before, including focusing along the centerline, a deficiency in early lateral reflec­

tions, and some variability in seat location. Overall the sound is "brighter," owing 

to the increased reverberation time, and the orchestral tone and sectional balance 

are good in most parts of the hall. Critical reviews in the last concert season have 

been favorable. 



442 EDINBURGH 



Usher Hall 443 

-~ 
/ 

L __ ____ _____ _ 

SEATING CAPAC • 11Y 2502 

0) 962 

@ 287 

0;:4:4:0 TG!jf 0-lnr 
CD 

30 40 

10 0 10 20 20 JO METERS 5 ~ e O::::=~10 ~~~~~ ~ 

60 70 80 90 FEET 50 



444 EDINBURGH 

Further refurbishment is planned, including secondary glazing to reduce ex­

ternal noise and introducing sound-diffusing panels, as well as improving stage and 

lighting equipment. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Mostly orchestral and popular music. Ceiling: Plaster on wood lath with thick 

plaster ornamentation. The center "saucer" is perforated by large holes that act as 

exhaust porls. Walls: Masonry finished with plaster on wood lath over batons with 

airspace behind. Floors: Timber. Stage enclosure: Plaster on wood lath. Stage floor: 

Planks with large airspace with wood boxes for risers. Carpets: None on main floor; 

runners on the walking areas in first balcony and in upper balcony, linoleum on boarding 

in the aisles. Seats: (see text). 

ORIGINAL ARCHITECT: Stockdale Harrison and Sons, and H. H. Thomson. 

RENOVATION ARCHITECT: Architect Services Division, Corporate Services, City of 

Edinburgh. ACOUSTICAL CONSULTANT FOR RENOVATION: Sandy Brown Associates. 

v = 554,210 ft3 (15,700 m3) 

So = 1775 ft2 (165 m2) 

H = 58 ft (17.7 m) 

o = 114 ft (34.8 m) 

VISA = 42.8 ft (13.0 m) 

HIW = 0.74 

Sa = 10,588 ft2 (984 m2) 

ST = 14,730 ft2 (1,369 m2) 

W = 78 ft (23.8 m) 

VI N = 221.5 ft3 (6.27 m3) 

SAIN = 5.18 ft2 (0.48 m2) 

LIW = 1.28 

NOTE: The terminology is explained in Appendix 1. 

SA = 12,955 ft2 (1,204 m2) 

N = 2,502 

L = 100 ft (30.5 m) 

VIST = 37.6 ft (11.5 m) 

Sal N = 4.23 ft2 (0.393 m2) 

ITOG = 33 msec 



SCOTLAND 

91 
Glasgow 

Royal Concert Hall 

ff7 pening in 1990, the Glasgow Royal Concert Hall replaced the well-liked 

f!/ St. Andrew's Hall of 1877 that burned tragically in 1962. St. Andrew's 

Hall was a classical shoebox-type concert hall, which was generally acclaimed for its 

good acoustics. The plan of the new Royal Concert Hall is an elongated hexagon, 

seating 2,457, with two steeply raked balconies that cover a large percentage of the 

total sidewall area. The vertical wall space above the balconies was partly covered 

with 16 large, tilted, quadratic residue diffusers (QRDs). This QRD form of treat­

ment was successfully embodied in the Christchurch Town Hall in New Zealand, 

to overcome the potentially fatal acoustics of an oval-shaped hall. Photographs of 

that Glasgow design are on the next page. Note also, that no suspended canopy was 

provided over the orchestra. 

That design was not completely satisfactory. The complaints were as follows: 

The rich reverberation, that is to say, the fullness of tone that existed in the previous 

hall, was not present and the musicians complained that they could not hear each 

other well. Many listeners also felt that they were not getting sufficient support for 

the music from sidewall reflections. At this moment, an experiment, still in the 

trial stage, is in progress. The sixteen QRD reflectors have been removed and a 

canopy has been installed above the stage. Also the reflecting surfaces on the beams 

above the stage have been removed. The removal of the QRD's and the reflectors 

has made "around-the-hall" reverberation possible, thus adding "fullness of tone." 

In addition, sound-absorbing materials have been applied to parts of the rear wall 

and sidewalls to eliminate echoes and acoustic "flutter." These changes can be seen 

in the accompanying drawings. 

The hall is partially multipurpose; the first 11 rows can be removed. Because 

all stage sections are on elevators that can be lowered, an extensive flat floor area 

can be made available for staging arena format productions. The extensive seating 

(264 chairs) behind the platfoIT]]. add to the arena format. The reverberation time, 
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GLASGOW 

measured with full audience at mid-frequencies, is about 1.8 sec, and this can be 

lowered with extendable curtains on the upper sidewalls. 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Events of all kinds, excluding opera and proscenium theater. Main ceiling: 

4-in. (lO-cm) concrete, clad underside with ash veneered chipboard, 0.7 in. (1.7 cm) 

thick, with 18-in. (45-cm) airspace above. The dropped ceJing over the promenade at 

the top of the upper balcony is 0.5-in. (1.25-cm) plasterboard. Upper walls: Painted 

concrete. Walls around the main floor: O.8-in. (2-cm}-thick wood, over I-ft (30-cm) 

airspace. Balcony fronts: Fibrous plaster, 0.5 in. (1.25 cm) thick. Floors and seating 

steps: Concrete. Carpet: In aisles, thin, cemented to concrete slab; in promenade, 

carpet over underpad. Seating: Front of seat back and seat upholstered. 

ARCHITECT: Sir Leslie Martin and RMJM Scotland Ltd. ORIGINAL Acous­

TICAL CONSULTANT: Fleming & Barron and Sandy Brown Associates. RENOVATION 

ACOUSTICAL CONSULTANT: Kirkegaard & Associates. PHOTOGRAPHS: Courtesy of 

the Department of Architecture, City of Glasgow. REFERENCE: M. Barron and A. N. 

Burd, "The acoustics of Glasgow Royal Concert Hall," Proceedings 0/ Institute 0/ Acous­

tics 14, 21-29 (1992). 

v = 810,135 ft3 (22,950 m3) 

So = 2,346 ft2 (218 m') 

H = 63 ft (19.2 m) 

D = 111 ft (33.8 m) 

VI N = 330 ft3 (9.34 m3) 

HIW = 0.58 

Sa = 12,342 ft2 (1,147 m2) 

Sr = 16,640 ft2 (1,545 m2) 

W = 108 ft (32.9 m) 

VISr = 48.7 ft (14.86 m) 

SA/N = 5.98 ft2 (0.555 m') 

L/W = 0.83 

Note: Sr = SA + 1,940 ft2 (180 rn2); see Appendix 1 for definition of Sr. 

NOTE: The terminology is explained in Appendix 1. 

SA = 14,700 ft2 (1,365 m2) 

N = 2,457 

L = 90 ft (27.8 m) 

VISA = 55.2 ft (16.8 m) 

S,IN = 5.02 ft2 (0.466 m2) 

ITOG = 20 msec 



SPAIN 

92 
Madrid 

Auditorio Nacional de Musica 

~ /.drid' s old opera house, the Teatro Real, built in 1850 with very dry 

C!::// fu a~oustics (low reverberation time), served as the venue for concert mu­

sic until 1925, when it was closed because of poor maintenance. In the absence of 

a proper concert hall, classical music was then performed in the cinemas and theaters 

of Madrid. In 1962, the Teatro Real was renovated and fitted with a reasonably 

satisfactory orchestra enclosure. For the next 26 years it was Madrid's principal 

location for symphonic music. It was not until the early 1980s, with the new 

democracy, that the construction of a large modern concert hall in Madrid, along 

with a number of others in Spain, was contemplated. The site chosen is parallel to 

a new expressway in the northern part of the city. The Auditorio N acional de M usica 

was inaugurated in October 1988. The Spanish National Orchestra, forged out of 

two orchestras in March 1942, is its principal tenant, along with the Spanish 

National Choir. 

The Auditorio N acional is visually attractive. Four grandiose chandeliers and 

a spectacular pipe organ dominate over the primarily brown wood and white plaster 

interior. The scats number 2,293, of which about 20 percent, including those for 

the choir, are to the rear and the immediate sides of the stage. The hall is very wide, 

with an enormous, 3000 ft2 (280 m2), stage which boasts of a system of adjustable 

tiered flooring and a number of hydraulically operated platforms to accommodate 

the needs of the orchestra and equipment changes. Four large reflectors over the 

stage provide communication between sections of the orchestra. The ceiling with 

large convex reflecting surfaces distributes reflected sound to the different audience 

areas, including those behind the orchestra. 

The local music critics write favorably of the hall; acoustics: " ... modern, 

nice and with splendid acoustics," " ... majestic interior and with exceptional acous­

tics," " ... the musical-acoustic result is totally positive in complete agreement with 

the first conductors who occupied the stage (Kurt Masur, Lorin Maazel, and Lopez 

Cobos)." 
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4S2 MADRID 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Concerts, broadcasting and recitals. Ceiling: I-in. (2.5-cm) wood fiberboard 

finished in veneer of American walnut suspended from concrete roof with large air 

space. Suspended stage reflectors: Two layers of O.63-in. (1.6-cm) laminated wood. 

Side and rear walls: 9.5-in. (24-cm) brick wall with O.I5-cm plaster finish. Balcony 

fronts: I-in. (2.5-cm) wood over 2.0-cm battens. Rear stage wall: O.75-in. (1.9-cm) 

wood over O.8-in. (2-cm) battens. Floors: Sheet vinyl flooring on concrete slab. Stage 

floor: O.9-in. (2.2-cm) wood on joists. Stage height: 39 in. (1 m). Seating: Lami­

nated plywood for underseat and seatback; upholstered upperseat and backrest; wood 

arms. 

ARCHITECT: Jose M. Garda de Paredes. ACOUSTICAL CONSULTANTS: Lothar 

Cremer/Thomas Futterer and GARCIA-BBM. PHOTOGRAPHS: Garcia-BBM Ltd. 

REFERENCES: A. Garda Senchermes, "Spain goes classical-IO years of concert halls 

and opera houses," Acoustics International Conference, Birmingham (UK), 1992. 

TECHNicAL DETAILS 

v = 706,000 ft3 (20,000 m3) 

So = 2,991 ft2 (278 m2) 

H = 61.7 ft (18.8 m) 

D = 131 ft (40 m) 

VI N = 308 ft3 (8.72 m3) 

HIW = 0.67 

S, = 15,086 ft2 (1,402 m2) 

Sr = 20,286 ft2 (1,885 m2) 

W = 92 ft (28 m) 

VISr = 34.8 ft (10.6 m) 

SA/N = 8.0 ft2 (0.74 m2) 

L/W = 1.39 

Note: Sr = SA + 180 m2; see definition of Sr in Appendix 1. 

NOTE: The terminology is explained in Appendix 1. 

SA = 18,346 ft2 (1,705 m2) 

N = 2,293 

L = 128 ft (39 m) 

VI SA = 38.4 ft (11.7 m) 

S,I N = 6.58 ft2 (0.61 m2) 

ITOG = 45 msec 



SPAIN 

93 
Valencia 

Palau de la Musica 

;?)) ;Jencia, the third-largest city in Spain, is proud of its historic past, dating 

L/ {/ i:~m 137 B.C., and of its modern cultural achievements. Today it is a major 

tourist attraction, with eight principal museums, important public buildings, a ca­

thedral, and the ocean front with magnificent beaches. 

The Palau de la Musica, opened in 1987, is a spectacular building, with an 

all-glass exterior, topped by a sun-screening canopy of interesting architectural de­

sign. It is located in the midst of the city's Gardens of Turia, which are filled with 

exotic fauna, tall palm trees, and large reflecting pools. 

With 1,790 seats, the Palau was the first of a series of large concert halls built 

in Spain in the last 15 years. Valencia boasts of its high density of musicians per 

square kilometer, who were understandably excited by hearing classical music in the 

nation's first "2-sec" concert hall after a history of hearing music only in the dry 

acoustics of theaters and opera houses. 

Because the hall is also used for recitals, opera in concert, conferences, and 

films, means have been provided for reducing the reverberation time. The upper 

parts of the walls contain a mechanized series of doors, each exposing an area of 

absorbent materials 31 in. (80 cm) thick that, when fully opened, reduce the re­

verberation time at mid-frequencies to 1.4 sec with full audience. During rehearsals, 

partially opening these doors reduces the reverberation time in the unoccupied hall 

to the expected 2 sec at concerts. 

Since its seating capacity is similar to that of the Musikvereinssaal in Vienna, 

the audience relates to the orchestra intimately, and thus the hall has been a popular 

venue for visiting orchestras. Because of the wraparound seating, the distance from 

the front of the stage to the most distant listener is only 98 ft (30 m). Zarin Mehta, 

manager of the New York philharmonic Orchestra, which performed there in 2000, 

and earlier, has spoken of th~ pleasure of not playing in a 3,OOO-seat hall and of 

the Palau's excellent acoustics. 
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4S6 VALENCIA 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic, organ and choral concerts, jazz and flamenco amplified music, 

conferences and cinema projections. Ceiling and audience reflectors: I-in. (2.5-cm) 

wood fiber with wood veneer. Stage reflecto~s: O.5-in. (1.2-cm) glass . Walls: O.6-in 

(1.5-cm) plaster over brick wall. Floors: Sheet vinyl over concrete. Stage floor: 

O.9-in. (2.2-cm) wood on joists. Balcony fronts: I-in. (2.5-cm) wood over O.8-in. 

(2-cm) battens. Rear stage wall: O.75-in (1.9-cm) wood over O.8-in. (2-cm) battens. 

Stage floor: O.9-in. (2.2-cm) wood over joists. Stage height above front row of 

seats: 49 in. (1.25 m). Seating: Plywood on metal frame, thin upholstering on front 

of seat back and top of seat bottom. Arms unupholstered. 

ARCHITECT: J. M. Garcia de Paredes. ACOUSTICAL CONSULTANT: Garcia­

BBM Ltd. PHOTOGRAPHS: Acoustical consultant and Jarque. 

REFERENCE: A. Garcia Senchermes, "Spain goes classical-IO years of concert 

halls and opera houses," Acoustics International Conference, Birmingham (UK) 1992. 

TECHNICAL DETAILS 

v = 543,620 ft' (15,400 m') 

S, = 538 ft2 (50 m2) 

N = 1,790 

D = 67 ft (20.5 m) 

VI S, = 70.5 ft (21.5 m) 

HIW = 0.80 

S, = 7,715 ft2 (717 m2) 

So = 1,915 ft, (178 m2) 

H = 54 ft (16.5 m) W = 67 ft (20.5 m) 

VISr = 48.6 ft (14.8 m) 

VI N = 304.6 ft' (8.6) 

L/W = 0.91 

NOTE: The terminology is explained in Appendix 1. 

SA = 8,737 ft2 (812 m2) 

Sr = 11,190 ft2 (1,040 m2) 

L = 61 ft (18.7 m) 

VISA = 62.2 ft (19 m) 

SA/N = 4.88 ft, (0.454 m2) 

ITOG = 29 msec 



SWEDEN 

94 
Gothenburg 

Konserthus 

~ othenburg relishes the Konserthus because of its intimacy, acoustical 

Cf::7 quality, and beauty. The hall opened in 1935, was renovated once in 

1985, and again in 2000. It is finished entirely in wood. Having only 1,286 seats, 

it is small compared to halls of that period. There is no balcony, and elevated sections 

of seats at the sides and rear of the hall interestingly subdivide the floor. The warm 

color of the wood; the lighting, some introduced in 2000; the close relation of the 

audience to the stage; and the adequate reverberation time combine to make atten­

dance at a concert a rewarding experience. 

The 2000 renovation involved changes in the sending end of the hall. The 

canopy has been made 80 percent open, releasing more sound energy to the volume 

above the stage and improving the orchestra ensemble and balance. The decora­

tive-nonfunctional-organ pipes have been removed from above the canopy. The 

result is an increase in the reverberation time, especially EDT. In the 1985 reno­

vation the stage was enlarged to handle larger performing groups. 

It must be emphasized that the wooden interior of the Konserthus does not 

damage the beauty of the sound. All good halls have interiors that are as heavy and 

strong as possible so that the surfaces do not resonate. Resonance would cause 

absorption of the bass tones. The interior of the Konserthus is made of panels about 

1 in. (2.5 cm) thicl~, 30 in. (76 cm) wide, and 80 in. (203 cm) long. Each panel 

is heavily braced behind and securely held in place on heavy frames-all bolted to 

a 7 -in. (18-cm)-thicl~ concrete wall. 

The Konserthus illustrates several basic tenets of acoustics: in a hall for music, 

small size means adequate loudness, a short initial-time-delay gap, and a high value 

for the Binaural Quality Index (BQI), which depends on lateral reflections from 

sidewalls. There is no balcony overhang and the reverberant sound has an "around­

the-room" path to follow, thus providing "fullness of tone." The reverberation time, 

since the 2000 renovation, IS about 1.65 sec, particularly suited to Classical and 

Contemporary music, and well in balance with the volume. This hall has always 
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46(} GOTHENBURG 

been judged a success, and the 2000 renovation has improved the conditions for 

the performers, both audibly as well as measurably. 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic, 80%; soloists and chamber music, 5%; popular concerts, 10%; 

miscellaneous, 5%. Ceiling: plywood affixed directly to a concrete sheet that is sus­

pended from a steel overhead. Side walls and rear walls: (described in the text). 

Floors: Linoleum on concrete. Stage enclosure: Walls same as above, canopy 0.75-

in. (2-cm) verlical plywood slats with 80% of the area open. Stage floor: Wood over 

small airspace with on-stage movable risers of wood. Stage height: 39 in. (99 em). 

Seating: Wooden with fully upholstered seat back and upper seat. 

ARCHITECT: Nils Einar Eriksson. ACOUSTICAL CONSULTANTS: Original, 

H. Kreuger; 1985 renovation, Ingemansson Acoustics; 2000 renovation, Niels V. 

Jordan. PHOTOGRAPHS: Front of hall, Jens Holger Rindel; rear, Max Plunger. 

TECHNICAL DETAILS 

v = 420,000 ft' (11,900 m') 

So = 1,830 ft2 (170 m2) 

H = 45 ft (13.7 m) 

o = 97 ft (29.6 m) 

VIN = 326 ft' (9.25 m') 

HIW = 0.54 

Sa = 6,300 ft2 (585 m2) 

ST = 9,000 ft2 (836 m2) 

W = 83 ft (25.3 m) 

VIST = 46.7 ft (14.2 m) 

SA/N = 5.58 ft2 (0.52 m2) 

LIW = 1.2 

NOTE: The terminology is explained in Appendix 1. 

SA = 7,170 ft2 (666 m2) 

N = 1,286 

L = 100 ft (30.5 m) 

VISA = 58.5 ft (17.8 m) 

Sal N = 4.9 ft2 (0.455 m2) 

ITOG = 20 msec 



SWITZERLAND 

95 
Basel 

Stadt-Casino 

~ uilt in 1776, the Stadt-Casino preceded the famous Leipzig "Neues" W Gewandhaus (destroyed in World War II) by ten years. Seating 1,448, 
smaller by 112 seats, it bears all the distinguishing hallmarlzs of its former northern 

sister. It is rectangular with a flat coffered ceiling that connects to the side walls 

with a sloping cornice. Both halls resemble the ballrooms of their heritage, with flat 

main floors and shallow balconies. The widths of both are nearly the same, 69 ft 
(21 m), malzing the Stadt-Casino very intimate, acoustically. 

Visually, one is struclz by the large windows above the balcony, necessary then 

because of lack of artificial lighting and air conditioning. Four ornate chandeliers 

grace the ceiling. The beautiful organ stands above the highest stage riser on which 

the percussion or the organ console customarily sit. 

The hall has been reseated since the photographs were taken, with upholstered 

backrests and seat bottoms. The reverberation time, about 1.8 sec at mid-frequencies, 

fully occupied, is nearly equal to that of Boston's Symphony Hall. 

The interior is plaster, so that the bass is warm and the higher registers are 

brilliant. The hall responds well to the music and musicians love to perform in it. 

Herbert von Karajan said of the Stadt-Casino (1960): "This is a typical rec­

tangular hall-small, with a wonderfully clear and crisp resonance. It is almost 

perfect for Mozart. Although one can play nearly every kind of music in it, the 

volume of a very large orchestra is smashing." Dimitri Mitropoulos (1960) also 

thought the Stadt-Casino a very good hall but too small for full orchestra. 

In my judgment, the pianissimo playing of the cellos and double basses is 

extraordinarily beautiful. Violin and bass parts are well balanced. The percussion 

and brass can be too loud. But, in brief, all music that is properly scaled to the size 

of the Stadt-Casino sounds wonderful there. The enthusiasm of the musicians who 

lznow the hall well is fully justified. 
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464 BASEL 

~ ~CHITECTURALAND STRUCTURAL DETAILS 

Uses: Mostly orchestra and recitals. Ceiling: Plaster, coffered. Side walls and rear 

walls: Plaster with a small amount of wood; baroque ornamentation, and columns. 

Floors: Parquet over solid base. Carpet: None. Stage floor: Heavy wood over airspace. 

Stage height: 36 in. (91 cm). Seating: Tops of seat bottoms and fronts of backrests 

upholstered; underseats solid metal. 

ARCHITECT: Johann Jacob Stehlin-Burckhardt. PHOTOGRAPHS: Courtesy of 

Swiss National Tourist Office. REFERENCE: W. Furrer, Raum- und Bauakustik, Lar­

mabwehr, 2nd Edition, Birkhauser Verlag, Basel and Stuttgart (1961). 

TECHNICAL DETAILS 

v = 370,750 ft3 (10,500 m3) 

So = 1,720 ft' (160 m') 

VIST = 38.6 ft (11.8 m) 

SA/N = 5.44 ft2 (0.50 m') 

L = 77 ft (23.5 m) 

HIW = 0.72 

Sa = 6,290 ft' (584 m') 

ST = 9,600 ft2 (891 m2) 

VISA = 47.1 ft (14.4 m) 

H = 50 ft (15.2 m) 

D = 80 ft (24.4 m) 

L/W = 1.12 

NOTE: The terminology is explained in Appendix 1. 

SA = 7,870 ft' (731 m') 

N =1,448 

VIN = 256 ft3 (7.25 m3) 

W = 69 ft (21 m) 

Sal N = 4.34 ft2 (0.404 m2) 

ITDG = 16 msec 
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Lucerne 

Culture and Congress Center 
Concert Hall 

~piece de resistance of the Lucerne Culture and Congress Center situated 

({;!I ;: ;he Lake of Lucerne is its l,892-seat concert hall. Opened in 1999, the 

center is composed of three main buildings, the concert hall, a multipurpose middle 

hall, and the Museum of Fine Arts. Lucerne has long been a center for tourists, 

who are attracted by the lake, the view of the Lower Alps, and the impressive ac­

commodations. For 68 years, the International Festival of Music of Lucerne has 

attracted music aficionados from all over the world. 

The concert hall is basically a rectangular room-based on the shoebox design 

of Vienna's Grosser Musikvereinssaal and similar halls around the world. Its interior 

space is augmented by 6,000 m3 of reverberation chamber, located on the two sides 

and the front of the hall. It is made available by opening all or part of 50 curved 

white doors spread out on three levels around the balconies. These doors are 8 ft 
(2.43 m) wide and vary in height from 10 ft (3 m) to 20 ft. Their surfaces are 

covered by hundreds of square "coffers," each 8 in. (21 cm) square and 2.4 in. 

(6 cm) deep, wi'.:h small rectangular pits in the center. Five different patterns were 

chosen to avoid any predominance of a band of frequencies during the reflection of 

sound waves from their surfaces. Aside from the sheer beauty of the largely plaster 

and wood interior, the hanging acoustic canopy over the stage is impressive. This 

canopy is in two sections and its height can be adjusted over a wide range. The 

balconies extend over the sides of the stage. The distance from the farthest seat to 

the stage front is 124 ft (37.5 m). 

Maestro Franz Welser-Most, the Music Director of the Cleveland Orchestra, 

said, "We could do everything we wanted to do. In the beginning of the third move­

ment, the pianissimos worked very well. In the loudest passages, at the podium it 

never went into overdrive. The clarity was always there. I have no wishes for any 

changes. Absolutely fantastic hall." 

In my opinion, it is one of the best of the modern halls. 
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Culture and Congress Center Concert Hall 

c~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Orchestra, recitals, recordings, conferences, and pipe organ. Ceiling: Concrete, 

6 in. (15 cm) thick. Canopy: Sound-reflecting surface, 0.75-in. (1.9-cm) finish wood 

attached to I-in. (2.5-cm) honeycomb board attached to I-in. plywood substrate: Nor­

mal range of travel is between 33 and 50 ft (10 and 15 m). Sidewalls: 12-16-in. 

(30-40-cm) poured concrete with applied-plaster sound-diffusing tiles. Reverberation 

chamber doors: Concrete, 3.6 in. (12 cm) thick, with 2.4-in. (6-cm)-thick sound­

diffusing plaster tiles bonded to their convex surfaces. Reverberation chamber: Fifty 
operable concrete doors control access to 218,500-ft3 (6,190-m3) of volume. Balcony 

faces: Perforated plaster, 1.2 in. (3 cm) thick, backed by glass-fiber filled cavities. 

Variable sound diffusion, retractable: Maximum of 4,900 ft2 (450 m2) acoustic 

materials in reverberation chambers and maximum of 12,900 ft2 (1,200 m2) acoustic 

materials covering walls of the concert hall. Main floor: Tongue-and-groove wood 

planks, 1 in. (2.5 cm) thick, glued directly to concrete. Stage floor: Tongue-and-groove 

planks of solid Oregon pine, 1.4 in. (3.5 cm) thick. Height of the stage: 43 in. 

(1.1 m). Seats: Seat back and seat upholstered with 1.5 in. (3.7 cm) padding. 

ARCHITECT: AJN Architectures Jean Nouvel. ACOUSTICAL CONSULTANT: 

ARTEC Consultants, Inc. PHOTOGRAPHS: PrisL~a Ketterer, Lucerne. 

TECHNICAL DETAILS 

v = 629,150 ft3 (17,823 m3) 

So = 2604 ft2 (242 m2) 

H = 77 ft (23.5 m) 

0= 118ft(36m) 

VI N = 332.5 ft3 (9.42 m3) 

HIW = 1.07 

Sa = 9,286 ft2 (863 m2) 

ST = 15,450 ft2 (1436 m2) 

W = 72 ft (22 m) 

VIST = 40.7 ft (12.4 m) 

SA/N = 7.14 ft2 (0.664 m2) 

L/W = 1.25 

Note: ST = SA + 180 m2; see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 13,515 ft2 (1,256 m2) 

N = 1892 

L = 90 ft (27.4 m) 

VISA = 46.6 ft (14.2 m) 

S,IN = 4.91 ft2 (0.66 m2) 

ITDG = 23 msec 

46.9 
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Zurich 

Grosser Tonhallesaal 

~Tonhalle, completed in 1895 and renovated in 1930, accommodates an 

({;!I :~dience of 1,546 persons. Two glittering chandeliers hang beneath a series 

of oil paintings on the ceiling that portray Gluck, Haydn, Schubert, Brahms, Mo­

zart, and Handel. The walls are a grayish ivory abundantly decorated with gold. 

Beneath the balcony, natural birch paneling gives the hall an appearance of being 

all wood, but this is not the case. Plaster forms more than 80% of the walls and 

ceiling. The floors are wood parquet. The seats are not upholstered; during rehearsals 

the orchestra finds it necessary to lay thin layers of cloth over the seats on the main 

floor to control the reverberation. 

The mid-frequency reverberation time, fully occupied, is about 2.0 sec, a value 

that is achieved by the majority of the best-liked halls in this study. 

Three of the four conductors interviewed rated the Grosser Tonhallesaal as 

acoustically excellent. The fourth, who favors contemporary music, said, "This hall 

is not so good and not so bad. It is sort of in between." Music critics have generally 

given high praise to the acoustics. 

My one musical experience with this hall was very pleasant. The program 

consisted of music of the Baroque and early classical periods, and the reverberation 

time of the hall seemed ideal. The bass was not as satisfactory in the main floor as 

in the galleries, possibly owing to some thin wood on the lower side walls. The 

violins sang forth clearly-their sound was intimate, live, and brilliant. Ensemble 

playing was good as was the balance among orchestral sections, with only a moderate 

tendency for the brass to dominate. The blend was excellent. The sound was not as 

good in the rear corners of the main floor and at the rear of the side balconies as 

on the main floor and in the rear balcony. All in all, it is an excellent hall. 
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~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic music, 200 days a year; piano and violin recitals; oratorio, 12 days; 

and occasionally organ. Ceiling: Plaster on wire lath with deep irregularities in the 

ceiling and rounded cornices, interrupted by clerestory windows. Sidewalls: Wood pan­

eling beneath the balcony and on the soffit under the balcony; walls and decorations 

are of plaster above the balcony; balcony fronts are of plaster. Floors: Wood parquet 

over solid base on the main floor and linoleum over solid base in balcony. Carpet: 

N one. Stage floor: Heavy wood over airspace. Stage height: 48 in. (122 cm). Added 

absorptive material: Cloth curtains hang over the clerestory windows; during rehears­

als large areas of cloth are placed over half the seats on the main floor. Seating: All 
wood. (NOTE: the doors at the rear of the main floor may be opened, exposing 200 

additional seats in the Kleiner Tonhallesaal.) 

ARCHITECT: Fellner and Helmer of Vienna. PHOTOGRAPHS: Courtesy of Swiss 

National Tourist Office. DETAILS AND SEATING PLAN: From the General Manager. 

REFERENCE: Drawings courtesy of W. Furrer. 

TECH/Ii/CAL DETAILS 

v = 402,500 ft3 (11,400 m3) 

So = 1,560 ft2 (145 m2) 

VI ST = 36.6 ft (11.2 m) 

SA/N = 6.11 ft2 (0.57 m2) 

L = 97 ft (29.6 m) 

HIW = 0.72 

Sa = 7,550 ft2 (702 m2) 

ST = 11,000 ft2 (1,022 m2) 

VISA = 42.6 ft (13 m) 

H = 46 ft (14 m) 

D = 98 ft (29.9 m) 

L/W = 1.5 

NOTE: The terminology is explained in Appendix 1. 

SA = 9,440 ft2 (877 m2) 

N = 1,546 

VI N = 260 ft3 (7.37 m3) 

W = 64 ft (19.5 m) 

Sal N = 4.88 ft2 (0.455 m2) 

ITOG = 14 msec 
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Taipei 

Cultural Centre Concert Hall 

~TaiPei Concerl Hall may be the most stunning building in the world for 

@ r::sic performance. Strongly reminding one of the palace buildings in the 

Forbidden City of Beijing, its majestic roof lines and column-enclosed veranda make 

for a breath-taking appearance, especially when illuminated at night. Inside, the 

concept is more subdued, more contemporary in design. 

The concerl hall is rectangular in shape with two balconies. The horizontal 

ceiling is deeply coffered and the sidewalls are irregular to promote diffusion of the 

sound field, essential to a good singing tone. Basically the hall resembles Boston 

Symphony Hall, but wider. The stage is very large, 270 m2 (2,900 ft2), which should 

make ensemble playing for a small orchestra somewhat difficult. The stage ceiling 

is a canopy designed parlially to send sound to the audience and partially to return 

sound to the players. The sidewalls are planned to do likewise. A large organ covers 

the entire back wall of the stage. The seating capacity is 2,074, with 862 seats in 

the balconies. The acoustical design goal, which called for a reverberation time of 

2 sec, makes the hall ideally suited to the Romantic repertoire. 

To achieve the least loss of sound as it travels over the audience rows, the floor 

contour was sloped in the form of a logarithmic spiral. The heights of the steps 

increase from front to rear, ascending gradually to 10ft (3 m). There are no sound­

absorbing materials in the hall. The floors are parquet without any carpet. The walls 

provide some bass absorption, meaning that the reverberation time does not rise at 

lower frequencies above that at middle frequencies. The finish is dark mahogany. 

The Taipei Concert Hall opened in 1987 with the Cleveland Orchestra and 

Taipei's own two symphony orchestras. Isaac Stem wrote afterwards, "Yo Yo Ma, 

Emanuel Ax and I had the pleasure of performing in [this new hall]. We ... took 

the trouble, with great care, to go into the auditorium and to listen to the sound 

of the house both empty and full ... We all found the acoustics of the auditorium 

absolutely wonderful, clearly world class." 
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T AlPEl 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Primarily orchestra. Ceiling: 117 quadratic coffered spaces, each 18 in. (45 cm) 

deep, with upper surfaces chipboard, 1 in. (2.5 em) thick. Sidewalls and rear walls: 

O.9-in. (2-cm)-thick chipboard backed by an airspace 3-7 in. (8-18 cm) deep. Floors: 

Parquet on concrete. Carpet: None. Stage enclosure: Sidewalls and ceiling, 1.7-in. 

(4-cm) chipboard; back wall: pipe organ, which can be closed by a special organ door; 

the back wall beneath the organ reflects sound bacl< to the musicians. Stage floor: 

Heavy wood over airspace. Stage height: 37.5 in. (95 cm). Seating: Tops of seat 

bottoms and honts of backrests upholstered, with upholstering ending at a height of 

33.5 in. (85 cm) above the floor to avoid sound absorption; underseats solid. 

ARCHITECT: C. C. Yang. ACOUSTICAL CONSULTANT: K. Heinrich Kuttruff. 

PHOTOGRAPHS: Courtesy of the architect. REFERENCE: H. Kuttruff, "Acoustical 

design of the Chiang Kai Shek Cultural Centre in Taipei," Applied Acoustics 27, 27-

46 (1989). 

TECHNICAL DETAILS 

v = 590,000 ft3 (16,700 m3) 

S, = 2,900 ft2 (269 m2) 

H = 59 ft (18 m) 

D= 116ft(36.4m) 

VI N = 284 ft3 (8.05 m3) 

HIW = 0.67 

S, = 11,000 ft2 (1,022 m2) 

ST = 15,510 ft2 (1,441 m2) 

W = 88 ft (26.8 m) 

VIST = 38.0 ft (11.59 m) 

SA/N = 6.54 ft2 (0.61 m2) 

L/W = 1.2 

Note: ST = SA + 1,940 ft' (180 m2); see Appendix 1 for definition of Sr-

NOTE: The terminology is explained in Appendix 1. 

SA = 13,570 ft2 (1,261 m2) 

N = 2,074 

L = 106 ft (32.3 m) 

VISA = 43.5 ft (13.2 m) 

S,/ N = 5.30 ft2 (0.493 m2) 

ITOG = 29 msec 
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Caracas 

Aula Magna 

~astjco is the word that aptly describes the Great Hall of the University 

({;IT :i·Caracas. It is the only hall anywhere in which the work of a sculptor is 

so much in evidence. How that came about is an interesting story. 

The architect won a competition with his design for the hall. His plans called 

for a very broad, fan-shaped room with a domed ceiling and a rear wall that formed 

a sector of a circle with its center of curvature at the rear of the stage. When the 

preliminary drawings were complete, the acoustical firm of Bolt Beranek and N ew­

man was consulted. The curved ceiling and the circular rear wall presented serious 

problems of focused echoes, dead spots, and a general lack of uniformity in sound 

distribution-in all, an acoustical nightmare. The acoustical consultant urged a 

major modification of the shape of the hall, but by that time the plans had already 

been fixed. 

An alternative solution was then explored, and this solution must be credited 

to the late Robert B. Newman. He recommended that sound-reflecting panels, equal 

in area to about 70 percent of the ceiling, be hung below the ceiling and on the 

side walls. These panels were originally recommended to be rectangular in shape. 

But the designers of the Aula Magna, hoping for a more satisfying solution, con­

tacted Alexander Calder in Paris, a sculptor whose mobiles had by that time made 

him famous. He was invited to participate in an unusual and rewarding collaboration 

of sculptor with architect, engineers, and acoustical consultant. The result is beau­

tiful-in both form and color-an exciting array of "stabiles" suspended from the 

ceiling and standing away from the side walls. No photograph can do it justice. One 

must be inside the hall-inside the sculpture-to feel its rhythm and color. I was 

with the architect when he first entered the hall after the color was added to the 

stabiles, he spread his arms in an overhead "V" and shouted the word, "Fantastico." 

The hall is a university ~auditorium and seats 2,660 people. It was dedicated 

in 1954 and its first use was by the International Pan-American Congress. I was 

present during the summer of that year when the initial acoustical tests were being 
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Aula Magna 

conducted. There was a just noticeable echo, in the front of the hall from the 

focusing rear wall above the balcony. It was necessary to add the sound-absorbing 

material shown on the drawing to eliminate this problem. All other surfaces are 

plaster on a concrete bacl~ing. No other adjustment was necessary. Because of the 

solid walls and ceiling construction and the thicl~ stabiles, two 0.5-in. thick layers 

(1.25 cm each) of plywood glued together, the reverberation time lengthens at low 

frequencies and gives the sound a warm character. 

The Aula Magna serves many purposes for the university, and though its basic 

shape is potentially unfavorable for music, it has received favorable comments from 

conductors and music critics. Music played there is clear and distinct. The string 

tone is brilliant. Both on stage and in the audience the bass is rich and warm. Short 

initial-time-delayed early reflections are provided by the hanging panels. Because 

the edges of the hanging panels are frames 4- to 8-in. wide, sound is reflected 

laterally, giving a distinct feeling that the orchestra is wider and fills the room, even 

with 2,660 seats. The distance from the front of the stage to the farthest listener 

is only 116 ft (35.4 m) compared to Boston's 133 ft (40.5 m), which also helps 

the feeling of intimacy. 

The reverberation time of the hall was optimized for the Pan-American Con­

gress at 1.35 sec with full occupancy, by adding 2,770 ft2 (257 m2) of 1 in. (2.5 

cm) of glass fiber blanl~ets above the hanging panels. When this is removed, the 

reverberation is about 1.7 sec, which is more nearly optimum for symphonic con­

certs. Thus, as measured, the hall is excellent for piano, modern music, and chamber 

music-that is, for all music where clarity of detail is desired. In any case, the music 

lacks the singing tone of the classical rectangular halls because the very wide fan 

shape prevents a general mixing of the sound from cross reflections between the 

side walls. 

On stage the sound is excellent, as a result of an effective canopy over the 

performers. Just after a tour around South America with the New York philhar­

monic Orchestra in 1957, the late Leonard Bernstein said to me, "This hall was 

the best in which I conducted in South America. After the concert I told reporters 

that on the stage the sound is excellent. I wished that I could tal~e that part of the 

hall bacl~ to New York for the Philharmonic to use [in Carnegie Hall]." 

~ ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: University auditorium, used for lectures, convocations, music, and drama. Ceil­

ing: Plaster on metal lath. Sidewalls: Plaster on concrete. Rear walls: Highlyab-
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sorbent to prevent echo. Floors: Quarry tile. Stage enclosure: Canopy of plywood, 

about 1 in. (2.5 em) thick; rear wall of the stage and about 20 ft (6.1 m) of the two 

side walls contiguous to that wall are of wood on solid concrete. Stage floor: Wood 

over airspace. Stage height: 40 in. (102 em). Carpets: Main aisles only. Added 

abs~rbing material: At the time the reverberation data were taken, 2,770 ft2 (257 m2) 

of I-in. (2.5-cm) glass fiber blanket had been installed on top of the stabiles to make 

the hall optimum for the Pan-American congress; without this material, the mid­

frequency reverberation time, fully occupied, increases to about 1.7 sec, more nearly 

optimum for music. Seating: Front of backrest and top of seat bottom are upholstered; 

underseat is perforated with rock wool inside. Hanging reflectors: 30, each of which 

is made of two layers of 0.5-in. (1.25-cm) laminated wood, glued together, on heavy 

framing, 4-8 in. (10-20 cm) thick. 

ARCHITECT: Carlos R. Villanueva. ASSOCIATED DESIGNERS: Santiago 

Briceno-Ecker and Daniel Ellenberg. ACOUSTICAL CONSULTANT: Bolt Beranel< and 

Newman, now ACENTECH, Cambridge, MA. PHOTOGRAPHS: Courtesy of 

S. Briceno. 

TECHNICAL DETAILS 

v = 880,000 ft3 (24,920 m3) 

S, = 2,200 ft2 (204 m2) 

H = 58 ft (17.7 m) 

o = 116 ft (35.4 m) 

VIN = 331 ft3 (9.37 m3) 

HIW = 0.31 

Sa = 17,000 ft2 (1,580 m2j 

ST = 22,240 ft2 (2,066 m2) 

W = 189 ft (57.5 m) 

VlST = 39.6 ft (12.06 m) 

SA/N = 7.63 ft2 (0.71 m2) 

L/WO.54 

Note: ST = SA + 1,940 ft2 (180 m2); see Appendix 1 for definition of ST' 

NOTE: The terminology is explained in ApJ1endix 1. 

SA = 20,300 ft2 (1,886 m2) 

N = 2,660 

L = 102 ft (31.1 m) 

VISA = 43.3 ft (13.2 m) 

Sal N = 6.38 ft2 (0.594 m2) 

ITDG = 30 msec 
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St. David's Hall 

~ardiff, the Welsh capital, has an exciting world-class concert hall. Opened 

D i~ 1982, it is located in St. David's Centre, a major shopping area in the 

heart of the city. From the start, it was decided not to duplicate the classical shoebox 

hall, but rather to make it more "theatrical," involving the public more, with no 

one seated in excess of 125 ft {38 m} from the stage. There were other challenges. 

The building had to be shoe-horned into the available ground space, and it was 

desired not to make it too high. These criteria were achieved by wrapping the au­

dience around the stage, and by choosing its shape as an elongated hexagon, tapered 

in at the rear. Again, the vineyard style of the Berlin Philharmonie hall is suggested, 

with 16 tiers in all, each comparable in size to the orchestra. St. David's Hall seats 

1,682 plus 270 choir, totaling 1,952. 
Walls between tiers do not provide early reflections to listeners, as are found 

in Berlin and the Costa Mesa, California, halls, because they are parallel to the 

sight lines. A mid-frequency reverberation time of 2.0 sec, fully occupied, was 

achieved by incorporating the trusses for the roof and the ventilating system ducts 

into the room by an acoustically transparent ceiling. In St. David's Hall, a season 

of orchestral concerts is staged using the BBC National Orchestra of Wales and 

internationaVregional touring orchestras. For a Cardiff Festival of Music it con­

tributes a broad-based program and, in July, the Hall offers the Welsh Proms. 

A subjective survey of 11 British concert halls {not including more recent 

halls, Birmingham and Glasgow} at public concerts by a group of mainly acoustical 

consultants seated throughout the halls concluded that St. David's Hall was at or 

near the top in the characteristics of clarity, reverberance, intimacy, orchestral bal­

ance, and envelopment of the listener by the sound. Loudness was also optimum. 

Why? Even though the reverberation is high, there seems to be ample early sound 

energy reflections from the m~iad of trusses, suspended ceilings, lighting grid, back­

stage wall, and balcony fronts, as well as the ceiling in the upper levels, to achieve 

the desired qualities of clarity and intimacy. The judgment of good envelopment is 
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St. David's Hall 

surprising because of an apparent lack of surfaces to create early lateral reflections. 

Some believe that this may only be possible with a reverberation of 2 sec or more. 

F ~CHITECTURAL AND STRUCTURAL DETAILS 

Uses: Symphonic music. Ceiling: The roof is 8-in. (20-cm) pre-cast foamed concrete 

slabs, sealed with paint. Open steel wall <ways with plywood flooring. Ventilation ducts 

are lined with sound-absorbing material. Suspended ceilings: Visual only, 4 X 4-in. 

(10-cm) open cells; a large suspended metal space frame incorporates stage lighting, 

loudspeakers, etc., and profiled plywood sound reflecting panels within the depth of the 

frame aimed at selected positions (see the photo). Walls: 8-in. (20-cm) brick with 

0.5-in. (1.25-cm) plaster; behind, choir seating, profiled panels with varying depths of 

painted plasterboard (see the photo); above, suspended ceiling level, dense concrete 

block, surface sealed; rear wall around stage, plywood with ash veneer; balcony fronts, 

the same. Main floors: 0.75-in. (1.9-cm) wood over concrete ramp with 10-20-cm 

airspace beneath. Mushroom ventilation openings in floors. Tier floors: Oal< strips 

solidly imbedded in screed. Carpets: On perimeter aisles only. Stage floor: 0.75-in. 

(1.9-cm) oak screwed to 0.75-in. plywood, supported by joists on 0.2-in. resilient pads. 

Stage height: 32 in. (80 cm). Seating: seat backs and underseats, molded plywood. 

Upholstering on two surfaces. 

ARCHITECT: Seymour Harris, Partnership. ACOUSTICAL CONSULTANT: Sandy 

Brown and Associates. PHOTOGRAPHS: Gwyn Williams, courtesy of St. David's Hall. 

REFERENCES: A. N. Burd, "St. David's Hall, Cardiff," Proc. Inst. 0/ Acoustics and 

Electro-Acoustics meeting, Edinburgh, Sept. 1982; M. Barron, Auditorium Acoustics 

and Architectural Design, E & FN Spon, Chapman & Hall, pp. 173-181 (1993). 

TECHNICAL DETAILS 

v = 777,000 ft3 (22,000 m3) 

S, = 2,000 ft' (186 m') 

H = 59 ft (18 m) 

D = 110 ft (33.5 m) 

VIN = 397 ft3 (11.2 m3) 

HIW = 0.66 

S, = 10,760 ft' (1,000 m') 

ST = 15,300 ft' (1,420 m') 

W = 90 ft (27.4 m) 

VIST = 50.7 ft (15.5 m) 

SA/N = 6.8 ft2 (0.63 m') 

L/W = 1.0 

NOTE: The terminology is explained in Appendix 1. 

SA = 13,300 ft2 (1,235 m2) 

N = 1,952 

L = 90 ft (27.4 m) 

VISA = 58.4 ft (17.8 m) 

S,IN = 5.51 ft2 (0.512 m2) 

ITOG = 25 msec 

45'9 



* (I) (I) (I) (I) FOUR (I) (I) (I) (I) * 
(I) (I) 
(I) (I) 
(I) (I) 

(I) ACOUSTICS (I) 
(I) (I) 
(I) OF (I) 
(I) (I) 
(I) CONCERT HALLS (I) 
(I) (I) 
(I) (I) 

(I) "w (I) 
(I) If(f& (I) 

(I) cMharles Garnier, designer of the Opera Garnier in Paris, (I) (I) V,aid in his boo~, 11.. G,and 0",,0 ;n Pa,;s, that h, had (I) 
pursued diligently the elusive factors of good acoustics, but he con-(I) fessed tbat he finally trusted to luck, It • • • like the acrobat who I.it\ 
closes bis eyes and clings to tbe ropes of an ascending balloon . ~ 

(I) Eh bien! " he concludes, "Je suis arrive!" He went on, The (I) (I) credit is not minco [ merely wear the marks of honor. It is not my (I) 
talJt tbat acoU5tics and 1 can never come to an understanding. [ 

(I) (I) 

* (1)(1)(1)(1)(1)(1)(1)(1)(1)(1) * 
L. Beranek, Concert Halls and Opera Houses
© Springer-Verlag New York, Inc. 2004



ACOUSTICS OF CONCERT HALLS 

gave myself great pains to master this bizare science, but after fifteen years of labor, I 

found myself hardly in advance of where I stood on the first day .... I read diligently in 

my books, and conferred industriously with philosophers-nowhere did I find a positive 

rule of action to guide me; in the contrary, nothing but contradictory statements. For 

long months, I studied, questioned everything, but after the travail, finally I made this 

discovery. A room to have good acoustics must be either long or broad, high or low, of 

wood or stone, round or square, and so forth .... Chance seems as dominant in the 

theatrical [opera housel world as it is in the dream world in which a child enters 

Wonderland! 

Wallace Clement Sabine is acclaimed as the first person to apply scientific 

principles to the design of a concert hall. A young assistant professor at Harvard 

University, he had studied the sound in 11 halls and rooms at Harvard University 

between 1893 and 1898 as a basis for correcting the acoustics of a university lecture 

hall. With accumulated piles of data on reverberation time versus number of seat 

cushions (from a nearby theater) introduced into each hall, he sought a formula to 

encapsulate his findings. One day, with the equivalent of Aristotle's utterance 

"Eurelza!" he suddenly perceived a mathematical equation for calculating the rever­

beration time. This formula yields the length of time it talzes in seconds for a loud 

sound in a room, suddenly cut off, to die down to inaudibility. Valid today, it simply 

says that the reverberation time of the sound in a room is directly related to the 

room's cubic volume, i.e., twice the volume yields twice the reverberation time, and 

inversely related to the amount of sound absorption in it-double the absorption, 

half the reverberation time. 

Sabine had learned from tests in a Harvard lecture room that an audience 

absorbs sound in proportion to its size. Similarly, his laboratory tests showed that 

each wall and ceiling surface, carpet, and drapery-lilze material absorbs sound in an 

amount proportional to its area. of paramount importance, his room and laboratory 

measurements had enabled him to determine the amount of sound absorption at­

tributable to 100 m 2 of each sound-absorbing entity, i.e., plaster, wood, concrete, 

rugs, curtains, audience, etc. 

When the president of Harvard University, Charles Eliot, communicated Sa­

bine's discovery to Major Henry Higginson, chairman of the building committee 

for Boston's newly contemplated Symphony Hall, Sabine was invited to apply his 

formula to its architectural design. But more than a formula was needed. Here he 

was luclzy. The planners had already chosen the most celebrated concert hall of that 

period as a model-the Gey.randhaus in Leipzig, Germany, unfortunately the victim 

of aerial bombing in WorldWar II. From drawings and photographs of the Gewand­

haus, Sabine determined its volume, audience area and other areas (walls, ceiling, 
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balcony surfaces, etc.}. He then inserted his Harvard measurements of the amount 

of sound absorbed by each of those entities into his formula and calculated the 

reverberation time of the Gewandhaus. He said that if the new hall were to be as 

successful as the Leipzig hall it would have to h",ve the same reverberation time. If 
achieved, he stated that he could "guarantee" the success of the new Boston hall. 

The result? Boston Symphony Hall is judged to have "superior" acoustics by mu­

sicians and music critics throughout the world. But more than his formula was 

necessary. 

The success of a concert hall does not depend on its reverberation time alone, 

but also on its size, shape, the materials and irregularities of its walls and ceiling, 

and on the upholstering of the audience chairs. Here again, he was fortunate. The 

Gewandhaus is rectangular in shape, which we know today is the most likely shape 

for good acoustics. Higginson had previously decided on the width, because he had 

told the architect that he didn't want the hall any wider than Boston's existing 

Music Hall. Today we know that top acoustics are not achievable in too wide a hall 

(today's Boston Symphony Hall has a width of 75 ft). Also, Higginson and the 

committee had insisted on masonry construction to make it fireproof, which meant 

preservation of the bass sounds. Equally fortunate for Sabine, the architect, Charles 

McKim, for aesthetic reasons, wanted the interior of the hall to have many irreg­

ularities, e.g., coffers on the ceiling, niches and statues on the sidewalls' and shallow 

balconies, also necessary features for top acoustics. 

McKim's next drawings then followed these requirements exactly. But Sabine 

and Higginson did not accept them. McKim's design called for a single balcony, as 

in the Gewandhaus, but because the building committee wanted a hall that that 

seated 2,600 instead of 1,560, the hall became very long, which Sabine and Hig­

ginson feared would cause a "tunnel effect." Sabine then strongly recommended 

that a second balcony be added and Higginson reduced the row-to-row spacing of 

the seats, both shortening the hall. How the seats were chosen is not known, but 

their thin upholstering and the hall's masonry construction give the room good bass 

response. Finally, Sabine, with the cooperation of the organ builder, designed a 

successful stage enclosure without formula or previous experience. Finally, to get 

the reverberation time right, he used his new formula to determine the precise height 

of the ceiling, which yielded the needed cubic volume. Sabine was soon hailed for 

his success. Obviously, he was aided by common sense, good judgments by the 

building committee, and a little luck, in addition to his formula, and, without doubt, 

his persuasive manner. 

The purpose of this chapter and the next is to examine a set of acoustical 

parameters which are now known to affect architectural design, and to establish 
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optimum values for each based on the data accumulated on many halls by a bevy 

of acoustical scientists throughout the world, and reported in this book. 

The oldest of concert halls used today by principal orchestras date from the 

last half of the nineteenth century. When asked to rate the acoustics of halls in the 

Western World, most conductors, musicians, ~nd well-informed listeners name as 

"superior" Grosser Musikvereinssaal in Vienna, ConcertgebouwinAmsterdam, and 

Symphony Hall in Boston. The first opened in 1870, the second in 1888, and 

Symphony Hall in 1900. Each has a reverberation time of 1.9 to 2.1 sec and is 

rectangular, that is to say, a "shoebox" shape. We must enquire, is shape a paramount 

ingredient of excellent concert hall acoustics? Is a reverberation time of about 

2.0 sec (occupied, at mid-frequencies) of these halls crucial to their long-time suc­

cess? "Does aging make a hall superior? Or was the legendary conductor Wilhelm 

Furtwaengler right when he remarked to the music critic of the Chicago Tribune, 

"The hall with the best acoustics is the hall with the best performances"? 

~ANK-ORDERINGS OF ACOUSTICAL 

QUALITY OF 58 CONCERT HALLS 

DEVELOPED FROM INTERVIEWS 

AND QUESTIONNAIRES 

.An essential ingredient in choosing which objective acoustical measurements 

are best suited to estimate the subjective acoustical quality of a concert hall is a list 

of halls, rank-ordered according to their acoustical quality. To develop such a list, 

the author has conducted interviews and made questionnaire surveys of conductors, 

music critics, and aficionados of concert music over a period of years. The process 

was easier when there were fewer halls, most of which were well known by many of 

the persons contacted. A plethora of halls has been built since 1980, and the as­

sessment of their acoustical quality has become ever more difficult. 

One problem is that no one of those interviewed is well acquainted with more 

than one-third of the 65 or so concert halls that I have recently asked about; most 

know only about ten halls, so each person's rating is for a different set. I am well 

aware that the combination of their remarks, each on a limited number of halls, 

and my interpretation of how they should be combined, or overlapped, does not 

constitute a scientific survey of expert opinions. Written questionnaires sent to 

everybody would seem to be a better alternate. Questionnaires are successful for the 

rating of a limited number'of halls, say, 25 or less, that have been in existence for 

many years. Such a questionnaire study was reported recently for opera houses 
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(Hidaka and Beranek, 2000). But a questionnaire with 100 halls on it, of which 

the recipient is familiar with only a small fraction, would probably not even be 

acknowledged. 

From the overlapping responses to my solicitations, I feel that I have made 

an overall ranking that is adequate to serve the purpose of evaluation of objectively 

measured parameters, but it is not meant to be an accurate depiction of what an 

in-depth scientific survey might produce. 1 

The results for 58 halls are shown in Table 4.1. Caveats applying to the data 

in this table are given in its caption. None of the halls has bad acoustics, that is to 

say, none is unsuited for musical performance. It also must be understood that the 

ratings apply to the halls in their architectural condition before about 1995. For 

the purposes of this chapter, the ratings and reverberation data go together, but my 

ratings must be applied with great caution to those halls where changes have been made 

recently. Such halls are marked "br" in the list. 

It is safe to say that 15-20 halls in Table 4.1 are indisputably in the highest­

rated group. Similarly, there are 15 or so that seem properly to lie in the lowest 

part of the list. The evidence for the latter statement is that all but one of them are 

marked "br" (before renovation) and are undergoing or have undergone extensive 

renovations to improve their acoustics. The list of Table 4.1 is divided into three 

parts: the 20 halls that the author believes were satisfactorily rank-ordered by the 

interviewees; 19 halls that were not clearly separated from each other, and that did 

not fall into the upper group; and 20 halls that are believed to be satisfactorily rank­

ordered by the interviewees and that were judged to lie below the intermediate group. 

~EVERBERATION TIME: 

MUSICIANS' PREFERENCES 

In the past three decades, numerous attempts have been made to find measures 

of acoustical quality in concert halls. From the Boston Symphony Hall history 

given above and from Chapter 2 we have observed that there are a number of 

acoustical attributes that contribute to the overall quality of the acoustics in a 

concert hall. We know from the Boston Hall that if the reverberation time in a 

symphonic concert hall is in the range of 1.8 to 2.1 sec, if it is rectangular in shape 

and has plenty of surface irregularities to diffuse the sound; if it has heavy walls, 

1 The "non-parametric" (Webst~r definition: Estimates of quantities determined from observations) pro­

cedure was used in developing the relative rankings in Table 4.1. Ref: L. L. Beranek, ACTA Acustica­
Acustica, Vol. 89, pp. 494-508 (2003). 
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~LE 4.1. Rank-ordering of concert halls according to acoustical quality in 

audience areas. 

The rank-ordering presented here is based on interviews and questionnaires involving conductors, 
music critics and concert aficionados. No one interviewed expressed opinions on more than 15 
halls. The list is compiled by overlapping these subjective judgments. The list is only made to assist 
in judging the efficacy of the different objective measures of the sound fields in the halls. All of the 
halls are regularly used for concerts and the audiences are generally satisfied with their acoustics. 

Perception of acoustical quality differs from one person to another and different parts of a hall 
may have different acoustics. The author does not recommend the use of this list by any party for 
purposes of comparing halls other than for research, or listing any hall as superior or inferior to any 
other. Further, the author does not claim that the results below are the same as those that would 
be obtained by a scientifically rigid procedure. 

The halls 21 to 39 were judged to lie below the first 20 halls in acoustical quality, but were not 
clearly separated from each other by those questioned. They were judged superior to those after 
No. 39. An alphabetical list of the halls in that group is given in the table. The unrevealed listings 
are the author's best judgment of how these halls should be ranked based on the scrambled evidence. 

Note that (br) indicates that both the interviews and measurements were made before recently 
planned or completed renovations. 

VM Vienna, Grosser Musikvereinssaal Munich, Phi/harmonie Am Gasteig 

BO Boston, Symphony Hall Osaka, Symphony Hall 

BA Buenos Aires, Teatro Col6n (Concert Shell) Rotterdam, Oe Ooelen Concertgebouw 

BZ Berlin, Konzerthaus (Schauspielhaus) 
Tokyo, Metropolitan Art Space 

AM Amsterdam, Concertgebouw 
Tokyo, Orchard Hall, Bunkamura 

Toronto, Roy Thompson Hall (br) 
TN Tokyo, Tokyo Opera City TOC Concert Hall 

Vienna, Konzerthaus (br) 
ZT Zurich, Grosser Tonhallesaal Washington, JFK Concert Hall (br) 
NY New York, Carnegie Hall Washington, JFK Opera House (set) 
BC Basel, Stadt-Casino 

CW Cardiff, St. David's Hall SA Salzburg, Festspielhaus 

DA Dallas, McDermott/Meyerson Hall ST Stuttgart, Liederhalle, Grosser Saal 

BN Bristol, Colston Hall AF New York, Avery Fisher Hall 

SO Lenox, Seiji Ozawa Hall CR Copenhagen, Radiohuset, Studio 1 

CM Costa Mesa, Segerstrom EB Edinburgh, Usher Hall (br) 

SL Salt Lake City, Abravanel Symphony Hall GL Glasgow, Royal Concert Hall (br) 

BP Berlin Philharmonie LF London, Royal Festival Hall (br) 

TS Tokyo, Suntory Hall LV Liverpool, Philharmonic Hall (br) 

TB Tokyo, Bunka Kaikan (Orchestra Shell) MA Manchester, Free Trade Hall (Replaced) 

BR Brussels, Palais des Beaux-Arts (Renovated) PP Paris, Salle Pleyel (br) 

BM Baltimore, Meyerhoff Symphony Hall ED Edmonton, No. Alberta Jubilee Auditorium 

Bonn, Beethovenhalle 
(br) 

Chicago, Civic Center MP Montreal, Salle Wilfrid-Pelletier (br) 

Chicago, Orchestra Hall (br) TK Tokyo, NHK Hall (3,677 seats) 

Christchurch, Town Hall SH Sydney, Opera House Concert Hall (br) 
21 

Cleveland, Severance Hall (br) SF San Francisco, Davies Symphony Hall (br) 

Gothenburg, Konserthus TE Tel Aviv, Fredric R. Mann Auditorium (br) 
to 

Jerusalem, Binyanei Ha 'Oomah LB London, Barbican, Large Concert Hall (br) 
Kyoto, Concert Hall BU Buffalo, Kleinhans Music Hall (br) 

39 Leipzig, Gewandhaus LA London, Royal Albert Hall (5,080 seats) (br) 
Lenox, Tanglewood Music Shed 

Note: (br) means before recent renovations. These halls may have greatly changed acoustics since renovations. 
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balcony faces and soffits to preserve the bass; and if it is not too large, a hall is on 

the way to being a contender for excellent acoustical quality. Architecturally, other 

shapes are possible. Special sound-reflecting and diffusing panels suspended over­

head or attached as an integral part of the sidewalls can be used to enhance the 

acoustics on stage or in the audience. Variable acoustics can extend the hall's fitness 

to a greater range of musical compositions. 

Reverberation Time for Occupied Halls 

The portrayal of the design process for Boston Symphony Hall, given above, 

has illustrated the importance of reverberation time in a concert hall. In most halls 

used by orchestras performing today's symphonic music repertoire the reverberation 

time at mid-frequencies with full occupancy is classified as "live." There are some 

halls, usually designed originally for opera, in which the sound is "dry" or "dead." 

In my early interviews, before 1962, I asked for permission to use the names 

of those interviewed. Later, I learned that this led to some biased answers, because 

of ties the persons had to particular halls or managements. Since then, I have not 

requested the use of names. 

LIVE HALLS. The following are comments from the great conductors and 

musicians of the pre-1962 era in regard to the three most highly rate~ "live" halls. 

George Szell observed, "The Musikvereinssaal is just right acoustically. Boston 

has one of the world's best halls. Carnegie is not as reverberant as suits my taste." 

Bruno Walter said, "The Musikvereinssaal has beauty and power, and I con­

sider it better than Carnegie. Boston is very fine, more live than Carnegie. I like 

the Concertgebouw, it is really a live hall." 

Herbert von Karajan said of the Grosser Musikvereinssaal, "The sound in this 

hall is so full that the technical attack of instruments-bows and lips-gets lost. 

Also successive notes merge into each other. I consider Symphony Hall a little 

better than the MusikvereinssaaL" 

Dimitri Mitropoulos commented, "The Musikvereinssaal rings too much. 

Carnegie Hall is good; it is not overly reverberant. Symphony Hall has good 

acoustics. " 

Eugene Ormandy said, "The Musikvereinssaal is just right acoustically. Bos­

ton has one of the world's best halls. Carnegie is not as reverberant as it might be." 

Pierre Monteux remarked, "The Concertgebouw has marvelous acoustics. The 

Musikvereinssaal too is very good. I find Carnegie a little dead with audience. Sym­

phony Hall I like very, very, much. 

DRY HALLS. Liveness (reverberance) was consistently mentioned in the in­

terviews as an important aspect of the acoustics of a concert hall. A room that is 
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not live enough is usually described as "dry" or "dead." In six dry halls investigated, 

the occupied RTs lay between 1.0 and 1.4 sec. Most of those interviewed considered 

London's Royal Festival Hall too dry (1.45 sec). For example, Sir John Barbirolli 

commented, "Everything is sharp and clear and there is no impact, no fullness on 

climaxes." Suffice it to say that, for the repertoires of today's symphony orchestras, 

conductors and trained listeners consider a reverberation time of 1.5 sec or less to 

be too short, and they call its acoustics "dry." 

cg;;fRCHITECTURAL BASICS 

Age 

The three halls in the topmost rating category were built in 1900 or before. 

Others in the top 20 were built before 1900. Most likely, these halls have survived 

because they long have housed world-class orchestras whose musicians probably 

would not have tolerated them if they had inferior acoustics. There are numerous 

examples where concert halls with poor acoustics have been destroyed and halls with 

good acoustics saved. Ai; proof are Carnegie Hall, which was saved from the wrecking 

ball by those who loved its acoustics, and several halls in New Yorl~ City that were 

destroyed earlier in the twentieth century because of poor acoustics. Even recently, 

concert halls in three cities in Canada have been abandoned by the resident or­

chestras in favor of new halls built with the expectation of superior acoustics. The 

same is true in Great Britain. In addition, numerous renovations of halls with 

unsatisfactory acoustics have been and are being undertaken in recent years. 

But do the acoustics of concert halls mellow with age? Logic alone says that 

there should be no change in the acoustics of a hall that has not been modified. A 

hall's acoustical characteristics depend on cubic volume; interior shape; density of 

materials that form the surfaces; and kind, size, spacing, and number of the chairs 

and carpets or other sound-absorbing materials. There may be some difference in 

the clothing worn or brought into the hall, but the customs for checking outer 

clothing have generally not changed in any given hall in the twentieth century. 

There are only nine halls in this book that have not been modified during the 

past 30 years or so and for which comparable acoustical data exist. The only acous­

tical quantity that could be measured 30 years ago was the reverberation time. In 

these nine halls, measurements of reverberation times in five octave-frequency 

bands, 125, 250, 500, 1;000 and 2,000 Hz, reveal that the 30-year differences 

among the 45 measured r~verberation times are on average separated by only 0.08 

sec. This difference is within the O.l-sec accuracy of the measurements themselves. 
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One must conclude that halls do not change with age per se-only with modili­

cations. In the majority of halls over 25 years old, the chairs have been changed, 

usually for ones that are more sound absorbent. Other common changes include 

enlargement of the stage and removal or addition of carpets or pipe organs. In a 

number of halls, like those in San Francisco, Chicago, Cleveland, Washington, 

D.C., Liverpool, London-Barbican, and Glasgow, significant architectural changes 

have been made with the specific purpose of improving the acoustics. 

Shape 

Of the top 15 halls, determined by my interviews and Haan/Fricke's ques­

tionnaire survey to be "excellent", two-thirds are "shoebox" shaped. Certainly, the 

shoebox shape, provided the hall is not too wide, is a safe acoustical design. Parallel 

sidewalls assure early lateral reflections to the audience on the main floor, essential 

to the desired acoustical attribute "spaciousness." But, as demonstrated in several 

recent halls, spaciousness can also be achieved by one of three means: (1) some 

combination of suspended or sidewall-splayed panels and by taking steps to preserve 

bass energy, (2) shaping of the sidewalls near the proscenium and the sides of the 

performing space so as to direct the sound more uniformly to the audience areas, 

or (3) interspersing seating areas with "walls" that are located to provide lateral 

reflections as are found in several "surround" halls. 

Fan-shaped halls have not been as successful acoustically, although the overall 

design of the Lenox, Massachusetts, Tanglewood Music Shed has pleased audiences, 

musicians, and music critics as a place for summer concerts (See Chapter 3, Hall 

12). The ceiling is flat and high enough to provide an acceptable reverberation time 

(2.1 sec at 500 Hz). The strength Grid in the front half of the hall is equal to that 

in the best halls, but the levels fall off toward the rear because the sidewalls are open 

to the outdoors. The Saturday night attendance is often 5,000 indoors and another 

10,000 outdoors on the lawn. Loudspeakers, with time delays, augment the sound 

outdoors. The Glow (average of 125 and 250 Hz) level (3.8 dB) in the front half is 

slightly stronger than that in Boston Symphony Hall (3.2 dB). The reverberation 

time at low frequencies is about 2.8 sec (fully occupied), compared to Boston's 

1.9 sec, Amsterdam's 2.6 sec, and Vienna's 3.0 sec. The bass is perceived as being 

as loud as that in any of those halls. This is partly due to the fact that the chairs 

are not upholstered, which means that the audience absorbs less of the bass sound. 

The Tanglewood Music Shed has a short initial-time-delay gap owing to the 

suspended panels, triangula~:in shape, of different sizes, and 50% open area, that 

hang over the stage and the &ont part of the audience. The panels are transparent 

to low-frequency sounds, so the early bass reflections arrive from the ceiling. Those 
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reflections are delayed in comparison with the violin tones that reflect from the 

panels, by only 10 m of travel distance. The time difference introduced by 10 m of 

travel is about the same as that between the bass and violin players on stage. It has 

also been shown that lateral reflections are generated by diffraction of the sound 

from the edges of the panels, although the reflections are not as strong as in a 

rectangular hall. That lateral reflections exist, although not to the extent found in 

smaller rectangular halls, is proven by the value of the binaural quality index (BQI), 

that when averaged over audience area, equals 0.35, only a little lower than that in 

the Berlin Philharmonie Hall. The sloping panels around the upper periphery of 

the curved rear wall reflect sound back onto the audience in the bacl< half of the 

hall, augmenting both the direct and reverberant sound. No fully enclosed fan­

shaped hall seating a substantial number of people has been built incorporating the 

design of the Tanglewood Shed, which seats 5,000. Thus its success has not been 

validated for enclosed spaces. 

The most successful non-rectangular hall, seating 2,325, is the Berlin phil­

harmonie. The orchestra is seated near the center of the hall, and the audience is 

situated on 14 "trays," each at a different level and different in configuration. The 

acoustical consultant believed it to be important that early reflections come from 

overhead, so that the ceiling is tent-shaped. There are some exposed walls between 

the trays that reflect early lateral sound to some parts of the audienoe. An array of 

panels hangs high above the stage. The musical quality varies from one "tray" to 

another, as would be expected, because of the directivity of instruments, piano and 

voice. There are some excellent seats, acoustically, in the hall, all located in the 

front quadrant of the orchestra. 

The architectural effect is breathtal<ing on first entrance to the hall, so that 

part of its success is due to its architectural design. Also, the Berlin Philharmonic 

Orchestra is among the best in the world, so that Maestro Furtwangler's quote may 

have something to do with this hall's success. The architect said that his goal was 

to bring the audience into closer relation to the performers than is possible in a 

shoebox hall. And this fact, too, may add to the hall's appeal. Those in the audience 

behind the orchestra enjoy viewing the conductor's face and gestures. A number of 

terraced, surround halls have been built, though none have been as acclaimed as 

the Berlin Philharmonie. 

Music Power 

The total music power created by the performing group that reaches a listener 

has three parts-the direct sound, the sound from the early lateral reflections, and 

the reverberant sound. It is important in design that the early lateral reflections be 
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preserved, but not emphasized to the point that there is insufficient power in the 

reverberant sound. Three examples of overemphasis on the early reflections to the 

extent that the reverberant sound does not carry" punch" are the Christchurch Town 

Hall in New Zealand, the Costa Mesa Segerstrom Hall in the United States, and 

the Glasgow Royal Concert Hall in Scotland (before recent renovations). In Se­

gerstrom Hall, for example, the early decay time EDT is equal to 2.2 sec, which is 

equal to the average of the EDT's in five most highly rated halls. However, the 

reverberation time RT (occupied) for Segerstrom is 1.6 sec and the average for the 

other five halls is 2.1 sec. The music in Segerstrom Hall is beautiful, but it lacks 

listener envelopment (LEV) that is so prized in the famous halls like Boston and 

Vienna. The principal goal in the revisions of the Glasgow Hall is to increase the 

LEV. During one visit to Christchurch, I personally enjoyed the music, but follow­

ing stop chords, the reverberation was almost inaudible. Other visitors have made 

this same comment. 

Audience Absorption and Type 0/ Chairs 

Au DIE NeE DEN S I TY. We have already emphasized the importance of keep­

ing the area covered by the audience as small as possible, consistent with reasonable 

comfort. In Symphony Hall in Boston (1900), 445 people, and in ,the Leipzig 

(1981) Gewandhaus, 369 people, sit over the same floor area (2,500 ft2, 232 m2). 
An audience area that is divided into a number of small seating blocks absorbs more 

sound than if it comprised only a few blocks. This occurs because of the edge 

absorption-that is to say, the sound that reaches the "sides" of each audience blocl~ 
is absorbed about as well as that which reaches an equivalent area on the "top." In 

every description of Chapter 3, the true area over which the audience sits is listed 

as "Sa'" The "acoustic area" in each hall, which includes absorption at the edges of 

the blocks, is called "Sk" The ratio of SA to Sa ranges from 1.1 to 1.4 in the 

different halls, depending on the size of the blocks, the number and length of 

the aisles, and the number of access places in the hall. When the area over which 

the musicians sit is added, the total "acoustical area" is called "ST'" In Chapter 3 
and Appendix 3 the acoustical area of the orchestra is limited to 1,940 ft2 (180 m2), 
and the area beyond that is added to the area of sidewalls. To preserve loudness, the 

total area ST must not become too large, because to a first approximation, the power 

available to each person (i.e., per unit area) is equal to the total power radiated by 

the performing group divided by the total audience area ST' 

CHAIRS. Obviously, comfort is important-the row-to-row spacing of the 

seats in Boston Symphony Hall, which was adequate in 1900, is uncomfortable 

for the over-six-foot-tall people of this century. Widely spaced seats are more luxu-

S{}/ 
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rious, but they come at the expense of acoustical quality and high building costs in 

halls with a large seating capacity. If the seats in a large hall are too generously 

spaced, the architect is likely to design a wide hall in order to obtain the necessary 

floor area. If the architect selects the alternative of adding depth to the balconies, 

the balcony overhangs may shield a significant percentage of the audience from the 

desired reverberant sound field; or, if not, the bacl~-row listeners in the balcony will 
be very far from the stage, thus diminishing the strength of the direct and early 

sound. Finally, to keep the seating area from becoming too large, the owner should 

not request a hall that will be fully occupied only a few times a year. 

AUDIENCE ABSORPTION OWING TO TYPE OF CHAIRS. As is 

shown by the table of sound absorption coefficients in Appendix 3, people seated 

in heavily upholstered chairs absorb more sound than those seated in a medium, 

lightly or non-upholstered chair. The difference is particularly noticeable at bass 

frequencies. A common cause of bass deficiency in concert halls is overly sound­

absorbent chairs. It is strongly recommended that a chair be made of molded ma­

terial, such as plywood, and that the upholstering on the top of the seat bottom be 

no thicker than 2 in. (5 cm) and, on the seat back, no thicker than 1 in., and, if 

comfortable, cover only two-thirds of the seat back. Also, the armrest and the rear 

of the seat back of a chair should not be upholstered. These requirements rule out 

thick seat bottoms containing springs. 

Materials for Walls, Ceiling and Stage 

Except around the stage, the three famous halls in the top category are con­

structed of plaster on wire or wood lath for the ceiling, and stucco plaster on brick 

or on concrete blocl~ for the walls. In the Boston hall, the floors are wooden, because 

the seats are mounted on a removable floor that converts a raked floor for regular 

concerts to a flat, hard, floor for pops concerts. When the audience sits over the 

raised floor, their weight suppresses some of the vibration and the loss of bass is not 

excessive. In most modern halls where the bass response is good the floors are 

concrete, covered with either wooden parquet or some synthetic material that is 

cemented to the concrete, and the walls and ceiling are constructed with materials 

that have a large weight per square foot. 

Thin wood paneling strongly absorbs bass energy, where "thin" means 1 in. 

(2.5 cm) or less. For a hall that is lined with wood, it should be as near 2 in. in 

thicl~ness as is possible. For the sidewalls of many halls, wood veneer ("wallpaper") 

on solid (plaster) backing is employed to give the hall a warm, traditional appearance. 

An example of proper usage of wood is the Sibelius/talo in Lahti, Finland, where a 
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large percentage of the interior surfaces are buJt from 2.7-in. (6.9-cm}-thick lam­

inated wood. 

Wood is used for sides and ceiling of a stage enclosure in a number of halls, 

in a thickness of 0.75 in. (1.9 cm), because musicians in general believe that "wood 

is good" and feel more comfortable when surrounded by it. This is permissible, 

because the surface area around a stage is small compared to that of the other 

surfaces in a hall. The stage floor is different. It is usually constructed of flexible 

wood over a large airspace, which will augment the sound of the double basses and 

cellos that stand on pins. 

In summary, to preserve bass, all surfaces, except the stage floor, should be of 

heavy dense material. The seats should be lightly upholstered, compatible with com­

fort. Sound-absorbing materials and carpet must be used sparingly. 

~HYSICAL MEASURES OF 

ACOUSTICAL QUALITY 

It is impossible to name all the entrepreneurs of acoustics who have contrib­

uted to our present state of knowledge. Their works pertinent to this text are ref­

erenced at the end and include such names as Schroeder, Marshall, Barron, Blauert, 

Bradley, Cremer, Ando, Gade, Potter, Hidaka, Okano, Johnson, Fricke, Kirkegaard, 

Pompoli, Jaffe, Ianniello, Morimoto, Mueller, Tachibana, and Beranek. 

Reverberation Time (RT) 

Reverberation times in halls with a full audience are hard to measure. Most 

halls do not permit recordings during concerts, and audiences will not sit through 

a series of extensive acoustical measurements. When possible, measurements of 

RT's are made in pauses a&er stop-chords in the music by a recorder with a single 

microphone. Some compositions have only one or two stop chords and thus, during 

a concert, only six or so stop-chords are found. If the timpani do not ring during 

the pause, good occupied reverberation times in six frequency bands may be ob­

tained. However, measurements are usually possible at only one or two seats instead 

of 8 to 20 in unoccupied halls. RT's are not the same in all parts of the hall, and 

that is the reason why it is customary when possible to measure at a number of 

seats and average the results. Because most halls are symmetrical, such measure­

ments are only necessary in o~e-half of the hall, which is why only eight positions 

are acceptable. 
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RT's IN 40 HALLS. The occupied reverberation times at mid-frequencies 

{average of values at 500 and 1,000 Hz} for 40 concert halls are shown versus 

subjective ratings in Fig. 4.1. The best halls have reverberation times between 1.8 
and 2.0 sec, while the lowest-rated halls range from 1.5 to 1.8 sec. In-between, the 

range is from 1.5 to 2.1 sec. Some of the halls that have lower RT's cater to chamber 

music and recitals; hence, a reverberation of 1.5 to 1.7 sec is entirely appropriate. 

Those with optimum reverberation times that have intermediate rankings owe their 

reduced ratings to other acoustical problems. 

The principal conclusions to be drawn from this chart are that for symphonic 

music the reverberation times for the best halls are near 2.0 sec, while the lowest­

rated ones have reverberation times in the vicinity of 1.5 sec. 

V ARIABLE REVERBERATION TIME s. Halls are being built with variable 

reverberation times. The best-known examples are the Meyerson Center Hall in 

Dallas, Texas; Symphony Hall in Birmingham, England; and the Culture and Con­

gress Center Concert Hall in Lucerne, Switzerland. In all these cases, the main 

hall is essentially shoebox shaped. Surrounding the main hall, at different levels in 

Reverberation Time (Occupied) 
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Forty Concert Halls 

~RE 4.1. Mid-frequency reverberation times for 40 concert halls, mea­

sured with,full occupancy, plotted versus the subjective rank orderings of acous­

tical qualitY 1isted in Table 4.1. Average standard deviation, measured with loud­

speakers on stage 0.05 sec; from stop-chords 0.11 sec. 



Acoustics 0/ Concert Halls 

each, are a number of concrete chambers with large cubic volumes that can be 

opened or closed by heavy motorized doors. Sabine's reverberation formula says that 

by increasing the volume the reverberation time is increased in direct proportion. 

But, except for Lucerne, this appears not to have happened to the extent predicted. 

In Lahti and Philadelphia, the RT has changed only a few percent as the doors are 

opened. In Dallas, the increase is especially noticeable in the lower three frequency 

bands, 125, 250 and 500 Hz, and the change is less than expected in the upper 

bands. The reason is that at the higher frequencies it is more difficult for the shorter 

wavelengths to enter and exit the openings. The principal negative comment I have 

heard about Dallas is that an increase in the reverberation time at low frequencies 

may affect a musical composition in ways that the composer did not have in mind. 

In most halls today, relatively large areas of sound absorbing drapes or other ma­

terials can be brought from enclosed spaces into the audience chamber to reduce 

the reverberation times. Certainly, these features enable the conductor to adjust a 

long reverberation that is suitable for music of the Romantic period, to a shorter 

one for music of, say, the Baroque period. It also gives the conductor opportunities 

to mal<e original interpretations of contemporary music. In addition, shorter rever­

beration times make a hall suitable for conferences. 

One has to assume that because such added reverberation chambers are being 

built into successive halls, the latest in the Philadelphia Verizon Hall in the Kimmel 

Center, that musicians judge this innovation desirable. But the addition is very 

costly, and a building committee should investigate how often the variable rever­

beration is varied in practice-if not often, a less costly hall built like one of the 

"superior" halls may be a better choice. It is possible to build a hall with acoustics 

that equal those in the classical shoebox-shaped halls and that has a wide range of 

variability. This has been accomplished in the Lucerne Concert Hall, which com­

bines a classical shape with a reasonable seating capacity (1,900 seats) and a width 

that is not large (22 meters; 70 ft). See discussion on p. 552. 

Early Decay Time (EDT) 

The early decay times EDT for 36 unoccupied concert halls are shown in Fig. 

4.2. The heavy lines depict the expected range in the data, because the points that 

lie above the lines are for halls that have seats with very light upholstering. In the 

best halls, assuming upholstered seats, the EDT's lie between 2.25 and 2.75 sec, 

and in the lowest-rated halls, between 1.4 and 2.0 sec. 

The closer spacing between the heavy lines on this graph shows that the EDT's 

for unoccupied halls are a better guide to their acoustical qualities than are the RT's 

for occupied halls, provided the seats in the different halls have reasonably equivalent 

upholstering. 

sos 
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Thirty-Six Concert Halls 

~RE 4.2. Early decay times EDT for 36 concert halls, measured without 

audience, plotted versus the subjective rank orderings of acoustical quality 

listed in Table 4.1. Average standard deviation 0.18 sec. 

In unoccupied halls, the early decay time EDT is closely related to the rever­

beration time RT, for all frequencies, as shown in Fig. 4.3. The correlation coef­

ficient (r) for the six octave bands with center frequencies at 125, 250, 500, 1,000, 
2,000, and 4,000 Hz are, respectively, 0.97, 0.98, 0.99, 0.98, 0.97, and 0.97. 

The relations between early decay times (EDT's) in occupied and unoccupied 

halls are linearly related for the eight halls for which accurate data are avaJable. 

The graphs for low (125/250 Hz), mid (500/1,000 Hz), and high (2,000/4,000 
Hz) are shown in Fig. 4.4. 

Binaural Quality Index (BQI) 

The Binaural Quality Index (BQI) was described in Chapter 2 and the for­

mulas for its determination are shown in Appendix 2. As we shall see shortly, it is 

one of the most effective indicators of the acoustical quality of concert halls. Keet 

first proposed it (1968), with subsequent studies by Schroeder et al., Ando, Potter, 

Hidalza, Okano, and Berarte11 (see References). It is a measure of the differences in 

the musical sounds that reach the two ears within 80 msec after arrival of the direct 
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~RE 4.4.'. Graphs of the relations between early decay times in occupied 

halls versus those in unoccupied halls. The three graphs are for low, mid and 

high frequencies. 
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sound. This difference can only be created by sound waves arriving at the listener's 

head from lateral directions. Sounds that arrive from straight ahead, are exactly 

alike at the two ears; hence, they do not contribute to BQI. 

When a sound wave approaches a listener, say, from the right side of the head, 

the wave at the right ear is exactly like that reflected from a wall surface on that 

side. & the wave crosses to the other side of the head, it reaches the left ear a 

thousandth of a second later and it is less strong because it is "shaded" by the head. 

The BQI assembles all of the differences at the ears from all arriving lateral waves 

in the first 80 msec after the arrival of the direct sound. In addition, it measures 

these differences in the frequency region of the hearing mechanism that is most 

sensitive, from 350 Hz to 2,850 Hz. 

The physical measurement is called "the interaural cross-correlation coeffi­

cient lACC" (see Appendix 2). The binaural quality index BQI is defined as [1 -

lACCE3] where "E" designates early sound, i.e., less than 80 msec and "3" indicates 

the average of the lACCE values in the 500-, 1,000-, and 2,OOO-Hz bands. The 

"1 minus" is introduced so that the index is zero for the case of no lateral reflec­

tions-direct sound only. BQI has been measured in many concert halls and opera 

houses for which subjective rank-orderings exist. In a typical satisfactory hall, the 

value of BQI was found to be above 0.5, and in the highest-rated halls above 0.6, 

indicating that in very good halls the similarity of the sounds at the two ears is 

surprisingly low. 

In Fig. 4.5, the measured BQI's (averaged over 8-20 seats) are compared 

with the rank orderings of twenty-five halls tal<en from Table 4.1. It is seen that 

BQI correctly rank-orders all but three of the halls within a narrow range of 0.1, 

which is 12% of the highest value and 25 % of the lowest value. The two surround 

halls, Berlin Philharmonie Hall (BP) and the Tol<yo Suntory Hall (TS) do not 

have as high BQI's as the results of the subjective interviews would indicate, possibly 

because the conductors and music critics interviewed customarily occupy seats in 

front of the orchestra. Many seats in both halls are to the sides and rear of the 

performance stage, where the BQI values are lower. Also, the photographs in Chap­

ter 3 of these halls show that there are fewer surfaces in them available for producing 

lateral reflections than in more conventionally shaped halls. 

The BQI is impressively effective in rating the acoustical quality of a concert 

hall, provided the other important acoustical parameters are within reasonable lim­

its, that is to say, the reverberation time at mid-frequencies, fully occupied, lies 

between 1.7 and 2.1 sec, the initial-time-delay gap is less than 35 msec, there is 

satisfactory bass response, the hall is not too large so that the loudness is satisfactory, 

and the hall has irregularities on the walls and ceiling so that the reverberant sound 

field is pleasant. 
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Twenty-Five Concert Halls 

~ RE 4.5. Binaural Ouality Index (BOI) for 25 concert halls, measured when 

unoccupied, plotted versus the subjective rank orderings of acoustical quality 

listed in Table 4.1. Average standard deviation 0.11 sec. 

Another outstanding feature of BQI is that it permits one to estimate the 

acoustical quality of a fully occupied hall when the BQI has only been measured in 

the unoccupied hall. Every acoustician has learned that a hall's acoustical quality 

can usually only be determined at an opening (or pre-opening) concert when the 

first full audience is present. This advantage of BQI is clearly demonstrated in Fig. 

4.6, where its change from unoccupied to occupied state is only about 10%. This 

finding means that the values of BQI in Fig. 4.5 are no more than 10 percent 

higher than those that would be measured in the same halls occupied. 

Loudness, Strength 0/ the Sound (G) 

The strength of the sound in a concert hall is very important. The thrill of 

hearing Bach's B-Minor Mass, Beethoven's Ninth Symphony, or Mahler's Eighth 

Symphony is not only associated with the quality of the orchestra and the interpre­

tation of the conductor, but is enhanced immeasurably by the dynamic response of 

the concert hall. Dynamic response means both quiet support for the pianissimo 

parts and majestic levels at the fortissimos. The greatest ovations in a concert hall 

usually follow a rousing forti~simo at the close of a piece. Such a fortissimo is only 

possible if the hall is not too large and if there is a minimum of carpets, draperies 

SOg 
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[1 - IACC(E)] vs. FREQUENCY 
Four Halls; Only Data Available 

o.8+----Unoccupied :::::------'-----===;::::;:;;=_E---~=* 

~O.6+-------_____,~"""""-----"~,----------l 
o ........ Occupied 

~ 
• O.4+------~-------------___l 

l:. 
Binaural Quality Index (BQI) Difference = 0.06 

O.2+-----c~;..iO....----------------___l 

O~--------------------------------------~ 

1 2 3 4 5 6 
OCTAVE BAND MID·FREQUENCIES, kHz 

~RE 4.6. Plots of the Binaural Ouality Index (BOI) versus frequency for 

occupied and unoccupied concert halls. Data are available for only four halls. 

and a lack of overly upholstered seats. For some compositions, a small hall can be 

too loud. Herbert von Karajan said that he lil;:ed the sound in Symphony Hall a 

little better than that in the smaller Musikvereinssaal. of course, he could be re­

ferring mainly to the reverberation time, but the reverberation time (occupied) of 

Symphony Hall is not that much different, l. 9 sec for it and 2.0 sec for the 

Musil;:vereinssaal. But their sound levels are significantly different--Vienna is about 

2.5 dB louder. 

Loudness is affected by four architectural features: (1) The greaterthedistance 

of the listener from the stage the less the loudness; (2) those surfaces that reflect 

early sound energy to the audience, preferably from lateral directions, increase the 

loudness; (3) the larger the acoustical area ST (audience plus orchestra), and the 

larger the cubic volume, the less the loudness; and (4) added materials that absorb 

sound, such as carpets, draperies, heavily upholstered seats, and pipe organs also 

reduce the loudness. 

The loudness of the direct sound decreases as it travels from front to rear of 

the hall. Substantial early reflections (within 80 msec after arrival of the direct 

sound) will reduce this decrease, which is automatically provided by a narrow rec­

tangular hall, like the Musikvereinssaal in Vienna or Symphony Hall in Boston. 

Otherwise, to some extent, special panels installed on the sidewalls or hung from 

the ceiling overhead, which will reflect early sound energy toward the listeners, can 
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counteract this drop in level. An example of successful augmentation of the sound 

levels in a large wide concert hall is in the Costa Mesa (California) Segerstrom Hall, 

where large, slanted, sound-reflecting panels are located on the upper sidewalls. The 

mid-frequency sound levels there are nearly the Same as in Boston Symphony Hall, 

in spite of its 2,900 seats versus Boston's 2,600 (actually Boston Symphony Hall 

would only seat about 2,200 if reseated with modern seats, wider row-to-row spac­

ing, and wider exit aisles). 

The third component of loudness is the size of the audience. An orchestra 

produces a certain amount of sound energy at any playing level. If this energy is 

distributed equally over the audience, the greater the number of listeners, the less 

energy per listener. 

Figure 4.7 is a plot of the sound level in decibels as a function of the distance 

from the stage in Meyerhoff Symphony Hall in Baltimore (hall unoccupied). It 

shows the combined effects of the decrease in level of the direct sound and the 

augmentation in the level by early reflections and reverberant sound. A typical 

decrease in sound level from center to back is 3-5 dB in a well designed hall, say, 

with 2,400 seats and RTocc = 2 sec. 

SOUND LEVEL DECREASE WITH DISTANCE 
BALTIMORE, MEYERHOFF SYMPHONY HALL 

.............. 2~00HZ I I I 
Dodecahedral Loudspeaker, 3 m from 

~ 
front of stage. PWL = 100 dB. -

~ 
---..!;2S Hz .......... "-..... ~ 

............... ---~ ~ --r=::::: ~ 
10 15 20 25 30 35 40 45 

DISTANCE FROM SOURCE IN METERS 

~RE 4.7. Sound level in the Meyerhoff Symphony Hall in Baltimore at 

different distances from a non-directional sound source that is located 3 m from 

the front of th.e stage, hall unoccupied. The decrease is greater at the higher 

frequencies because the absorption by the seats is greater than at lower fre­

quencies. 

5// 
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A sound level meter that has a modified reference scale is used to measure the 

strength Go/the sound in decibels. (See Appendix 2 for the formula.) The measured 

values of 0mid for a number of halls are shown in Figs. 4.8 and 4.9. 0mid is the 

average of the measurements of G in the 500- and 1,000-Hz octave frequency 

bands. The former figure is for measurements made by the Takenaka Research and 

Development Institute in Chiba, Japan, and the latter is for measurements made 

in other countries. Figure 4.8 shows that the 5,000-seat Royal Albert Hall has a 

G that is about 8.5 dB lower than that in Vienna's Orosser Musikvereinssaal (labeled 

"Vienna"). If one considers only the halls in the highest-rated category, the 0 levels 

are within about 3.0 dB of each other, with Zurich's hall, seating 1,546, the loudest, 

and Boston's hall, seating 2,625, at the lower level. 

The readers should be aware that, because of a difference in the calibration 

techniques for the omnidirectional source used in a hall to produce the impulsive 

sound during a test, the values of the strength G are greater for Takenaka (Japan) 

measurements by about 1.2 decibels than for measurements made in Europe and 

elsewhere, as shown by comparison of the two graphs, Figs. 4.8 and 4.9. 

For almost all listings in this bool<, the values of 0 are for unoccupied halls. 

As can be ascertained from Appendix 4, there are only seven halls where 0 was 

measured both unoccupied and occupied (Nos. 9, 31, 53, 76, 77, 79, 83). The 

average differences between unoccupied and occupied values of 0 as a function of 

frequency are shown in Fig. 4.10. For low frequencies the difference is about 1.2 dB. 

For middle frequencies, the difference is about 1.5 dB. 

Warmth, Bass Ratio (BR), and Bass Strength (G1oJ 

When heard in a hall, music that is rich in bass is said to have "warmth." 

There are at least three ways of measuring bass sounds as possible indicators of 

warmth. The measure that has been around longest is the bass ratio (BR). It is the 

ratio of the reverberation times (RT's) in occupied halls at low frequencies to those 

at mid-frequencies. By definition it is the sum of the RT's at 125 and 250 Hz 

divided by the sum at 500 and 1,000 Hz. In my previous observations of BR's in 

concert halls, I found unexpectedly that, "It is immediately apparent that BR does 

not correlate strongly with the rating categories .... " Hence, other measures have 

been sought. 

A second method is to investigate the strength of the bass sounds by subtract­

ing the measured strengths (in decibels) at mid-frequencies (hall unoccupied) from 

the strengths at low frequencies. In other words, (0125 + 0 250) minus (0500 + 
0 1,000)' When this was tri~d for 38 concert halls, the conclusion was that it also 

was not a useful measure. 
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The third method is to measure the absolute strength of the sound in the 

lower frequency bands, say, Glow or G125, in decibels. Bradley and Soulodre (see 

References) concluded from subjective laboratory experiments that BR was not a 

meaningful measure of warmth, but that Glow and especially G125 were meaningful. 

First let us look at BR. 

In Fig. 4.11 a graph is shown of the bass ratio BR plotted as a function of 

the ranking of 45 halls measured with full occupancy. It is seen that there is no 

correlation between BR and the rank-orderings. This finding agrees with the Brad­

ley/Soulodre laboratory subjective tests. Next, we investigate their alternate finding. 

The strength G 125 in decibels, in 31 unoccupied halls, measured at 125 Hz is 

shown in Fig. 4.12. Note that the difference in calibration techniques among coun­

tries has been taken care of by subtracting 1.2 dB from the Takenaka values and 

using the values as measured for other data. Except in halls where the upholstering 

is very light, this figure indicates a helpful correlation between G 125, in decibels, 

and the rank-orderings. The high values for G 125 measured in those halls with light 

upholstering would not measure that way in occupied halls, because people cover 

the lightly upholstered seats. Thus, one might expect the G 125' s for the occupied 

halls to lie about 1.2 dB below the range indicated by the heavy lines. 

The values of G, in decibels, shown in Figs. 4.8, 4.9 and 4.12, indicate that 

G mid (occupied) and G 125 (unoccupied) increase with hall quality by about the same 

amount for the same halls. A separate list made of Glow minus Gmid for unoccupied 

halls showed that, for 37 halls, the average difference was - 0.9 dB, and that there 

was no correlation of the individual values with acoustical quality. It seems pure 

chance that the difference between Gmid and G 125 should be nearly the same for all 

halls, at least on average, because, logically, they are determined by differences in 

the type of seat and to some extent by the residual absorption (i.e., the sound 

absorption by the walls, ceiling, carpets, chandeliers, etc.). 

Intimacy, Initial-Time-Delay Gap (ITDG) 

The subjective impression of listening to music in a large room and its sound­

ing as though the room were small is one definition of intimacy. A deaf person can 

sense the size of a room by listening to the sound when standing in the center of 

the main floor. I originated the use of initial-time-delay gap as a measure of concert 

hall intimacy. This decision was based, in part, on experience in three halls. The 

first two were the Tanglewood Music Shed and the Caracas, Aula Magna. Both 

halls are fan shaped, so tha'~ there is a minimum of lateral reflections in the first 

80 msec after the arrival of the direct sound. The music in the Tanglewood Shed 

was grossly unsatisfactory. After the introduction of horizontal suspended panels, 

5'/8 
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~RE 4.8. Measurements of the strength of the sound at mid-frequencies 

Gmid versus the ratio EDT/V, where both Gmid and EDT were determined in un­

occupied halls. All data taken by Takenaka Research and Development Institute. 

The definition of the reference for G (i.e., G = 0) is the sound pressure measured 

at a point 10 m from the center of a non-directional sound source located in an 

anechoic chamber. Throughout this chapter, the sound source used was a reg­

ular dodecahedral "box" with a cone loudspeaker in each of its 12 faces. The 

halls that deviate most from the 3 dB per doubling of the ordinate values have 

architectural features that either heavily concentrate the early sound energy on 

the main floor (i.e" there is less energy in the reverberant sound, as in Costa 

Mesa) or the opposite (as in Tokyo, Orchard Hall). Two methods of calibration, 

including that used by Takenaka, are discussed in Appendix 3. 
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~RE 4.9. Same as Fig. 4.8 except the data were obtained by researchers 

in other countries. The possible method of calibration used by these specialists 

is discussed in Appendix 3. The stated difference of 1.2 dB between the two 

graphs is based on the difference between measurements made by the two 

different partli3s in the same halls. 
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G, Unoccupied and Occupied 
Seven Halls, Nos. 9,31,53,76,77,79,83 
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~ R E 4.10. The difference in the strength of the sound G as a function of 

frequency between unoccupied and occupied halls. Data are available for only 

seven halls. This difference is independent of the calibration method. 

which reduced the ITDO from 45 msec to 19 msec, the music became unbelievably 

better. "Stabiles" were built into the Aula Magna from the beginning, yielding an 

ITDO equal to 30 msec. Musical performances there have been well accepted. The 

third experience was with a very wide, rectangular hall in Chicago (destroyed by fire) 

that seated 5,000. There were no reflecting surfaces near the proscenium. The 

initial-time-delay gap in the center of the main floor was 40 msec. Although the 

reverberation time was 1.7 sec (occupied), sound in the hall was unsatisfactory, lil~e 

that in the Tanglewood Shed before the panels were introduced. 

In this text the initial-Erne-delay gap is given only for one position near the 

center of the main floor, about halfway between the stage and the first balcony front 

and about one yard (one meter) off the centerline. This corresponds to the blind­

person experience and reflections from nearby walls or surfaces are avoided. 

A long ITDO is encountered in a hall that is very wide and has a high ceiling. 

The difference between the sound in a hall with an initial-time-delay gap of 20 
msec and one in a much larger hall with a ITDO equal to 40 msec is illustrated by 

the reflectograms in Fig. 4.13. To produce such time patterns, a non-directional 

sound source that can emit a short, intense "beep" is located on the stage. For the 

two halls sllOWll in this figure, the microphone was in a seat about 60 percent of 
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~RE 4.11. Bass ratio for 45 concert halls, measured in occupied halls. 
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raised wooden floor 

Note: -1.2 dB was applied to Japauese values. 
The data below are from mauy countries and 
represent European calibration methods. 

Small halls and light upholstering 

-Very light upholstering 
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Thirty-One Concert Halls 

~URE 4.12. Strength G at 125 Hz for 31 concert halls. Measured with halls 

unoccupied. G125 is larger in small halls, and in halls with light upholstering. 
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o 80 
Milliseconds 

200 

~RE 4.13. Reflectograms showing two halls, one, narrower, with an initial­

time-delay gap of 20 msec. and the other, wider, with an ITOG of 40 msec. Note 

the number and strength of the early reflections between the first reflection and 

the 80-msec mark. The jumble preceding the first reflection is reflections off of 

the seats between the stage and the point of measurement. 

the way between the stage and the rear wall. The long vertical line near the left of 

each pattern indicates the sound that reaches the listener directly from the source. 

The reflectograms of Fig. 4.13 differ in two ways. First, in the hall with a 40-msec 

ITDG, there are fewer early reflections (those occurring before 80 msec) than in 

the hall where the ITDG is 20 msec. Second, in the case of a 40-msec ITDG, the 

amplitudes of the early reflections are weaker because the early reflections have 

traveled farther. 

The initial-time-delay gaps for 39 halls are shown in Fig. 4.14. In most of 

the highest-rated halls, the ITDG is 21 msec or less. Amsterdam (AM) is a wide 

hall. It is famous for its high and enveloping reverberation time, which tends to 

masl< the longer initial-time. delay gap. In most of the other halls the average ITDG 

is about 30 msec. No hall among the 39 in Fig. 4.14 is a poor hall. In a very large 
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Inltial-Time-Delay Gap, Various Halls 
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~RE 4.14. Plot of ITDG for 39 concert halls. Of the top 14 halls, only two 

have ITDG's greater than 25 msec. 

hall, parlicularly one that is fan shaped, the initial-time-delay gap is as high as 55 
msec. One conclusion to draw from this graph is that it is not too difficult to obtain 

a reasonable ITDG in a hall that is not too large, provided it is not fan shaped. 

Lateral Fraction (LFE4 ) 

Marshall is credited with recognizing that lateral reflections in a concerl hall 

are an imporlant factor in determining its acoustical quality (1968). Barron and 

Marshall in 1981 devised a measure of the strength of lateral reflections by a quan­

tity LF, which equals the ratio of the energy in lateral reflections to the total energy 

arriving at a seat in a hall. This measure correlates highly (in laboratory tests) with 

the broadening of a source on stage beyond its visual width owing to lateral reflec­

tions. That is to say, LF correlates well with the apparent-source-width (ASW). 

The mathematical definition for LF is given in Appendix 2. 
The version of LF that is commonly published is LFE4, where "E" indicates 

the early sound and "4" indicates the average of the LF values in the four octave­

frequency bands, 125, 250, 500, and 1,000 Hz. Reliable measurements of LF 
have been made in 22 concerl halls for which there are also subjective acoustical 

5/.9 
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quality ratings. The comparison between LFE4 and the ranl~-ordering of these 22 

halls is shown in Fig. 4.15. Marshall and Barron have shown from their laboratory 

tests that LF, or ASW, is strongly related to measurements in low-frequency bands. 

Potter has shown that measurement in the 500-Hz octave band contributes most 

to ASW. To check whether the low frequen~y bands have more influence on LF 

values than the middle frequency bands, LF was determined from data in Appendix 

4 for the same halls but averaging the measured values for the three octave bands 

500, 1000 and 2000 Hz. It is seen in Fig. 4.15 that there is no appreciable 

difference between low-band and middle-band measurements of LF, thus making it 

obvious that LF is not attuned particularly to low frequencies. 

From Fig. 4.15, we see that LF separates the six halls with top ratings from 

the six halls with lowest ratings, but does not separate those in between well. The 

general trend would indicate that one could rank-order the halls within the two 

heavy solid lines. But the spread between the two lines is 0.06, which is 25% of 

the highest value and six times the lowest value. As an example, it is inconceivable 

that the acoustical rating of London's Barbican Hall (LB), before its recent reno-

LF(Low,4-Band)&LF(Mid,3-Band) vs.Hal/s 
0.24-c--.-------------------,. 

:s! 0.22 
:E 

~ 0.2 +-1I--1f__~--IIf__-""""=_--__li'_\\_----____I 
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....I 0.18-­
u: 
....I C 0.16 -~-----""'o""_-\\___j ________ I___ ___ ____i ____ -__11_-~ ...... I----l 

o 
:0:; g 0.14 -t--------4------1r-fl' ........ ~+_f----_\__\c_I___\-__ .. 
U. 
ii 0.12 .. 
.! 
j 0.1+--------------------" ....... ~ 

0.08- , , , 
woo~~~~~~~~~~~~a~~ro~~~~ 

Twenty-Two Concert Halls 

£RE 4.15. Plot of the early lateral fraction LFE vs. the quality ratings of 22 

concert halls. The LE was measured in two ways: "low," the average of the 

values in thl! four lowest bands; and "mid" the average in the 500-, 1,000-, and 

2,000-Hz barids. There is no significant difference. Average standard deviation 

0.08 sec. 
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vations, should be higher than that of Hall 21, or that the Glasgow Hall (GL) 

should be equal to the very best. The Glasgow hall is currently undergoing major 

changes to improve its acoustics. 

The major conclusion from comparison of Figs. 4.5 and 4.15 is that BQI is 

a superior measure for estimating the acoustical quality of a concert hall. 

Acoustical "Glare" and Sur/ace Di/fusivity Index (SDI) 

Concert music sounds better to a listener when the early sound is not" glary" 

and the late reverberant sound seems to arrive from many directions, i.e., from the 

sides, from the overhead, as well as from the front. 

Many of the finest concert halls, e.g., those in Amsterdam, Boston, Vienna, 

Berlin Konzerthaus, Leipzig, Basel and Zurich (most built in the nineteenth cen­

tury) have coffers, beams or curved surfaces on the ceiling, and columns, niches, 

irregular boxes, and statues on the upper side walls. In addition, the surfaces of the 

lower sidewalls often have fine-scale ornamentation. These irregularities and orna­

mentation "diffuse" the sound when reflected and give the music a mellow (non­

glary) tone. 

Diffusion must be thought of in relation to two different venues-those por­

tions of the hall associated with the early reflections and those portions associated 

with the reverberant sound. 

DIFFUSION OF EARLY SOUND. If one listens to music in a rectangular 

hall with flat, smooth sidewalls, the sound takes on a brittle, hard, or harsh sound, 

analogous to optical glare, sometimes called frequency coloration. Such a harsh 

sound was heard in the original New York Philharmonic Hall, because the principal 

early lateral reflections came from smooth plaster sidewalls. The sensation there was 

that the upper tones from the violins contributed most to the" glare." 

To reduce acoustic glare related to the string tones that are caused by flat 

sidewalls or flat suspended panels, irregularities of the order of 1-2 in. (2.5-5 cm) 

deep should be embossed into the reflecting surfaces. Detailed designs are discussed 

below. 

A further advantage of the diffusion provided by the irregularities on the side­

walls is shown in Fig. 4.16. It is seen that diffusion added to a wall distributes the 

early reflections from all instruments across a wide area of the sidewall, rather than 

from a different point for each instrument. 

DIFFUSION OF LATE (REVERBERANT) SOUND. Since the early days 

of music in rooms, it has been recognized that the reverberant tone quality in a 

concert hall is improved by irregularities on the upper wall surfaces and the ceiling. 

S2/ 
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FLAT WALLS 

--- ... ------

DIFFUSING WALLS 

~RE 4.16. One effect of adding sound diffusion to the sidewalls is illus­

trated roughly by the sketches above. The upper sketch shows sound A coming 

from a flute on the stage and arriving at the listener's position from a single 

point on the sidewall, well ahead of the sound B from a violin which is perceived 

as coming from a point farther back on the sidewall. In the lower sketch, the 

sound from pny source on the stage is reflected to the listener from points all 

along the wall because of its diffusivity. These distributed reflections from all 

the instruments in the orchestra will be perceived by the listener as reflecting 

from the entire sidewall, not just from a different place for each instrument. 
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Such irregularities scatter a sound wave during each reflection, so that, after many 

reflections, they add a homogenizing effect to the reverberant sound. This homog­

enizing effect is called" diffusivity of the sound field," and for the surfaces themselves 

we say they have "surface diffusivity." No physical measurement exits for determin­

ing the optimum amount or type of irregularities; instead we rely on visual means. 

SOUND DIFFUSIVITY INDEX (SDI). Haan and Fricke (1993) have de­

vised a visual procedure for classifying the" acoustical quality" of the surface irreg­

ularities in a hall based on inspection, or on photographs and drawings. The visual 

criteria they have promulgated for categorization of the "degree of diffusivity" of 

surfaces are as follows: 

RIG H DIF FU S IVITY. For high diffusivity, the ceJing is coffered or checker­

designed with deep recesses or beams [greater than 4 in. (10 cm) in depth, but not 

so great as to blocl~ ongoing sound waves, that is to say, not greater than about 10 
in. (25 cm)]. The upper sidewalls should have random diffusing elements of sizable 

depth, or frequent niches and columns oriented vertically, over them. To avoid 

acoustical "glare," from early lateral reflections, the lower side walls should have fine 

scale diffusion, say, irregularities of about 2 in. (10 cm) depth. No area should 

absorb sound appreciably except for duct openings for air conditioning. Examples 

are Boston Symphony Hall (coffered ceJing, statues, niches, and ornamentation 

on sidewalls), Bonn Beethoven Hall (specially designed ceiling for random diffusion, 

and sidewalls with diffusing panels), Salzburg FestspeJhaus (special geometrical 

construction on ceJing and sidewalls meeting the above description), Vienna 

Grosser MusJ~vereinssaal (coffered ceJing, irregular sidewalls created by windows, 

deep plaster ornamentation, ornamentation on balcony fronts, and statues on lower 

sidewalls. ) 

MEDIUM DIFFUSIVITY. Brol~en surfaces of varying depth on the ceiling 

and sidewalls. Otherwise, ornamentally decorative treatment applied with shallow 

recesses [on the upper sidewalls, not greater than 2 in. (5 cm) in depth]. No absorbing 

surfaces, as above. Examples are Christchurch Town Hall (relatively smooth sound­

reflecting panels, smooth balcony fronts, regularly spaced slats on side walls); London, 

Royal Festival Hall (relatively smooth sidewalls); Stuttgart, Liederhalle (relatively 

smooth side walls); Toronto (relatively smooth sidewalls before renovations). 

Low DIFFUSIVITY. Large separate paneling, or smoothly curved surfaces, 

or large flat and smooth surfaces, or heavy absorptive treatment applied. Examples: 

Buffalo, Kleinhans Hall (relatively smooth sidewalls and ceiling); Liverpool, phJ­

harmonic Hall (relatively smooth sidewalls and ceiling) (both before renovations 

completed or under consideration). 
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Haan and Fricke then assigned a numerical rating to each degree of surface 

diffusivity: "high" equals 1.0; "medium" equals 0.5; and "low" equals o. They then 

weighted diffusivity of each area of surface; for example, if a ceiling had a total area 

of 3,200 m2 and 1,000 m2 of it was smooth and the remainder deeply coffered, it 

would be rated "0 X 1,000 + 1 X 2,200" = 2,200 area points. This number 

was added to the area points for the sidewalls (they neglected the end walls) to get 

the total area points for the room. The "surface diffusivity index (SDI)" is obtained 

by dividing the total diffusing area points (just determined) by the actual total area 

of the ceiling and sidewalls. For the Vienna Musikvereinssaal they determined an 

overall SDI rating of 0.96. At the other extreme, the London Barbican Hall (before 

recent renovations) received a SDI rating of only 0.23. 

In retrospect, a principal defect in the ill-fated New York philharmonic Hall, 

as mentioned above, was the lack of surface irregularities. The SDI for that hall 

would have equaled "0." Parenthetically, the reason the hall was built without surface 

irregularities, even though the need for them was already appreciated as early as the 

nineteenth century, was that the building committee, to reduce costs, eliminated all 

sound diffusion from the plans in the closing year and hired an interior decorator 

to hide their lack. The hall opened with sidewalls covered with blue paint and illu­

minated by blue lights. 

A plot of the visually determined SDr against the rank-orderings, of 31 concert 

halls is shown in Fig. 4.17. The best halls have SDI's of 1.0, the medium quality 

halls, between 0.5 and 0.9, and the lower quality halls between 0.3 and 0.7. ob­

viously, the other acoustical parameters, BQI, RT, ITDG, G125, good stage design, 

etc., must be taken into account simultaneously with SDr to obtain a meaningful 

relation between overall estimated acoustical quality and the rank-orderings of 

Table 4.1. 

Listener Envelopment 

A diffuse reverberant sound field is said to create "listener envelopment" ; that 

is to say, the reverberant sound seems to arrive at the listener's ears from all direc­

tions, thus "enveloping" him/her. There have been suggestions in the literature that 

the late interaural cross-correlation coefficient might be used as a measure oflistener 

envelopment. The quantity IACCL3 measures the correlation between the sound 

waves that arrive at the two ears in the time period starting at 80 msec after arrival 

of the direct sound and extending up to 1 sec where "L" indicates this time period 

and "3" is the average of the sound in the 500-, 1,000- and 2,000-Hz frequency 

bands. 
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SURFACE DIFFUSIVITY INDEX, SOl 
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~RE 4.17. The surface diffusivity index (SOl) as determined from visual 

inspections of photographs or visits to 31 concert halls. The highest rated halls 

have SOl's of 1.0, while those of the lowest rated halls fall in the range of 0.3 

to 0.7. The intermediate halls have SOl's of the order of 0.7 ± 0.1. 

From Fig. 4.18 it is seen that all of the concert halls have nearly the same 

average values for [1 ~ lACCL3]. In only one hall, which has fairly smooth sidewalls 

and ceiling, does its value deviate noticeably from those of the other halls. Unfor­

tunately, this type of measurement has never been made in a hall with no sound­

diffuSing surfaces. However, as a measure of sound diffusion in normal halls it 

appears to have little value. 

Clarity 

Except in a few halls, clarity decreases with increased reverberation and vice 

versa, as was discussed in Chapter 2. Exceptions include Birmingham, Costa Mesa, 

Dallas, and Lucerne, which have reverberation chambers located outside the audi­

ence space. Here, we will treat its measurement and how it varies from one class of 

hall to another. 

The usual physical m~asurement of clarity is the ratio of the energy in the 

early sound to that in the reverberant sound, a ratio that is expressed in decibels 

(dB) by Cso. 
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~RE 4.18. Plot of the late (after 80 msec) quantity [1 - IACCl3l against 

the 24 rated concert halls. 

The measurement of Cso requires two pieces of equipment-one to produce 

an impulse sound, such as the bursting of a balloon, a pistol shot, or a short intense 

beep from a loudspeal~er; and the other, a tape recorder that is moved about the hall 

to record successive impulses at a number of seats. With a computer, two quantities 

are tal~en from the tape: (i) the energy of the sound that arrives directly from the 

loudspeal~er plus all reflections from surfaces in the hall that occur within 80 msec 

thereafter, and (ii) the energy of the sound that arrives after 80 msec, usually up to 

1 or 2 sec. The ratio of (i) to (ii), expressed in decibels, is Cso. If there is no 

reverberation-the room is very dead-the music will be very clear and Cso will 
have a large positive value (in decibels). If the reverberation is very large-such as 

exists in a huge cathedral-the music will be unclear and Cso wJl take on a large 

negative dB value. Cso equals 0 dB when the early energy is equal to the reverberant 

energy. 

Published Cso's are usually the average of the Cso values in the 500., 1,000. 
and 2,OOO·Hz octave bands and at a number of seats in a hall. The symbol Cso(3) 
is used to designate the time considered and the three bands. In Appendix 3, nu· 

merical values for Cso in uil:occupied halls are listed for each of the eight frequency 

bands. 
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A interesting observation about clarity is that different aIllounts of it are 

desirable in different situations. During rehearsals, a conductor will often express 

satisfaction with a rehearsal hall that has a Cso{3} of + 1 to + 5 dB {hall unoccu­

pied}, so that all the details of the Illusic can be heard. But at a concert, whether 

conducting or listening in the audience, the saIlle person will usually prefer a Illore 

reverberant space, i.e., with Cso{3} equal to -1 to - 4 dB. 

In the interviews that were conducted for this study, the persons were asl~ed 

to judge the halls as an audience would. As expected, the halls with clarities between 

-1 and - 5 dB were judged the best. of course, in no situation would a hall for 

sYInphonic Illusic be acceptable if it had cathedral-l~e reverberation, which would 

yield a very high negative value of Cso' 

A good feature of Cso{3} is that it can be judged qualitatively by an experienced 

listener. It is easy to hear whether the Illusic is too clear, or sounds "Illuddy" {the 

reverberant energy is too strong}, or the balance between the reverberant and the 

early sound is not satisfactory for a particular kind of Illusic. However, in norIllal 

concert halls, Cso is so highly correlated {inversely} with the reverberation tiIlle 

that it cannot be used as an additional way to estiIllate the acoustical quality of a 

concert hall. 

The Dallas, BirIllinghaIll {England}, and Lucerne halls are special. They are 

basically rectangular halls, not great in width. But they have extra reverberation 

chaIllbers at the sides {and in one case the top} that create higher reverberation 

tiIlles at low frequencies with full occupancy. Because clarity is needed for instru­

Illents that play rapidly, particularly the violins, the Cso Illeasure in those halls is 

siIllilar to that in Boston 8 YInphony Hall or Carnegie Hall in New Yorl~. However, 

at lower frequencies, 500 Hz and below, the longer reverberation there adds a new 

character to the Illusic, not related to clarity. 

Texture 

A sound quality paraIlleter that is difficult to Illeasure is "texture." It involves 

the nUIllber and nature of the early sound reflections, those that arrive at a listener's 

ears soon after the direct sound. Even when all other paraIlleters are acceptably near 

optiIllUIll, unsatisfactory texture Illay create reIllarks such as "the Illusic is Illissing 

sOIllething," or "the Illusic has an edge," or it is "a bit off." 

Texture is related to a tiIlle pattern, a "reflectograIll," at a listener's position 

lil~e those shown in Fig. 4.13. As was already stated, the initial-tiIlle-delay gap 

{ITDG} for the upper hall is' about 40 Illsec, and for the lower hall about 20 Illsec. 

For good "texture," not only should ITDG be short, but the reflections before the 

80-Illsec Illarker should be large in nUIllber and relatively uniforIllly spaced like 

those in the lower graph. 

S:?? 
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Visual inspection of a reflectogram is a very important index of sound quality. 

In principle, rectifying and smoothing the reflectogram should facilitate this pro­

cedure, but the physical constant needed, the number of reflections in the early 

sound, is inaccurate. One way to eliminate the uncertainty in the count is to in­

troduce a mathematically well-defined procedure to the reflectogram, namely to 

form its "Envelop Function, EF" (Kuttruff, 2000). 

T. Hidaka (2002) advocates using a band width extending from 353 Hz to 

2.8 kHz for determining EF and the usual monaural impulse response. Also, the 

range of 0 to - 25 dB should be used. Hidaka applied this method to the opera 

houses where the rank ordering was the results of a questionnaire study (See Chapter 

5). He found that the most highly rated houses had more than 17 reflection peaks 

before the 80 msec marker, a middle group, 10 to 16 peaks, and the lowest group, 

less than 10. This method has not been tried on concert halls, but there is no reason 

why it would be less effective. 

Orthogonality of the Objective Acoustical Measures 

Any list of acoustical parameters based on physical measurements that purport 

to be of assistance in judgments of concert hall quality must be independent of each 

other. In Table 4.2 the correlations among the physical measurement:;; that are made 

in actual concert halls are portrayed. In this table, if the correlation between two 

quantities is greater than about 0.6, the quantities are not independent of each 

other. It is seen that the reverberation time (RT), early decay time (EDT), and the 

clarity factor (Cso) are highly correlated and therefore are not independently useful 

in judging the acoustical quality in concert halls. There is a reasonable correlation 

between LFE4 and [1 - lACCd (i.e., BQI) because both are responsive only to 

sound reflections from lateral directions and both measure the sound in the first 

80 msec after arrival of the direct sound. However, as we showed above, BQI is 

more accurate in judging acoustical quality than LF. As one would expect, there is 

reasonably high correlation between volume and seating capacity. 

Special Structures for Reducing Acoustical 
"Glare" and for Diffusing Sound 

REDUCING ACOUSTICAL GLARE. Two 1-in.-deep designs that were used 

in the Tol~yo NNT Opera House and the Tokyo TOC Concert Hall for the surfaces 

that controlled the early reflections are shown in Figs. 4.19 and 4.20. In those 

examples, the diffusion stirts at about 2,000 Hz and reaches a maximum of about 

8 decibels at 5,000 Hz. If the depth were 2 in., the diffusion would start at 1,000 

Hz. The l.O-in. version satisfied listeners in the Tokyo halls. 
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RTM 

RTM 

EDTM 0.99 

Cao•3 -0.84 

GM 0.29 

HACCE3 0.15 

LFE4 0.23 

BR 0.08 

ITOG -0.48 

V 0.31 

N 0.12 

~LE 4.2. Correlations among physical quantities measured in 42 concert 

halls. Correlations greater than 0.6 are listed in bold type. A low correlation 

means the two parameters are independent of each other. 

EDTM CSOol GM 1-IACCEl LFE4 BR ITOG V N 

-0.88 

0.27 -0.30 

0.17 -0.33 0.49 

0.25 -0.27 0.33 0.71 

0.04 0.03 0.05 -0.13 -0.38 

-0.50 0.57 -0.43 -0.12 -0.20 -0.04 

0.27 -0.06 -0.57 -0.53 -0.09 0.20 0.25 

0.11 0.02 -0.55 -0.57 -0.28 0.27 0.18 0.83 

DIFFUSING SOUND FIELDS (QRD DIFFUSERS). QRD diffusers are 

a design of irregular flat surfaces for the purpose of creating diffusion of the sound 

on reflection, usually over a wide frequency range (see References). A QRD diffuser 

when used to reduce a strong "echoey" sound has the advantage over using thin 

layers of sound absorbing material in that only a portion of the sound energy is 

lost. Rather, with a QRD reflector, the incident sound energy is "scattered" in many 

directions and takes part in the general reverberation. 

One basic shape of a QRD is shown in Fig. 4.21. It consists of a series of 

parallel "wells" of varying depths. These wells are strips in a panel that could, for 

the example shown, be 9.4 in. (0.24 m) deep and 4.4 ft wide (1.34 m) (two repeated 

sections in width are shown). 

The diffusion pattern for this panel is also shown in Fig. 4.21. The radii of 

the circles on the graphs are separated 10 dB from each other. At 3,200 Hz, the 

right-hand graph, it is shown that when a sound wave incident at 135 degrees 

(arriving from the upper left) strikes the horizontal QRD surface (at the centerpoint 

of the circles) the QRD reflects sound energy off, as shown by the solid curve, in 

almost equal intensity at all angles between 30 degrees and 150 degrees. In other 

words, it diffuses the incident sound wave. The dotted curve shows that if the wave 
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~RE 4.19. Fine-scale diffusing surfaces on the side and rear walls, below 

the first balcony, of the Tokyo Opera City Concert Hall. Bottom: Depth in mm of 

the grooves. Next up: Section view of the pattern of the grooving. Middle: Photo­

graph of the diffusing panel as tested in the laboratory. When installed on the 

sidewalls the grooves are vertical. Top: The sound pressure level relative to that 

from a hard flat surface, with the sound wave incident at 45 and 60 degrees. 

The microphone was located at the optical reflection angle. 
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~RE 4.20. Fine scale diffusing surfaces used in the "first-reflection" areas 

of the Tokyo New National Theater Opera House. The description is similar to 

that of Fig. 4.19. 

were instead incident on a smooth flat panel, also at 135 degrees, almost all the 

energy would be reflected at 45 degrees (angle of reflection equal to the angle of 

incidence). Comparison of the dotted line with the solid line reveals that the energy 

reflected from the flat panel at 45 degrees would be 10 to 14 dB greater than that 

from the QRD panel. Thus, a QRD can be used both as a diffusing and an echo 

eliminating structure. 

The highest frequency at which diffusion can tal~e place is determined by the 

width of the wells in the QRD diffuser and the lowest frequency by the depth of 

the cells, but 16 in. (41 em) is about the greatest practical depth. The negative side 

of the QRD diffusers is that some designs absorb a Significant amount of sound 

and therefore cannot be used in large areas. The manufacturers supply both the 

diffusion patterns and the sound absorption coefficients for each type sold. 

One important test of a QRD-type diffuser was in the Tokyo's Opera City 

TOC Concert Hall (No. 83 in Chap. 3). The architect created a hall with a pyra­

midal "ceiling" -he did not want a flat ceiling as in the conventional shoebox hall. 
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~RE 4.21. Structure and performance of a ORO diffuser. The ORO unit is 

about 4.85 ft (1.48 m) wide, 5 ft long, and 9 in. deep. The lower graphs show the 

diffusion patterns at 800, 1,600, and 3,200 Hz, as measured in octave bands. The 

reason for the unusual frequencies for the bands is that the measurements were 

made at one-fifth scale, which requires test bands with mid-frequencies of 4,000, 

8,000, and 16,000 Hz. (Courtesy RPG Diffusor Systems, Inc.) 

The peak of the pyramid is moved forward toward the stage end of the hall so that 

a long, sloping, triangular part of the ceiling hangs above the heads of the audience 

on the main floor. If this surface were to have remained flat, the ceiling would have 

returned a strong echo to the stage and to the front part of the main floor. 

The design of the TOC QRD reflector and its performance characteristic for 

sounds striking perpendicular to its surface are shown in Fig. 4.22. The QRD 

reflector scatters most of the sound laterally. The sound that would have been re­

flected directly bacl< to the orchestra and audience is reduced by more than 12 dB 

at frequencies above 500 Hz, eliminating any chance of a disturbing echo. 

QRD's were tried around the sides of the stages in three American concert 

halls, (Baltimore, Chicago, and San Francisco) with the hope that their diffusing 

properties would enable the players to hear each other better. But the musicians did 

not lil<e what they heard---'-"the sound seemed muddled-and the QRD's were re­

moved in all three cases. 
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Brilliance 

Reverberation is the result of sound waves traveling around inside a hall fol­

lowing the early sound. As stated several times, early sound is the sequence of 

reflected sound waves that reaches a listener's ears in the first 80 msec aHer the 

direct sound has arrived. These early sound waves continue to reflect back and forth 

in the hall until they die out to inaudibility. That is to say, aHer 80 msec they are 

perceived as reverberation. 

Let us consider a hall whose dimensions on average are about 80 H in any 

direction. Because sound travels about 1,128 H (344 m) per second, a wave will 
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~RE 4.22. Bottom: Design of Schroeder QRD sound diffuser installed hor­

izontally on the rear wall of the pyramid facing the stage of the Tokyo Opera 

City Concert Hall. Top: Reflected intensity measured in one-third-octave bands 

at perpendicular incidence. The sound reflected back to the stage is reduced 

by more than 12 dB in the frequency bands from 630 to 5,000 Hz. The QRD directs 

a considerable part of the diffused sound energy to the sidewalls of the pyramid 

that, on reflection, strengthens early lateral reflections. 
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strike a wall, ceiling, or the audience about 30 times in 2 sec. Each time a wave is 

reflected from a wall or a ceiling surface, a small amount is absorbed. of course, 

the waves strike the audience areas some of the time, and those areas absorb a high 

percentage of the incident sound. But there is another way that a sound wave loses 

energy. This energy loss occurs in the air itself as a wave travels through it, just as 

a person loses energy when he wades through deep sand adjacent to a beach. In air, 

the energy loss is caused by friction among the air particles and resonant interactions 

among the molecules as they are shaken by the sound wave. 

The type of absorption that occurs when a sound wave travels around a room 

is appreciable only at frequencies above 1,500 Hz. This means that the diminution 

in the strength of the sound due to natural causes will just become noticeable in 

the 2,000-Hz band and will be much more noticeable in the 4,000-Hz band. The 

loss is greater in dry air than in humid air. Because in a concert hall strict control 

of humidity is not usually maintained, sound absorption must be lzept to a minimum 

at every surface the sound stril'1es. Failure to do so means the loss of high-frequency 

energy, that is to say, loss 0/ brilliance. Numerical calculation of sound attenuation 

in air and its effect on reverberation time is available in Appendix 3. 

Draperies and carpets should be strictly avoided or limited in area. If carpets 

are necessary, they should only be employed in aisles. Even there they should be as 

thin as possible and be cemented directly to a solid backing. Acoustical sound 

absorbing materials should only be used when necessary to eliminate echoes or 

acoustical glare and then in areas as small as possible. 

Noise, Vibration and Echo 

NOISE AND VIBRATION. A motion picture artfully conceived and mov­

ingly acted would never be submitted to the Cannes Festival if the film were over­

exposed. Nor would the noblest gastronomic effort of the chef at the Tour d'Argent 

surmount the addition of an extra spoonful of salt. The whitened scene and the 

briny taste of acoustics are echoes, noise, tonal distortion, and non-uniformity of 

hearing conditions. These attributes can only detract from the beauty of music; 

they add nothing. It is beyond the scope of this bool'1 to discuss noise and vibration 

control. Large texts exist on this subject. Suffice it to say that the noise levels in 

the hall should be less than the NCB-20 criterion and preferably less than NCB-

15. If the hall is located over a railway or subway line or adjacent to heavy street 

traffic, the hall proper may have to be vibration isolated using springs or elastic 

layers in the foundations, depending on the magnitude of the vibrations. 

E C H o. An echo in dhall for music is generally caused by a reflection that is 

returned to the front part of the hall from a rear wall or a rear balcony face. Tilting 
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the face so as to throw the reflected sound into the audience on the main floor 

below easily controls a balcony reflection. An echo from a flat rear wall usually 

originates from only the lower part, i.e., the part of the wall below the first balcony. 

Either tilting the wall upward or downward can eliminate the echo. If upward, adding 

some sound-absorbing material to the underside of the balcony soffit will provide 

further protection. It is wise to determine the amount of sound absorbing material 

by actual test after the hall is built, because it usually takes very little material and 

the sound does not want to be made unsatisfactory for listeners seated below the 

balcony. 

The worst possible case of an echo can arise from a long rear wall that is 

circular with its focal point in the front of the hall or on stage. Here, the echo must 

be controlled by sloping the wall, usually downward, and setting any doors in the 

rear wall at an angle. Provision should be made on this wall for addition of sound 

absorbing material if the echo is not completely eliminated by sloping. 

Finally, the QRD's can be used, as in Carnegie Hall, if the surface causing 

the reflection is not too large. If further echo reduction is necessary after the hall 

opens, sound absorbing material can be introduced into "wells" of the QRD's. 

&uRTHER ARCHITECTURAL 

CONSIDERATIONS 

Most of the acoustical factors pertaining to a concert hall have been covered 

in the previous sections. In this section of the chapter, the preferred values of these 

factors are brought together and architectural considerations that have not previ­

ously been discussed are presented. 

Pre/erred Values for Acoustical Parameters 

The preferred values for seven of the acoustical parameters that we have dis­

cussed are given in Table 4.3. A brief discussion of each follows. 

RT occup. The preferred value of RToccup chosen for a hall depends on the 

repertoire of the performing groups that are expected to perform in it. Three pos­

sibilities are shown in Table 4.3: symphonic repertoire, chamber music, and opera. 

Traditional organ music is best played in a hall with a reverberation time of 

3-5 sec. 

If a separate rehearsal ;pace is to be provided, the optimum reverberation time 

should probably be lower, provided the resident conductor and orchestra agree. The 

argument for a lower RT, by 0.2-0.4 sec, is that the musicians can hear every note 
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~LE 4.3. Preferred values of acoustical parameters in concert halls, opera 

houses, and chamber music halls. 

sec d8* 

RTo •• EDT.no •• BOI Gmidr G'25' ITOG SOl, CB1l.3' ST1 

Av.5-1 kHzRT Av.5-1 125 Hz (msecl visual Av.5-1-2 (dBI 

kHz Mid-Floor kHz stage 

1.8 to 2.1 2.2 to 2.6 0.65 to 0.71 1.5 to 5.5 3.0 to 6.0 <25 >0.8 -3.0 to 0 >-14 

1.6 to 1.8 1.9 to 2.3 0.7 to 0.76 9.0 to 13 9.0 to 13 <20 >0.8 -2.0 to 2.0 >-12 

1.4 to 1.6 1.5 to 1.9 0.6 to 0.71 -1.0 to 2.0 -1.05 to 2.3 <23 >0.5 1.0 to 3.0 -

*European calibration. Add 1.2 dB for Takenaka calibration. 

and nuance during rehearsal, which is not possible in a concert setting if the rever­

beration time exceeds 1.7 sec. 

In Appendix 3, the Sabine formula is given for computation of reverberation 

time. Also, a table of absorption values for different materials and audiences are 

given for use in the formula. Sound is attenuated as it travels through the air at 

the speed of 1,128 feet (344 m) per second at normal room temperature, and a 

table of values for the absorption of sound as it travels through the air is also given 

in Appendix 3. 

EDT UNOCCUP' The preferred values given in Table 4.3 assume that the chairs 

are medium upholstered. With leather upholstering or with many chairs in the hall 

not upholstered, EDT will be longer. 

B Q I. BQI depends on an abundance of early lateral reflections. Its value can 

be crudely estimated from architectural drawings if careful consideration is made to 

the first 10-15 early sound reflections. The difficulty of estimation is the judgment 

of how much the sound wave will be attenuated and diffused on each reflection. 

The best method of determining BQI before construction of a hall is to malw 

use of models. Computer models are important in the early stages of design because 

they can trace out the first 20 or so early reflections fairly accurately. From the 

model, acoustical "reflectograms" can be obtained that indicate the number and 



Acoustics 0/ Concert Halls 

spacing of the early reflections (see Fig. 4.13 for examples). For greatest accuracy, 

a wooden model, at 1/10th or 1/20th scale, is best. A miniature loudspeaker can 

be moved around on the stage to represent the different sections of an orchestra 

and a small sphere with miniature microphones on two sides representing ears can 

be used to represent a listener. The "listener" can be moved about the seating areas 

in the model and BQI can be measured accurately. An important advantage of a 

"real" model is that the balcony fronts, wall diffusion, and irregularities throughout 

the room can be adjusted both to satisfy the architect's visual demands and to obtain 

uniformity of BQI over the seating areas. If the proper equipment is provided, a 

person using earphones can actually hear the sound as it would be heard in the 

completed hall. A good feature of the Binaural Quality Index is that its value is 

nearly the same whether the hall is occupied or unoccupied (see Fig. 4.6). 

The formula for calculating BQI from impulse sounds generated by a non­

directional loudspeaker on stage is given in Appendix 3. 

G MID • We have already learned in Figs. 4.8 and 4.9 that the loudness (which 

relates largely to G mid) can be too little, assuming a full orchestra is performing, in 

a very large halllilze London's Royal Albert Hall, or too great, as in halls seating 

less than 1,000. These graphs show that G mid is related to the early decay time 

EDTunoccup divided by the cubic volume V of the hall. The EDT (unoccupied) ap­

proximately equals RT (occupied) times 1.15 to 1.2 in modern halls with medium 

upholstering. The values of (EDT/V) X 106 plotted in those two graphs are the 

values that were actually measured in the halls, regardless of the upholstering. There­

fore, for most of the halls, a portion of the scattering of the data points may be 

attributed to variations in sound absorption of the chairs. In a halllilze the Seger­

strom Hall in Costa Mesa, California, or the Town Hall in Christchurch, New 

Zealand, large reflecting panels around the upper part of the hall send a large part 

of the early sound directly to the audience, malzing the levels of Gmid higher than 

would be expected from the ratio of EDTN. 

G 125' As detailed earlier, the bass response is tied to the strength of the sound 

at low frequencies, especially the strength of the sound in the 125-Hz octave fre­

quency band. 

ITDG. The initial-time-delay gap (ITDG) is usually quoted for an audience 

position near the center of the main floor, halfway between the stage front and the 

first balcony front, or the rear wall if there is no balcony. The first reflection in 

shoebox halls usually comes hom a balcony front-otherwise from a lower side wall. 

In a fan-shaped hall the first reflection may come from suspended panels or the 

ceiling. In the best concert halls and opera houses the ITDG is less than 25 msec. 

S~7 
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S D I. Details on the determination of surface diffusion index (S D I) were 

given earlier. The more and varied the surface irregularities in a hall, the better. 

Experience in five concert halls that the author has been associated with indicates 

that the depth of the irregularities on the lower sidewalls can be of lesser magnitude 

than those on the upper walls. The irregularities on the lower walls are designed to 

remove acoustical "glare." Those on the upper walls primarily affect the reverbera­

tion time and need be large to cover a wide frequency range and to thoroughly 

homogenize the sound. 

C SO ,3' This term relates to clarity. If it is positive, as in opera houses, the 

sound is much clearer than if it is negative. Actually, CSO,3 correlates highly (in­

versely) with the reverberation time and is hard to control separately. 

S T 1. There is no question but that the degree of stage support is important. 

SD1 measures how well a player hears himself and other players near him. When 

a canopy is used to create a favorable ST1 on stage, its height should be between 

7 and 13 m, adjusted according to the orchestra's preference. Depending upon what 

energy is reflected from other surfaces this height will mal<e ST1 equal approxi­

mately to -12 to -15 dB (see Fig. 4.23). The famous Concertgebouw in Am­
sterdam (AM) is an unusual example. It has a high ceiling over the stage, and part 

of the audience sits in steep formation to either side of the orchestra. Thus, there 

are no reflections from stage sidewalls. The conductor and musicians have trouble 

hearing each other and thus must closely watch the conductor's baton. From the 

standpoint of the quality of the sound in the audience this makes no difference. 

SPECIAL NOTE: The values given above the different acoustical attributes 

were measured in halls with acoustical ratings ranging from "fair" to "excellent." 

When using these numbers in design, observe that a large percentage of the "ex­

cellent" halls are "shoebox-shaped." Halls of different shapes could have the same 

measured numbers but might not sound exactly the same. In other words, there 

may be other less prominent attributes that contribute to the "excellence" of those 

halls. Further, some believe, and with some justification, that non-acoustical fac­

tors, such as the beauty of the architecture and the quality of the performances, 

affect the" acoustical quality" judgments of listeners. 

Preliminary Design Procedures 

DETERMINATION OF AUDIENCE SIZE AND CUBIC VOLUME OF A 

HALL GIVEN SELECTED VALUES FOR G MIn and RTocc. Before the de­

tailed design of a concert hall is undertal<en, the owner and acoustician should do 

some preliminary determinations. Because three factors are immediately involved-
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~RE 4.23. The stage support factor (ST1) plotted against the subjective 

ranking for 24 concert halls. The method of determining it is described in Ap­

pendix 2. Generally speaking, halls with high ceilings and no canopy make it 

more difficult for an orchestra to play in good ensemble. It is seen that even in 

the highest-ranked halls, there may be no canopy, the usual reason for not 

installing one is that it is unsightly. A desirable range of -12 to -14.4 dB is 

indicated by the heavy lines. 

number of seats, reverberation time, and the approximate cubic volume-a simple 

procedure for guidance is presented here. The assumptions underlying this exercise 

are given in Appendix 3, under the title "Derivatives of Sabine Equation." There 

are two ways to start. One is to begin with the number of seats desired. The other 

is to begin with the strength of sound that is desired in the hall. As we can see from 

Fig. 4.9, the strength factor G mid at mid-frequencies for the best halls lies between 

2 and 5 dB (European calibration). The design chart in Fig. 4.24 shows that if we 

pick the number of seats we can estimate the value of G mid, or if we start with the 

desired G mid, we can obtain Sn and with it determine the number of seats. 

Let us start with G mid, the strength of sound in the hall. Assume, from Fig. 

4.9, that 3 dB is satisfactory. From Fig. 4.24, for 3 dB, the approximate value for 

ST is 1750 m2 . Because ST includes the area of the orchestra it must be factored 

out, i.e., SA = S(T) - 180 equals 1,570 m2 . Dividing 1,570 by 0.645 (approx-

5cY9 
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~RE 4.24. Approximate chart for determining the acoustical audience 

area or the number of seats once the strength of sound (see Fig. 4.9) is agreed 

on. Conversely, if the number of seats N is chosen first, the acoustical area 

ST = (N x 0.645) + 180 m2. Values of Gmid in different halls is taken from the 

chart in Fig. 4.9. 

imate acoustical area per seat) gives us 2,434 seats. Next, assume we want a rever­

beration time RT = 1.9 sec at mid-frequencies. The cubic volume that will be 

needed is found from Fig. 4.25 after we determine the product of ST and RToccup, 

which is 1,750 X 1.9 = 3,325. From the chart we see that this will require a 

volume of about 21,000 m 3 . A hall that approximately has these physical charac­

teristics is the Meyerhoff Concert Hall in Baltimore, and another that comes close 

is the Berlin Philharmonie. With these approximate numbers-I.9 sec, 2,400 

seats, and 21,000 m 3-one can decide, for example, what happens if fewer seats 

are desired, in which case the value of G mid will increase. Or, what about a higher 

reverberation time? This would require an increase in the cubic volume. 

Having these estimates at hand, more precise planning can begin, with the 

shape of the hall being the first consideration, and, next, all the other considerations 

that have been discussed in this chapter. Obviously, the correct reverberation time 

can only be calculated after the cubic volume and the acoustical characteristics of 

the walls, ceiling and chair~ are l"nown. With these lmown, the formula in Appendix 

3 is used to calculate RToccup. 
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~RE 4.25. This chart gives the reverberation time in seconds (hall fully 

occupied) when the reverberation time RToccup is chosen and the audience 

acoustical area ST has been determined from Fig. 4.24. 

If the preferred values produce an audience size that is too small, the owner 

and architect will have to decide how far they wish to deviate from the preferred 

loudness G mid• Once that decision is made, the volume can be determined based on 

the preferred RT occup' 

Stage Design 

Balance, blend, and ensemble are important to the players' performance. 

Good "balance" of a symphonic performance means that no instrumental group 

dominates or is overpowered by another. Satisfactory "blend" means that the dif­

ferent sections of an orchestra sound as one tightly coupled body, not as several 

sections striving to play together. "Ensemble" means that the players can play in 

unison without watching every movement of the conductor. 

These attributes are brought together by the acoustics of the "sending end of 

the hall," which include the s~und-reflecting surfaces at the sides, the rear and above 

the stage, and those portions of the ceiling and sidewalls near the front part of the 

5'4/ 
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audience. Let us discuss these aspects of player perfonnance by studying the sur­

faces surrounding the stages of the three top-rated halls in Boston, Vienna, and 

Amsterdam. 

BOSTON, SYMPHONY HALL (No.3 IN CHAPTER 3). Musicians are 

fond of the stage enclosure in this hall because it offers the best in balance, blend, 

and ensemble. The stage is small by modern standards, 1,600 ft2 (149 m2), which 

means that with a full-sized orchestra, risers are nearly impossible. For large or­

chestra and chorus, the stage must be extended into the hall by 5 ft (1.52 m). 

Occasionally, with orchestra, chorus, soloists, and risers, another 5 ft is added. In 

Boston, the average distance between the splayed sidewalls is about 50 ft (15.2 m) 

and the angle of splay is about 20 degrees. The construction comprises wood pan­

eling in sections about 3 ft (0.91 m) square: the frames in each section are about 

6 in. wide and 1 in. thick (15 and 2.5 cm) and the centers are about 0.5 in. thick. 

From the stage floor up to a height of about 14 ft (4.3 m), the paneling is about 

1 in. thick. 

There is a soffit (a shelf) beneath the pipe organ, about 1 m deep in the middle 

third of the stage width and 0.5 m on either side that acts to reflect sound from 

one side of the stage to the other and from front to back. The stage ceiling has an 

average height above the stage of 43 ft (13 m) and slopes at an angle. of 15 degrees. 

Since the photograph in Chapter 3 was taken, the two panels, perpendicular to the 

ceiling, which acted as light shields, have been removed and various openings have 

been closed so that it more actively exchanges sounds between the back rows and 

the front rows of the orchestra and into the front rows of the main-floor audience. 

Although no measurement of the sound absorption by the organ has been made, it 

is presumed that it absorbs sound, but not excessively. 

I had the opportunity to conduct Sousa's Stars and Stripes Forever with the 

Boston Pop's orchestra (regular Boston Symphony Orchestra minus the principal 

player from each orchestral section) and a full audience. During the piece, I pur­

posely changed the tempo, loudness, and sectional balance. The composition con­

tains parts that range from piccolo solos to full orchestra and is a useful selection 

for exploring stage acoustics, which was my intention. At the conductor's position, 

the acoustical support to the music seemed to come from the stage enclosure itself­

the hall's acoustics were almost unnoticeable, remaining in the background. Every 

instrumental section sounded in good balance with the others. Also, the bass/treble 

balance was ideal to my ear. Most noticeably, the orchestra seemed small, partly 

owing to the small stage area and its shape-no instrument was more than 30 ft 
(9.2 m) distant from the podium. During one phrase of the Sousa piece, I turned 

and faced the audience, while they were rhythmically clapping. The reverberant 

sound in the hall, enhanced by their clapping, sounded absolutely natural. 
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Although the hall has a 0.1 sec lower reverberation time and a larger cubic 

volume than the Vienna and Amsterdam halls, the sound level on stage is higher 

by 1 or 2 dB, owing to the reverberation in the orchestra enclosure. 

VIENNA, MUSIKVEREINSSAAL (No. 30 IN CHAPTER 3). This hall 

lacks a stage enclosure, but the orchestra is surrounded on three sides by an over­

hanging balcony that sends strong reflections across the orchestra. The stage, with 

an area of 1,754 ft2 (163 m2), is steeply raked and 41 listeners (not counted in the 

area just quoted) are seated in each of the rear corners. The average height of the 

ceiling above the players is about 50 ft (15.2 m). The most distant player is seated 

about 30 ft from the podium. The sidewalls of the stage are only about 3 ft (1 m) 

more distant from the center line of the stage than the average stage width in 

Boston. As in Symphony Hall, an organ at the upper part of the back wall of the 

stage absorbs some of the sound. Beneath the balcony, the walls around the stage 

are wooden. By comparison, because there is no explicit stage enclosure, one would 

expect the players to be more aware of the acoustics of the hall as a whole than in 

Boston. 

Acoustical measurements (Gade, 1989b; Bradley, 1994) show that the sound 

returned from the walls to a player in the center of the orchestra by a player seated 

1 m to his/her side is about the same as that returned in Boston. These comparisons 

would indicate that both the conductor and the players experience acoustical con­

ditions on stage that are much the same as in the Boston hall. 

AMSTERDAM, CONCERTGEBOUW (No. 96 IN CHAPTER 3). The 

sending end of Amsterdam's Concertgebouw is significantly different from that of 

the previous two halls. The platform area is about the same (160 m2) and the 

distance from the conductor to the farthest player is also about 30 ft (9 m). The 

average ceiling height above the players is about 55 ft (16.8 m), 12 ft more than 

in Boston. The distance to either of the two sidewalls from the centerline of the 

stage is 48 ft (14.6 m), whereas in Symphony Hall, the distance to the sidewalls is 

about half as great. The sound returned by the hall to a player at the center of the 

orchestra originating from a player one meter to his/her side is about 4 dB less in 

Amsterdam than that in the other two halls, a large difference. 

In the Concertgebouw, the sound heard by the conductor is less clear than 

that in either the Boston or the Vienna hall because of the lacl< of strong early 

reflections, although it has the same small size of the stage. Maestros Bernard 

Haitink and the late Eugene Ormandy both have expressed to me the difficulty that 

players have in maintaining good ensemble, Ormandy remarking, "There is a jumble 

of sound and poor orchestral balance," and Haitink saying, "A visiting orchestra 

must have a special rehearsal to accommodate itself to the stage acoustics." Good 

ensemble depends on close attention to the conductor's beat. 

54J' 
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AREA OF CONCERT STAGE. Barron (1993) states that it is desirable to 

provide the following areas per player for different groups of instruments: 

13.5 ft2 (1.25 m2) for upper string and wind instruments 

21.6 ft2 (2 m2) for cello and larger wind instruments 

19.5 ft2 (1.8 m2) for double bass 

10.8 ft2 (1.0 m2) for each tympani and double that for other percussion instruments 

For a 100-piece symphony orchestra, these requirements set a stage area of 

about 1,615 ft2 (150 m2). The stage at Boston Symphony Hall has an area of 

1,600 ft2 that is just adequate for a 100-piece orchestra if they are seated on a flat 

stage. If the platform has an area of 180 m2 (1,940 ft2) there is ample space for 

risers and more space for soloists. Barron adds, "For seated choirs, 0.5 m2 (5.4 ft2) 

per person is needed, so that a 100-person choir requires 50 m2 (540 ft2) of space 

... [in the Royal Festival Hall] choir seating is in a separate elevated choir balcony 

... when not required as choir seating, these seats are sold to concertgoers ... " 

STAGE SHAPE. Very wide or very deep stages have serious disadvantages. 

When the stage is too wide, a listener seated on either side and near the front of 

the hall hears the instruments near him before he hears the sound from the other 

side of the stage. The difference in time may be great enough to affect the blend 

adversely. On the other hand, when the stage is very deep, the sound from the 

instruments at the bacl~ of the stage will arrive at a listener's ears a detectable instant 

after sound from the front of the stage, with similar adverse effects, and this fault 

can be heard by the entire audience. In addition, a very wide stage makes it difficult 

for the conductor to hold the sections of the orchestra in good ensemble. Recently, 

the stage in Chicago's Orchestra Hall (see Hall No.5 in Chapter 3) was narrowed 

from 74 ft to 67 ft, partly to make it easier for the players on the two sides to hear 

each other. Also, the stage was made deeper bringing the total area up to 2,502 ft2 

(232.5 m2). Choral space, seating two rows of audience, is provided around the 

periphery of the stage lO ft (3 m) above the stage level. A hanging canopy and 

reflecting surfaces at the edges of the reverberant space above the stage improve 

communication among the musicians and enable each player to hear his own 

instrument. 

From the above evidence and other experiences, it is concluded from an acous­

tical standpoint that when the average width of the stage is greater than about 60 

ft (18.3 m) and the area is greater than 2,000 ft2 (186 m2), special means must 

be provided to create earlYTeflections to the players so that they can hear each other 

during performances. Some combination of reflecting soffits, stage ceiling, sus­

pended panels, canopies, shelves, and diffusing irregularities must be incorporated 
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into the architectural design of the sending end of the hall. It goes almost without 

saying that whatever stage design is selected, it must be integrated acoustically into 

the overall architecture of the hall so that it projects the sound with proper balance 

and blend to the audience. 

Balconies 

Balconies are used in large halls to reduce the distance between the stage and 

the farthest row of seats. The architect must choose between one large balcony or 

a number of smaller ones. Whichever is chosen, the people seated beneath a deep 

overhang do not receive sound reflected from the upper part of the hall, thus re­

ducing the perceived reverberation. If the balcony is deep and the mouth of the 

opening is not very high, even the sound that travels directly from the stage will be 

muffled. 

The balconies shown in Fig. 4.26 represent satisfactory designs. The ideal 

arrangement is an overhang that involves only one to three rows of seats, lil~e those 

in Tel Aviv and Canada (upper sketches). Boston's balconies have overhangs that 

are deep enough to cause some dissatisfaction, but they illustrate the limit to which 

one should go. There, the middle balcony overhangs five rows of seats and the lower 

one overhangs eight rows. Those people seated after the third row rec~ive less and 

less of the reverberant sound the farther bacl~ they are located. 

Lesser quality balconies are shown in Fig. 4.27. In all three cases, large num­

bers of seats are overhung, and those near the rear participate little in the reverberant 

sound. In the Royal Festival Hall, even the direct sound is attenuated in the rear 

seats. Because the balcony shown in the lower sketch is from the former Metro­

politan Opera House (no longer existent), the loss of reverberation was of less 

concern, both because the reverberation time was low and because the listeners' 

attention during an opera was focused on the early sound (direct plus early 

reflections) . 

As a general principle, the D dimension shown in Fig. 4.28 should not exceed 

the H dimension. An even better design is to restrict the opening to the height 

given by the angle e = 45°. With this restriction the early decay time EDTmid is 

decreased by only about 10%, as measured in a number of halls. In addition, the 

soffit of the balcony should be shaped to reflect the early sound to the heads of the 

listeners. 

Models 

An exact copy of a successful hall uses the original as the model. Any new 

design, and especially any radical design, should be modeled early in the project's 
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(a) 

(b) 

(c) 
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F. Mann Auditorium 
Tel Aviv 

Jubilee Auditoriums 
Edmonton and Calgary, 

Canada 

Symphony Hall 

Boston 

~RE 4.26. Three relatively satisfactory balcony designs: (a) excellent de­

sign, no overhang; (b) very good, little overhang and wide openings; (c) center 

balcony is good acoustically except for the last three rows of seats that do not 

receive sound from the upper part of the hall. The last five rows of seats in the 

lower balcony are also less good. 
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(a) 

Indiana University Auditorium 
Bloomington 

(b) 

(c) 

Former Metropolitan Opera 
House in New York 

Royal Festival Hall 
London 

£RE 4.27. Three balcony designs of lesser quality: (a) large overhang but 

fair acoustics because of large openings; (b) large overhang, small opening; (c) 

lower balcony is poor, receives little sound from upper hall and the opening is 

small. [Note: fhe (c) design was taken from the demolished Metropolitan Opera 

House in New York.] 

547 



ACOUSTICS OF CONCERT HALLS 

1 
H 

~RE 4.28. Recommended designs for excellent balcony overhangs in con­

cert halls. As a general principle, D should not exceed H. Angle e is a better 

measure and should not be less than 45 degrees. The underbalcony soffit and 

rear wall should be shaped to reflect the direct sound toward the heads of the 

listeners. Shaping is specific to each hall and depends on the location of the 

stage and the rake of the floor beneath the seats, and whether the overhang is 

for upper balconies. 

life. A computer model is most desirable at the beginning stage; it can be changed 

or discarded and an entirely new approach considered, without a great loss in time 

or cost. Using the latest computer modeling techniques for room acoustics, which 

improve yearly, the first 10-20 reflections arriving at a listener's position in the 

"hall" from an on-stage source can be determined. A model is able to show whether 

the design meets the basic requirements for a high value of the Binaural Quality 

Index (BQI), and a satisfactorJy low initial-time-delay gap (ITDG). 

The value of a wooden model cannot be overstressed. Obviously, it should be 

constructed only after a near-final architectural design has been selected from the 

computer modeling. With the wooden model, individual reflecting surfaces can be 

adjusted to their optimum shapes for distributing early reflections uniformly over 

the audience areas, echoes can be observed and corrected, and so on. It size should 

be 10: 1 ideally, but not smaller than 20: 1. The reason is that in a 10: 1 model, a 
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tiny loudspeaker can be used to radiate sound from all parts of the stage, and a 

listener can be simulated by a sphere about 1 in. (2.5 cm) in diameter, with two 

tiny microphones for ears. With this set-up, the actual sound in the "hall" can be 

heard, and the variation in acoustical quality from one part of the hall to another 

can be compared. Further, the BQI and ITDG in various parts of the hall can be 

determined accurately. Thus, the final architectural plans can be produced with the 

assurance that only small adjustments might be necessary in the completed hall. 

For complete advanced assurance, a trial (tuning) concert with audience (usu­

ally invited) is made in the finished hall about 3 months ahead of its opening. The 

author's experience in five recent concert halls has shown the 10: 1 model to be 

enormously helpful in the shaping of all surfaces and then assuring the owner and 

architect that the design contains no features that might be troublesome. In three 

of the halls some minor adjustments were made after the tuning concert. In each 

hall, some accessible places were left available for adding some acoustical materials 

to control echoes or to decrease the reverberation time slightly and in one case, 

some acoustical material which we thought was necessary from the model tests was 

removed. 

Multipurpose Halls 

Many halls among the 100 detailed in Chapter 3 are multipurpose. The owner 

or architect who is faced with such a hall should study the different approaches 

presented. It is generally agreed that, if economically possible, a city should have a 

separate hall for each major purpose: symphonic concerts, chamber music, opera 

and ballet, and conferences. Otherwise, a multipurpose hall is necessary. There are 

at least three approaches to the design of a multipurpose hall: 

DES I G N 1. For this alternative the hall is built with a fly (scenery) tower. A 
demountable orchestra enclosure (shell) is provided for concerts, which, when in 

place, will result in a reverberation time that is on the lower edge of the recom­

mended values of Table 4.3, say, 1.7 sec. Each of the other acoustical factors should 

be as near those recommended in Table 4.3 as possible. These include the strength 

of the sound, which depends on l~eeping the audience size as small as feasible; the 

Binaural Quality Index (BQI), which depends on an abundance of early lateral 

reflections and a sufficiently low ITDG; and, finally, adequate irregularities on the 

ceiling and side walls. For opera use, the fly tower should have a low reverberation 

time, which means that the house, with the shell stowed, would have a reverberation 

time of 1.4-1.6 sec. The highest-rated opera house in the world, the Buenos Aires 

Teatro Colon, has a RToccup equal to 1.6 sec. For Italian opera alone 1.4 sec is best. 

For speech events, large areas of sound-absorbent draperies or banners that are 

otherwise concealed in pocl~ets in the sidewalls or the ceiling, would be exposed 
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(lowered). If the total area is large enough, the RT can be reduced by 0.2 to 0.3 
sec. For amplified speech, using column-type (directional) loudspeal~ers, an RT of 

less than 1.5 sec is a satisfactory environment for lectures. "Without loudspeakers, 

in smaller halls, the reverberation should be 1.2 sec or less. 

DES I G N 2. A second approach is to design a hall like that in Lucerne, Swit­

zerland. This hall is not meant for opera, as no fly tower is provided. It is rectangular 

and has an extra 350,000 ft3 (10,000 m3) of reverberation chamber located on the 

two sides of the hall, and accessed by heavy operable doors. The reverberation time 

can be adjusted by opening part or all of the doors. To make the hall satisfactory 

for conventions, retractable curtains, as described in the previous paragraph, are 

provided both in the main hall and in the chambers. When the doors are closed and 

some curtains are exposed, the hall will be satisfactory for intimate (chamber) music. 

DES IG N 3. A third method, suitable for opera, ballet, and intimate music, 

has a fly tower, but is made into a concert hall with a "concert hall shaper" and 

hanging panels like those shown for the Bass Performance Hall in Fort Worth, 

Texas. For concerts in Bass Hall the RToccll!' is about 1.9 sec. Without the shaper, 

with a low reverberation time in the upper part of the fly tower, and with 6,600 ft2 
(613 m 2) draperies deployed, the reverberation time is reduced to 1.6 sec. If the 

volume of the hall were chosen smaller, say, with an RT for concerts ,equal to about 

1.7 sec, then with the shaper stowed and the curtains deployed, the hall would also 

be suitable for conferences, with an amplifying system. 

Other variations on the above three are possible. The success depends, in part, 

on not making the basic hall too large. 

~RCHITECTURAL DESIGN OF 

CHAMBER MUSIC HALLS 

~ this is written, the first modern acoustical data on a significant number 

(18) of chamber music halls has been published by Hidaka and Nishihara (see 

References). The study includes halls with seating capacities of less than approxi­

mately 800, in comparison with the study in the earlier sections of this chapter 

that treat symphonic concert halls with seating capacities in excess of that number. 

The published data are in Table 4.4. 

The reverberation times RToccllP at mid-frequencies are between 1.0 and 2.0 
sec, with the median at 1.65 sec. Half of the halls have reverberation times between 

1.65 and 1.76 sec, which is consistent with the preferred times shown in Table 4.3. 
The strength factors are higher than those for large halls, which is to be 



Acoustics 0/ Concert Halls 

~LE 4.4. Accoustical parameters in chamber music halls for which exten­

sive objective measurements are available (courtesy Takayuki Hidaka and 

Horiko Nishihara). 

V N VISA RTocc.M EDT.nocc.M BRoce C8038 GL GM 1-IACCE3 ITOG 

m3 m sec sec dB dB dB BOI msec 

Amsterdam, Kleinersaal 2,190 478 9.4 1.25 1.49 1.21 1.5 13.7 12.9 0.69 17 

in Concertgebow 

Berlin, Kleinersaal in 2,150 440 9.0 1.08 1.33 1.24 2.0 12.2 10.9 0.67 11 

Schauspielhaus 

Kanagawa, 3,576 482 8.6 1.18 1.11 0.87 3.1 5.4 8.7 0.72 10 

Higashitotsuka Hall 

Kirishima, Miyama 8,475 770 15.8 1.84 1.80 1.12 -0.1 8.2 8.3 0.75 26 

Conceru 

Prague, Martine Hall 2,410 201 18.4 1.76 2.19 1.12 -1.9 12.6 12.6 0.68 11 

Salzburg, Grossersaal 4,940 844 11.5 1.66 2.06 1.07 -1.6 9.9 9.6 0.69 27 

in Mozarteum 

Salzburg, Wiennersaal 1,070 209 8.4 1.11 1.33 1.09 1.7 14.9 14.3 0.77 15 

in Mozarteum 

Tokyo, Casals Hall 6,060 511 17.8 1.67 1.79 1.00 -1.3 7.6 9.4 0.71 15 

Tokyo, Dai-Ichi 6,800 767 13.3 1.66 1.83 1.09 -0.1 9.8 10.8 0.71 24 

Seimei Hall 

Tokyo, Hamarikyu 5,800 552 14.7 1.67 1.82 0.93 0.0 7.1 8.8 0.71 15 

Asahi Hall 

Tokyo, Ishibashi 5,450 662 14.9 1.70 1.84 1.10 -0.8 9.2 10.8 0.75 19 

Memorial Hall 

Tokyo, Mitaka Arts 5,500 625 13.3 1.73 2.28 1.02 -2.2 9.1 11.1 0.75 17 

Center 

Tokyo, Sumida Small- 1,460 252 9.7 0.93 1.08 1.03 2.8 8.1 10.6 0.73 8 

Sized Hall 

Tokyo, Tsuda Hall 4,500 490 12.5 1.33 1.42 0.90 0.8 7.6 10.7 0.71 20 

Vienna, Brahmssaal 3,390 604 10.0 1.63 2.37 1.16 -2.8 12.8 13.6 0.77 7 

Vienna, Mozartsaal in 3,920 716 9.1 1.49 1.79 1.14 -0.2 11.6 10.8 0.70 11 

Konzerthaus 

Vienna, Schubertsaal 2,800 336 15.6 1.98 2.54 1.14 -3.3 14.7 13.6 0.77 12 

in Konzerthaus 

Zurich, Kleinersaal 3,234 610 9.3 1.58 2.11 1.18 -1.8 14.1 13.2 0.70 18 

in Tonhalle 
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expected, because the halls have about half to one-third the number of seats. The 

measured differences are 3 to 4.5 dB larger, consistent with this fact. However, the 

performing groups are smaller, so that this difference is generally not significant. 

As would be expected, with the smaller volumes, the initial-time-delay gaps 

(lTDO's) are short, ranging from 8 to 27 msec, with the median at 15 msec. 

There is one important difference. The value of BQl, as defined earlier in this 

book, is nearly the same for all halls and is higher than that for symphonic halls. 

Here the range of BQl = [1 - rACCd is 0.7 to 0.75. Because the lTDO's are 

about 0.6 of those in symphonic halls, it seems sensible to limit the time for 

measuring BQI's to 0.6 of 80 msec, i.e., to a span of 50 msec. With this change, 

the range of values for BQlso expands to 0.58 to 0.7. 

~ONCLUDING REMARKS 

& the complexity of material in this chapter illustrates, an experienced acous­

tical consultant should be engaged with the joint approval of the owner and the 

architect. Careful planning before an architectural design is fixed is almost a ne­

cessity. A hall that is shaped so as to create echoes and that has a minimum of early 

lateral reflections is almost impossible to repair after opening. The owner and ar­

chitect should not put originality in the architectural design as the highest priority. 

A round violin can never be made to sound like a Stradivarius. Use of a computer 

to model a hall is almost essential today, because various architectural designs can 

be studied and absolute failures prevented. For complete assurance before construc­

tion, a 10: 1 or 20: 1 wooden model will enable final shaping of balcony fronts, 

diffusion, rear wall designs, proper cubic volume, and sight lines. These steps are 

costly, but in no way as costly as postconstruction changes. 

Additional comments are in order about variable acoustics. The most complete 

data available are for the Concert Hall in Lucerne (No. 96). There are three in­

dependently variable features in this hall: (1) 6,000 m3 of added reverberation cham­

ber accessed in whole or parts by heavy, moveable doors; (2) 1,200 m2 of retractable 

sound-absorbent curtains that can cover part of the inside walls; and (3) a large 

canopy variable in height from 10 to 15 meters. This amount of variability provides 

the performers with a wide range of acoustic conditions: (a) mid-frequency, occupied 

reverberation times from 1.5 to 2.15 s; (b) low-frequency reverberation times from 

2 to 3 seconds; and (c) a canopy height suitable for large orchestra (15 m), or for 

chamber groups (10 m). The conductor has these choices available, which can be 

made at his/her will during a musical event. The hall is shoebox shaped and has an 

initial-time-delay gap of 23 ms, which combine to give it a high rating. 
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and the audience. The oldest opera house in use today is the Teatro di San Carlo, 

which opened in 1737, burned in 1816, and was restored exactly as before in 1817. 
Verdi suggested the addition of the orchestra pit in 1872. The second-oldest stand­

ing opera house in Italy is the Teatro alla Scala that opened in August 1778. Every 

great singer and conductor of opera since that time has appeared in the beautiful 

La Scala. 

In the mid-eighteenth century, opera was going strong in Paris under Louis 

XV. The royalty and members of the cabinet sat in boxes at the sides of the stage. 

There were three levels of boxes, usually in horsehoe plan, with partitions between 

so that patrons had to stand to see the stage. Those in the parterre had the misery 

of standing up for hours, compounded by routine overcrowding. In the nineteenth 

century Paris fostered "grand opera" with elaborate scenery, costumes, scores of 

supernumeries, and large orchestras. In 1875, France's famous opera house, Opera 

Garnier, was opened. 

Today's opera houses: Hidaka and Beranek (2000) decided to make objective 

and subjective evaluations of 23 opera houses in Europe, Japan, and the Americas. 

The houses that were investigated were selected according to the following criteria: 

(1) they should be widely l~nown as venues for classical opera; (2) their architectural 

characteristics should be avaJable; and (3) they should represent a reasonable range 

in size and shape. 

~ UE STIONNAIRE RANK-ORDERINGS 

OF ACOU STICAL QUALITY OF 

21 OPERA HOUSES 

Questionnaires were maJed to 67 important opera conductors: 22 responded; 

one response not usable. They were asl~ed to rate the acoustics of the opera houses 

that they l~new well on scales that had five steps: Poor, Passable, Good, Very Good, 
and One 0/ the Best, which were assigned the numbers 1 to 5 for analysis. 

The conductors' responses are given in Fig. 5.1. The median of the standard 

deviations was 0.8. Some conductors (3) used the full range of 1-5 fortheir ratings, 

while some others (3) used as little as 2-4. The main group (15) used 2-5. A non­

parametric ranl~-order comparison of the houses, disregarding the numerical ratings 

given them by the conductors, was made. By that method, the halls fell into 

the following order BA, DS, MS, TT, MB, NS, PG, PS, VS, SG, NM, AS, 

LO, SW, HS, RO, BD, ce, PB, TK, BK. There are some reversals, but they are 

for houses that had almost the same numerical ratings, so that the ranl~ ordering 
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BA Buenos Aires. Teatro Colon 

DS Dresden. Semperoper ~=====I======= MS Milan. Teatro alia Scalia 

TT Tokyo. New Nat'1. Theater 

NS 

MB 

PG Paris. Opera Garnier 

PS Prague. Staatsoper 

~ VS Vienna. Staatsoper 

5 NM New York. Metropolitan Opera 

:c SG Salzburg. Festspielhaus 
ro 
~ AS Ams .. Stadtsschouwburg 

8sw 
LO London. Royal Opera 

HS 
RO Rome. Opera de Roma ~ 

BD Berlin. Deutscheoper ~ 

CC Chicago. Civic Opera ~ 

BK Berlin. Komischeope~ em 
QUALITY RATINGS BY 
21 CONDUCTORS 

PB Paris. Opera Bastille ~ 

TK Tokyo. NHK Hall 

Poor 
2 

Passable 
3 

Good 
4 

Very Good 
5 

One of 
the Best 

~RE 5.1. Acoustical quality ratings in the audience areas of 21 opera 

houses by 21 opera conductors. The rating sheets contained scales for 24 

houses. Only houses that received six or more ratings are included in this figure. 

All conductors rated the acoustics of the pits (conductor's position) as well, but 

for only three houses were their ratings significantly different (higher) than the 

ratings for the audience areas, as shown by the large dots. A non-parametric 

rank ordering, without reference to the rating numbers, yields nearly the same 

sequence-the differences are only among those with almost the same nu­

merical ratings. The rating for n -the New National Theater Opera House in 

Tokyo, which opened in October 1997-was obtained from two opera conduc­

tors, two op'era singers, two opera directors, two visiting listeners, and four 

music critics, all with world opera experience. 

sss 
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of Fig. 5.1 is as valid for the purposes of this chapter as the non-parametric 

comparison. 

The conductors were also asked, "What mostly makes you judge the sound in 

some opera houses better than in others?" Their answers boil down to (1) hall 

support for singers; (2) uniformity of singer projection from a wide area on the 

stage; (3) good balance between orchestra and singer; and (4) clarity and richness 

of the orchestral and singing tones. 

The authors analyzed the statistics of opera performances in the 1997-98 

seasons at 32 major opera houses around the world. Italian and Mozart operas were 

performed about three-fourths the time. German operas were performed only 13 
percent of the time. This indicates that there is little demand for opera houses like 

the Festspielhaus at Bayreuth, Germany. That house is especially suited to the 

performance of Wagner's compositions-particularly his Parsifal. It has a covered 

pit with a slit open at the top that allows the music to be heard by the audience in 

an eerie form. Intimacy and clarity of both the singers and the orchestra are vital 

for Italian and Mozart operas. Hence, those needs are probably why horse-shoe­

shaped halls of compact size with an open pit and relatively low reverberation times 

have predominated throughout much of operatic history. 

OBJECTIVE MEASUREMENTS OF 

THE ACOUSTICAL PROPERTIES 

OF 23 OPERA HOUSES 

Measurement Procedure 

MEASUREMENT SYSTEM AND SOURCE AND RECEIVER POSITIONS. 

The measurement system was the same as that used for concert halls. An impulse 

sound (like a controlled handclap) was emitted by a non-directional loudspeaker five 

to ten times. People with small microphones taped to the entrances to their ear 

canals sat in a h~use at each of various positions for each set of impulse repetitions. 

The electrical outputs of the microphones were recorded on digital (DAT) recorders, 

and the tapes were brought back to the laboratory for analysis. Typical source and 

receiver positions are shown in Fig. 5.2. Four positions were on stage and three in 

the pit. In a number of the halls there was insufficient time available to make more 

than one or two positions, on the stage and in the pit and half of the positions in 

the audience. For each paiameter, the hall-wide data were averaged to yield a single 

number. 
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~RE 5.2. Typical source and receiver positions in opera houses. The floor 

plans are for the Tokyo New National Theater Opera House. When time did not 

permit, the number of audience locations for measurements may have been 

reduced to as few as 10 to 15. Positions So and Spit represent the source positions 

most often referred to in this book, and Position 102 represents the main-floor 

position most quoted because it is off-center and is usually a choice seat. 

MEASUREMENT RESULTS. The results of the physical measurements are 

listed in Table 5.1. It is seen, that they include the same physical parameters as for 

concert halls as discussed in Chapter 4. They were executed under the following 

conditions: (1) without audiences; (2) with fire and performing curtains open; 

SS7 



Hall Name 

AM Amsterdam, Music 

Theater 

BD Berlin, Deutscheoper 

BK Berlin, Komischeoper 

BE Budapest, Erkel Theater 

BS Budapest, Staatsoper 

BA Buenos Aires, 

Teatro Colon 

CC Chicago, Civic Opera 

House 

OS Dresden, Semperoper 

EO Essen, Opera House 

HS Hamburg, Staatsoper 

LO London, Royal Opera 
House* 

~LE 5.1. Opera houses of the world for which objective measurements are 

available. The source was at So and the microphone was at 10 to 24 positions. 

Data averaged to get a single number. All data are directly comparable because 

they were taken in recent years by the Takenaka Research and Development 

Laboratory in Chiba, Japan, except for one hall, LO. 

V N V/Sr RTocc•M EOTunocc.M Cao•3 G'25 GM 1-IACCE3 ITOG Stage 

(m3) (m) (sec) (sec) (dB) (dB) (dB) (BQI) (msec) set 

10,000 1,689 1.30 

10,800 1,900 7.5 1.36 

7,000 1,222 7.1 1.25 

17 ,000 2,340 1.30 

8,900 1,227 1.34 

20,570 2,487 9.6 1.56 

23,000 3,563 9.1 1.51 

12,480 1,284 10.3 1.60 

8,800 1,125 1.61 

11,000 1,679 7.4 1.23 

12,250 2,157 7.7 1.20 

1.30 

1.60 

1.23 

1.40 

1.37 

1.72 

1.49 

1.83 

1.90 

1.35 

1.9 1.8 1.1 0.55 

0.7 2.1 1.2 0.39 

3.1 1.1 6.0 0.62 

3.8 1.6 3.3 0.45 

1.9 1.5 4.4 0.65 

1.1 2.0 2.4 0.65 

2.1 1.9 0.3 0.53 

0.8 2.0 2.7 0.72 

1.3 2.2 - 0.4 0.54 

2.2 1.5 1.3 0.46 

4.5 1.3 0.7 0.53 

32 

33 

20 

17 

15 

18 

41 

20 

16 

34 

18 

n 

n 

y 

y 

y 

y 

n 

n 

n 

y 

n 

MS Milan, Teatro alia Scala*** 11,252 2,289 6.9 1.24 

1.47 

1.14 

1.62 

3.6 1.4 -0.3 

1.1 1.6 0.5 

0.48 

0.62 

16 

18 

y 

NM N.Y., Metropolitan 

Opera** 

PG Paris, Opera Garnier 

PS Prague, Staatsoper 

RE Rochester, Eastman 

Theater 

SG Salzburg, Festspielhaus 

SO Seattle, Opera House 

TB Tokyo, Bunka Kaikan 

IT Tokyo, New National 

Theater 

NT Tokyo, Nissei Theater 

VS Vienna, Staatsoper 

WJ Washington, 

JFK Center, Opera House 

24,724 3,816 9.1 

10,000 2,131 6.9 1.18 

8,000 1,554 1.23 

23,970 3,347 10.2 1.63 

14,020 2,158 8.9 1.50 

22,000 3,099 11.2 2.02 

16,250 2,303 9.8 1.51 

14,500 1,810 9.9 1.49 

7,500 1 ,340 7.4 1.11 

10,665 1,709 7.3 1.36 

13,027 2,142 8.2 1.28 

'Renovated in 2000, data preceded. 
"Steel shutter behind main stage closed. 
"'In renovation. 

1.16 

1.17 

1.90 

1.80 

2.50 

1.15 

1.10 

1.06 

1.43 

1.27 

4.6 1.4 0.7 0.50 

3.1 1.1 

0.8 2.3 

2.2 0.64 

3.6 0.54 

1.5 1.6 1.2 0.40 

- 0.4 2.9 2.7 0.48 

1.1 2.0 0.3 0.56 

1.6 1.6 1.1 0.65 

4.4 1.5 5.3 0.58 

2.7 1.6 2.8 0.60 

4.3 1.4 3.1 0.53 

15 

16 

22 

27 

25 

14 

20 

17 

17 

15 

n 

y 

y 

y 

n 

n 

n 

n 

y 

y 

y 



Acoustics of Opera Houses 

(3) with major musical instruments and chairs in the orchestra pit (except for the 

Essen, the Tokyo New National Theater, and the Seattle Opera House); and 

(4) with an orchestral enclosure at Rochester. 

SIZE AND SHAPE. The sizes of the houses ranged from 1,125 to 3,816 
seats; volumes from 247,000 to 873,000 ft3 (7000 to 24,724 m3); and Sy from 

10,500 to 29,250 ft2 (980 to 2,718 m2). Sy is the area over which the audience 

sits plus edge corrections, and plus the area of the proscenium when it is not closed 

by a fire curtain. With a large number of seats, assuming evenly distributed sound, 

there is less soloist energy per person. For the architect, a large house with modem 

seats occupying a larger area per person necessitates special construction around the 

proscenium to project voices efficiently to the audience areas. 

of the top nine houses only one, TT, is not horseshoe shaped (see Fig. 5.2). 
It is more like a conventional theater with three shallow balconies-and with special 

"trumpet" shaping at the front of the main floor and each balcony to enhance the 

strength of the singers' voices. The acoustical measurements in this hall indicate 

that the horseshoe shape is not necessary to obtain a good opera house; indeed that 

shape is outperformed by the TT shape. Visual factors certainly have entered into 

the decisions to build multi-tiered, horseshoe-shaped houses, because this construc­

tion reduces the distances between the stage and most of the listeners compared to 

those distances in conventional auditoriums. The negative feature of th~ horseshoe­

shaped houses is that the vision from the boxes nearest the stage is usually bad. 

Sound Quality Parameters 

BQI, BINAURAL QUALITY INDEX. The binaural quality index, mea­

sured by [1 - IACCE3], has the highest correlation of all the physical measures 

with the subjedive judgments of acoustical quality of opera houses by the conduc­

tors. The results for those houses for which BQI data are available are shown in 

Fig. 5.3. For the top-rated houses, except for the Paris Gamier PG, the BQI is 

above 0.6, similar to that found in concert halls. An interesting case is the famous 

La Scala in Milan. The measurements in the boxes (at positions for those seated 

nearest the box opening) was 0.63, but on the main floor the BQI was only 0.38. 
The reason for this difference is that there are no sound-reflecting surfaces near the 

proscenium that could direct early reflections to the main floor. The conductor's 

ratings for this house would seem to be for the box seats, probably because they 

would normally be seated in the management's box when they are not conducting. 

Only one conductor mentioned the main floor and he said it was" quite disappoint­

ing." The main floor seats are generally those sold to visitors, the boxes being 

occupied by season-ticl<et holders. However, if one sits in the middle of the main 
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Conductor's Rankings for Seating Areas 

£RE 5.3. The Binaural Quality Index (BQI = [1 - IACCE3]), averaged for 

all house positions with the source at So, is plotted against the names of the 

halls (see Table 5.1) rank-ordered according to the conductors' ratings of the 

acoustical qualities for the audience areas. The higher ratings are toward 

the left end of the abscissa. The Milan, La Scala, opera house was the only one 

of those shown where the measurements on the main floor were noticeably 

different from the measurements in the boxes. La Scala is being renovated, to 

be opened in the Fall of 2004. A spokesperson said (N.Y. Times, Dec. 12,2001) 

" ... the acoustics are not that great now." 

floor, the distance to the stage is only 40 ft (12 m) and the direct sound is loud 

enough to make attendance pleasurable. For this reason, there are few complaints. 

This intervening distance is the same in the Opera Gamier. 

The major discrepancy between BQI and the conductors' rating is for the 

Berlin Komischeoper. This hall is circular rather than horseshoe shaped. The result 

is that the sounds from diff-erent parts of the stage are reflected to different parts 

of the house, meaning that for each listener a singer has a different "hot spot" on 

stage. 
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INTIMACY, THB INITIAL-TIME-DELAY GAP (ITDG). The ITDG is 

generally measured in the center of the main floor, because it is there that the "size" 

of the house can most easily be estimated by the ear. It is shorter in small houses 

than in large ones unless, in the latter, special means have been taken to provide 

early first reflections. The results in Table 5.2 establish that in the best houses, the 

ITDG is 20 msec or less. In the lowest-rated houses, the ITDG exceeds 30 msec. 

This measure of intimacy, following BQI, most closely correlates with the ratings 

of these 21 opera houses. 

~LE 5.2. Initial-time-delay gaps in msec for 19 opera houses for which 

data are available. The gap is the average of measurements at Positions 101 

and 102, near the center of the main floor. 

Opera House ITOG 

(msec) 

WJ Washington, JFK Center, Opera House 15 

BS Budapest, Staatsoper 15 

PG Paris, Opera Garnier 15 

MS Milan, Teatro alia Scala 16 

PS Prague, Staatsoper 16 

VS Vienna, Staatsoper 17 

BE Budapest, Erkel Theater 17 

NM New York, Metropolitan Opera 18 

BA Buenos Aires, Teatro Colon 18 

BK Berlin, Komischeoper 20 

n Tokyo, New National Theater 20 

OS Dresden, Semperoper 20 

SO Seattle, Opera House 25 

RE Rochester, Eastman Theater 26 

TB Tokyo, Bunka Kaikan 26 

AM Amsterdam, Music Theater 32 

BD Berlin, Deutscheoper 33 

HS Hamburg, Staatsoper 34 

CC Chicago, Civic Opera House 41 
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REVERBERATION. From the measured data shown in Table 5.1, it was 

found that for both the top ten houses and the bottom eleven, the median rever­

beration time (at mid-frequencies, occupied) is ca. 1.5 sec. It is generally agreed 

that a reverberation time between 1.4 and 1.6 sec is a good design goal. 

STRENGTH FACTORS, G MID AND G 12S ' The strength factors at mid­

frequencies (500- and 1,000-Hz frequency bands) are plotted in Figs 5.4 and 5.5. 
It is observed in Fig. 5.4 that there are appreciable differences in the strengths in 

the top seven houses. But these can partly be explained. The BA house had a closed 

set on stage (like a room in a home) during the measurements, hence there was no 

loss in the fly tower, and the reverberation time was high. DS is a small house. NM 
and CC are very large houses. MS had a set that communicated easily with the fly 

tower, so there were losses, and the reverberation time was low. A general conclusion 

is that in the top half of the houses, except for MS, the levels tend to be higher 

than in the bottom five. 

It was observed in concert halls that the strength of the sound at 125 Hz 
correlated well with the subjective ratings; that is, the greater the strength at 125 
Hz, the higher the rating. For opera houses, this finding is not supported by the 

data in Fig. 5.5. The two highest-rated and two of the three lowest-rated halls have 

G(mid) vs. Ratings in Audience area 

-fl3.---------------------, .a 

~ :2 
'u 
Ii 
~ 

~1 
It 
-a 
i 
c5 
i c 
I! 
0~ ~~--D-S-M-S-TI-P-G-P-S-W--NM--SG-L-O-H-S-B-D-CC~ 

Thirteen Opera Houses 

~RE 5.4. Plot of the strength factor at mid-frequencies, Gmid, in dB versus 

the ratings in the audience area for 13 houses for which reliable data were 

available. It would appear that for comfortable singing, the strength factor 

should be greater than 1 dB. The spread in the data are about 3.5 dB. 
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G(125 Hz) vs. Ratings in Audience Area 
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Fourteen Opera Houses 

~RE 5.5. Plot ofthe strength factor at 125 Hz, Gl 25< in dB versus the ratings 

in the audience area for 14 houses for which reliable data were available. There 

seems little correlation between Gl25 and acoustical quality. However, the spread 

in the data is only about 0.7 dB, and the accuracy of the data is about 0.5 dB. 

0 125 values of about 2.0 dB. The average of the values in the nine intermediate 

halls is about 1.5 dB. For the 14 opera houses the 0 125 and the Omid averages (from 

Table 5.1) are the same, about 1.7 dB. The difference in the average 0mid minus 

0 125 levels, equal to 0 dB, is smaller than the difference in concert halls, which was 

found to be about 0.9 dB. The reason, probably, is that materials in the fly tower 

and the carpets and upholstering of chairs in the audience chamber of opera houses 

absorb low-frequency sound better than the thinner carpets and more lightly up­

holstered chairs in concert halls. 

The Metropolitan Opera House in New York is the only large house that is 

ranked in the top half (the tenth) of the 21 houses for which both data and ratings 

exist. Fredric Dannen, writing in The New Yorker, October 3, 1994, speaks of the 

Met: 

It can also be argued that the Met's most profound artistic problem is beyond [the 

Artistic Director, James] Levine's control: the sheer size of the theatre. The house at 

Lincoln Center has thirty-eight hundred seats and one of the largest stages in the United 

States. It is virtually too big to accommodate operas such as Mozart's Cosi Fan Tutte 

and La Clemenza di Tito, arid even Rossini's II Barbiere di Siviglia. Ironically, these are 

the operas that can be better cast today than in [Rudolf] Bing's time, while the opposite 
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is true of the larger-scale Wagner, Verdi and Puccini works, around which the new house 

was designed. During Bing's last season at the old Met, in 1965-66, he presented four 

different Toscas-Renata Tebaldi, Birgit NJsson, Dorothy Kirsten, and Regine Crespin. 

Now Tosca is a difficult role to cast at all." 

The Met's answer to size is to engage singers with the Inost powerful voices. It is 

for this reason that the Met is only as low in ratings as the tenth position. 

TEXTURE. Texture is the subjective iInpression that listeners derive £rOIn the 

patterns in which the sequence of early sound reflections arrives at their ears. In an 

excellent hall, those reflections that arrive soon after the direct sound follow in a 

Inore-or-less uniforIn sequence. In other halls there Inay be a considerable interval 

between the first and the following reflections or one reflection Inay overly dOIninate. 

Good texture requires a large nUInber of early reflections, reasonably strong in 

aInplitude, uniforInly but not precisely spaced apart, and with no single reflection 

dOIninating the others. 

Texture can only be deterInined visually froIn "reflectograIns" lilO1e those shown 

in Fig. 5.6 and 5.7. The reflectograIns for the 21 halls were exaInined individually 

and the three best and the three of lower quality are those in those two figures. The 

others are in between. All were Ineasured with the source of sound at position So 
on stage, and with the Inicrophone at position 102 on the Inain floor{see Fig. 5.2). 
The TolO1Yo house was specially designed to reflect early reflections to all seats and 

it ranb "very good" in Fig. 5.1. The Buenos Aires, and Vienna houses also ranlO1 

"very good." Those two are horseshoe in shape and have siInilar appearances. The 

early reflections in the houses of Fig. 5.7 are low in aInplitude. 

A new Inethod for Ineasuring texture is presented in Chapter 4. 

ORCHESTRA PITS 

For non-Wagnerian opera, the acoustical requireInents of an orchestra pit are 

for clear, undistorted projection of the Inusic into the hall, in good balance and 

blend, without tonal distortion. In order for the vocalists to sing in good enseInble 

with the orchestra, they Inust be able to hear a clear and balanced orchestral sound, 

so that they can adjust their voice levels properly. The Inusicians in the pit should 

be able to hear other sections of the orchestra without the undesirably long tiIne 

delays that result £rOIn tqo long a pit, and the Inusicians also need to hear the 

singers in order to Inaintain good enseInble. As for visual requireInents, it is nec­

essary for the singers and players to be able to see the conductor easily. It is Inore 
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important that the orchestra players and the singers hear each other than see each 

other, and this favors the open pit, neither too deep nor overhung. The data in Fig. 

5.1 show that in three of the halls, Naples, Prague, and New York, the conductors 

rated the sound as heard in the pit better than they rated sound of the opera in the 

audience. Only in Buenos Aires was the sound in the pit rated as high as that in 

Naples and New Yorlz. 

For Wagnerian opera, on the other hand, the creation of a "mystical" sound 

by an "invisible" orchestra was an important element in the composer's dramatic 

conception, at least for his later worl~s. This requirement led Wagner to develop the 

sunken, covered pit whose acoustical behavior is quite different from the open pit 

(Chapter 3, No. 54). Some pits combine features of both of these plans, but gen­

erally with only moderate success. 

Types 0/ Orchestra Pits 

For purposes of discussion, orchestra pits are classified in three ways: 

1. Open pit (e.g., Vienna Staatsoper, No. 32, in Chap. 3) 

2. Sunken pit, covered (e.g., Bayreuth Festspielhaus, No. 54) 

3. Sunken pit, open (e.g., Eastman Theatre in Rochester, No. 19) 

OPE N PIT. The first objection to an entirely open pit is the disturbing visual 

effect of the lights from the conductor's and orchestra's music stands on the au­

dience in the upper rings. A second objection is that, in order to accommodate a 

large orchestra of 80 to 110 pieces, a fully open pit must be 22 to 30 ft (6.7 to 

9.1 m) wide, measured from the stage to the railing on the audience side at the 

centerline. A sizable gulf is thereby created between the singers and the audience. 

The pit depth ;'s usually between 8 and 11.5 ft (2.5 to 3.5 m). Some conductors 

prefer a shallow pit so that the audience can see them easily. Some singers say that 

they can hear the orchestra best without the feeling that it is interfering with their 

singing when the curves of the double basses are one foot (30 cm) below the level 

of the stage. 

A slight overhang of the pit by the forestage is not objectionable acoustically 

and has the advantage of increasing the reflecting area of the stage between the 

singers and the audience, a very desirable feature in a large hall. An overhang of 

about 3 ft (1 m) is found in many of the German opera theaters built since World 

War II and in the present Metropolitan Opera House. La Scala in Milan has a 

sliding forestage with a minimum overhang of about 3.5 ft (1.1 m) and a maximum 

overhang of about 12 ft (3.7 m). Several of the conductors who were interviewed 

expressed themselves strongly against an overhang at La Scala of more than 3.5 ft. 
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BA Bueuos Aires,. Teatro ColOR 

ZOOOD: 

vs VII!IUIlIo StaatsOper 
E: mBllDT013IIA. 'lYe 

TIW(msec) 200 

~RE 5.6. Reflectograms. Each reflectogram is the result of an impulse 

sound produced by a loudspeaker on stage, recorded at a microphone position 

in the auditorium. The loudspeaker was at So, the microphone at 102 (See Fig. 

5.21 and the frequency was 2,000 Hz. A reflectogram is a plot against time show­

ing the direct sound at the left and the succession of reflections that follow. 

These three reflectograms were chosen by visual judgments of the "texture," 

and represent those of the 22 houses that were judged best The initial-time­

delay gaps are short and there are a sizable number of reflections in the first 

80 msec after arrival of the direct sound. 

The pit in the Metropolitan Opera House has received high praise from all 

those interviewed. Its width (fore-aft) at the center is 25 ft (6.6 m) and its length 

is about 70 ft (21 m). Its area is about 1,420 ft2 (132 m2), which for 90 musicians 

is 15.8 m2 per musician, an acceptable figure. There are surfaces overhead that 

reflect the sound of thetnusicians back to themselves. Some opera houses have 

placed reflecting surfaces at the top and inner (stage) side of the proscenium, that 

reflect singers' voices to the orchestra and vice versa. 
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~RE 5.7. Same as Fig. 5.6, except for the three houses for which the visual 

judgments indicated the "texture" to be the least good among the 22 houses. 

Recent measurements in 12 opera houses (fully occupied) show that the sound 

from the orchestra in the pit that reaches the audience has a strength factor G mid 

equal to about 0.4 dB with the curtain open, which is about 1.5 dB lower than the 

sound from position So on the stage. Only in the Vienna Staatsoper is the sound 

from the pit greater than that from the stage, by about 1.5 dB. The author has sat 

in the Vienna pit (second violin section, second stand, next to the pit railing) during 

an opera and saw and heard nothing unusual. The probable explanation is that the 

ceiling above the pit is shaped to reflect pit sounds to the main floor, while this 

ceiling surface reflects singers' voices into the lower boxes. 

SUNKEN PIT, COVERED. The antithesis of the open pit is the covered pit 

designed by Wagner for the Festspielhaus in Bayreuth, Germany. It is partly buried 

beneath the stage and the remaining portion is nearly completely covered by an 

overhang. The Bayreuth pit is used with a very large orchestra in a hall that has a 
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relatively long reverberation time, 1.55 sec. Except for Wagner's music, the Bay­

reuth pit is not considered satisfactory because the string tones are muffled and the 

orchestra takes on an eerie sound. 

SUN KEN PIT, 0 PEN. In a sunken pit, the floor area is usually at least twice 

as great as the open area. To the best of my knowledge, no existing pit that is in 

large part buried under a platform yields the natural kind of sound heard in the 

opera houses of Vienna, Buenos Aires, Naples, and Prague. 

~OXES AND BALCONIES 

B OXE s. The earliest opera houses already featured boxes, for example, the 

Teatro di San Cassiano that opened in Venice in 1637. It was said that they were 

designed to show off their inhabitants, particularly the jewelry and dress of the 

female attendees, whJe the men sat in the seats behind the opening or retreated to 

the bars. A photograph that I have of La Scala, in MJan, during a gala performance 

shows more men than that statement indicates, but there are more women framed 

in the boxes at the lower levels. 

The construction of the 155 boxes in La Scala is shown in Fig. 5.8, each 

with six chairs, or upholstered stools. The box openings constitute o~y 43% of the 

surface of the horseshoe, thus reflecting considerable sound to the center space, 

producing more lively acoustics for those sitting on the main floor and for those at 

the box openings. Visually, some opera house boxes have a mirror on the front part 

of the wall farthest from the stage. It is obvious that those sitting back in the boxes 

on the sides of the horseshoe, particularly near the proscenium, would probably 

enjoy the opera more at home on TV. 

The boxes in the Royal Opera House in London are more hospitable to the 

music (see Fig. 5.9). Not only are they more spacious, but the openings are larger 

and the partitions do not extend to the front of the box, making the view better. 

In the PhJadelphia Academy of Music (No. 17 in Chap. 3), the partitions 

between boxes have been removed, so that everybody receives nearly the same music, 

and there is no obstruction to the view. In the Philadelphia Academy the box open­

ings occupy about 75% of the sidewall area. 

B ALe 0 N I E s. Reverberation is less important in an opera house than in a 

concert hall. Thus, balcony overhangs are less of a problem, because listeners' at­

tention is focused more o'll the intelligibility of the voice. Two general recommen­

dations for balcony overhangs in opera houses are illustrated in Fig. 5.10. 
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Section Elevation 

~RE 5.8 Boxes in La Scala opera house in Milan. La Scala is undergoing 

reconstruction and the boxes may be altered. 

1. & a general rule, the distance D should not exceed twice the height H. In 

addition, the balcony soffit and the rear and sidewalls should be shaped to 

reflect the direct and early lateral reflections to the heads of the listeners. 

2. & a more sensitive measure than the Dover H ratio, the angle e should 

preferably be 25 degrees or greater. 

Good and bad desigrr~ of balconies are shown in Figs. 4.26 and 4.27 of 

Chapter 4. 
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I 
Plan 

.. .: ...... . ,': . 

Cross section Front elevation 

~RE 5.9. Boxes in the Royal Opera House in London. 

I!.f CHO AND DISTORTION 

E C H o. In opera houses, a small "echo" heard on the stage by a singer may 

be desirable, whJe that same "echo" heard on the stage of a concert hall might be 

mJdly troublesome to the players. Soloists in an opera house particularly want to 

hear that they are "filling the hall." They desire acoustic feedback, if it is at the 

right strength, because their voices are directed outwards more than would be true 

for string instruments on the stage. A soloist stands near the front of the stage 

where he or she gets little audible support from surfaces in front of or behind the 

proscenium. 
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~RE 5.10. Suggested rules governing acceptable balcony overhangs. (1) 

The distance 0 should not exceed twice H, or, more stringently, the angle e 
should not be less than 25 degrees. 

In opera houses some acoustical experts agree that some degree of adjustability 

of the sound reflected from surfaces at or near the rear of the hall should be provided. 

For example, the rear wall on the main floor, which otherwise may return too strong 

a reflection, can be "toned down," by adding sound-absorbing materials to it or by 

tJting it baclzward. In thickness, the sound-absorbing material can be between 0.75 

and 1.0 in. (1.9 to 2.5 cm) and it should be placed behind a removable, acoustically 

transparent screen so that varying amounts of it can easily be added or subtracted. 

That thiclmess of material will absorb sound at frequencies of 500 Hz and higher. 

If the decision is to tJt a hard rear wall baclzward, the sound absorbing material 

must be placed on the underside of the balcony above (soffit) so that the wave 

reflected from the wall is reduced in magnitude on reflection before it travels back 

to the stage. 

How much sound energy should be returned to the stage to accomplish desir­

able feedback to singers without creating an annoying echo? Since no means has 

been devised to predict this a~ount accurately, the sound-absorbing material should 
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be added incrementally to the wall or soffit until the correct amount of "toning 

down" has been accomplished. The procedure of tilting the rear wall backward and 

adding sound-absorbing material to the soffit of the balcony above was followed in 

the design of the New National Theatre Opera House in Tokyo (Beranek et al. f 

2000). Male and female singers moved about the stage and decided on the amount 

of sound-absorbing material that suited their desire for feedback from the house. 

Nakamura et al. (1991) determined that for a delay time of 140 msec {re­

flection from a surface about 80 ft. (24 m.) distant, the level of the frontal reflection 

should lay 25-35 dB below the level of the direct sound (both measured with a 

microphone 1 m in front of the singer). Okano (1994) performed somewhat the 

same experiment with a group of soprano singers and asked them for their judgment 

of the tolerance level of the wall reflection. For delay times of 120, 170, and 

220 msec (reflecting surface 68, 95, and 124 ft [21, 29, and 38 m] distant, 

respectively) the most sensitive of the vocalists reported that the reflected levels 

(measured 1 m. in front of the singer) should be, respectively, 36, 38, and 42 dB 

below the direct sound. 

DISTORTION. There are three types of distortion to be guarded against: 

(I) selective sound absorption by some surface or by the seats; (2) fo~using of parts 

of the performance to certain parts of the house; and (3) rattles or sympathetic 

resonances from some objects or grilles. 

The actual seats should always be tested in a reverberation chamber before 

installation. Protective sprays applied to the underside of the fabric upholstery cov­

ering should not be permitted, because with it, the seats would reflect much more 

sound when unoccupied than with audience present and make rehearsals difficult. 

The tests should clearly show that there is no "bubble" resonance of the sitting part, 

which can occur at frequencies below 300 Hz. 

Focusing can occur owing to the shape of the room. Some focusing effects 

are hard to find from drawings of the hall, and a model is recommended for this 

purpose. In the Tokyo Dai-ichi Seimei Hall, even the model test failed to show a 

narrow line of focusing from the rear sidewalls of this oval-shaped hall. This focusing 

effect was only heard along a strip about 1 ft (30 em) wide down the centerline of 

the hall for a sound source located anywhere on the centerline, either on stage or 

in the audience. The application of some sound-absorbing material on two surfaces 

near the rear of the hall removed the echo (Hall No. 76 in Chapter 3). 
Rattles and resonances occur occasionally, usually from grillework in front of 

ventilation ducts. When this occurs, the grille components have to be vibration­

dampened to remove the resonance. 
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~ONCLUDING REMARKS 

Opera houses are no simpler to design than concert halls. Actually they are 

more complicated, because they involve both an orchestra in one location and 

singers in another. The problems are different. It is important in an opera house to 

obtain a high value of binaural quality index (BQI), a short initial-time-delay gap 

(ITDG), and good reflection patterns for sources on the stage like those in Fig. 5.6. 

There should be reflecting surfaces near the proscenium (audience side), as 

are found in the Tokyo, New National Theater Opera House (No. 79 in Chapter 

3), or as a minimum, those found in the Teatro Colon (No. 27 in Chapter 3). The 

balcony fronts and the ceiling surfaces must be shaped to send early reflections 

uniformly to all parts of the audience area. To achieve the optimum results, a 10: 1 

wooden acoustic model of the audience chamber is invaluable. A qualified acoustical 

expert should be engaged to plan the basic shaping of the room and the reverberation 

time, to make the model tests, and to tend to all of the details that lead to good 

texture and a high quality of sound. 

S7~ 



APPENDIX 

1 

Terminology, Definitions, 
and Conversion Factors 

@IMENSIONAL QUANTITIES IN 

CHAPTER 3 AND APPENDIX 2 

In Chapter 3 and the tables of Appendix 2 various terms are used for the 

architectural and acoustical parameters of concert halls and opera houses. The 

meanings of those terms as used in that chapter and elsewhere in the text are as 

follows: 

N = number of seats in the hall (usually wheelchair space is not counted). 

V = Volume of the hall in cubic feet (cubic meters). 

In concert halls, V includes the volume of air in the main hall and in the 

orchestra enclosure. If there is a stagehouse, the volume V does not include that 

volume of the stagehouse that lies outside the orchestra enclosure unless the con­

struction is lil.>e that of Hall No. 10 in Chapter 3. V is measured as though there 

were no seats in the hall. The volume occupied by the solid balcony structures is 

not included. 

In opera houses, V includes the volume of air contained in the house forward 

of the main curtain. It does not include the volume of air in the stagehouse or the 

volume occupied by the solid balcony structures. 

Sa = area of floor space over which the audience chairs are located. The seating 

areas given in this book are projected areas. That is to say, in sloped (raked) floors, 

such as in balconies, the slant area is not measured. Instead, the area is that shown 

on the drawing. 

SA = acoustical audience area. It includes the sum of (a) the area Sa (see 

above) and (b) the areas of strips 20 in. (0.5 m) wide around the separated blocl~s 

of the seating area, except that such strips are neither included at the front edge of 

a balcony where the audience is seated against a balcony rail nor where the seats 

abut a wall. In this book the range of SA/Sa for the 100 halls is l.1 to l.5. The 

average for European and American halls built since 1975 is 1.25. The largest 

ratios are often found in J apapese halls, where the buJding codes require more aisles. 

In boxes, the same rule applies, unless the seats are far apart or the box is 

much larger than the seating area Sa' In that case, use SA (per chair) = 7.5 ft2 
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(0.7 m 2). However, the number of seats in the box times 7.5 (or 0.7) must not 

exceed the area of the floor of the box. 

Sc = area occupied by the chorus, or by the audience if seated in the chorus 

area. It is not considered as part of audience area if closed off or unused during 

non-choral performances. ' 

So = area of stage. When the stage area exceeds 1,940 ft2 (180 m 2), So is 

limited to that value. This numerical area is deemed the acoustical area of a 100-
piece orchestra. No side strips are added. 

Spit = area of the open surface of the pit. 

Sp = area of the proscenium curtain. It is assumed that the fire curtain is 

pulled up during the acoustical measurements and that the proscenium curtain is 

present and sound absorbent. The reason for needing this area is for calculating the 

reverberation of the audience space without including the volume and absorption 

of the fly (scenery) tower. 

ST = SA + So (+Sc) (for concert halls). The acoustical absorption area ST 
is used in formulas for calculating reverberation times. It includes the surfaces that 

are highly sound absorbent. The other areas-namely, ceilings, sidewalls, and those 

floor areas that are not included in ST-usually contribute between 15 and 25 
percent of the total sound absorption. Sc is included when it is normally used for 

audience seating. 

ST = SA + Spit + Sp (for opera houses). The proscenium area is included 

when the main performance curtain is lowered. If the measurements are made 

without lowering the curtain, the fly (scenery) tower will affect the measured rever­

beration times in unknown ways. 

H = average room height, measured from main floor to ceiling in that part 

of the main-floor audience area not covered by balconies. This height is needed to 

determine tbe time delay of the first ceiling reflection, which may be long relative 

to the arrival of the direct sound when the reflection goes to a main floor seat and 

much shorter when it goes to a balcony seat. 

W = average width, measured between sidewalls in the audience area on the 

main floor, disregarding any balcony overhang. This width is an indication of the 

"intimacy" of the hall. The first reflection after the direct sound that reaches a 

listener on the main floor may come from a balcony face. However, most side 

balconies are only a few rows deep, so that the average width between sidewalls is a 

more general indication of the "intimacy" factor. 

L = average room length, measured from the stage front to the average of 

the back wall positions at all levels. This length is a general indication of the mag­

nitude of the fall-off in lo~dness with distance from the stage. The maximum fall­

off is determined by D. 
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It is not intended that H X W X L should be the exact cubic volume of the 

auditorium. 

D = distance from the front of the stage to the most remote listener, measured 

on the centerline, unless the rear wall is not flat or curved outward, in which case 

a more suitable location on the rear wall must be chosen. 

SD = average stage depth. 

SW = average stage width 

SH = mean ceiling height above the stage area, measured relative to the front 

of the stage. 

~COUSTICAL PARAMETERS 

IN APPENDIX 2 

Appendix 2 contains a detailed listing of the data obtained from acoustical 

measurements in concert halls and opera houses as outlined in Chapter 2. The 

terminology and definitions of the parameters are covered here. 

RT = reverberation time in sec. It is defined as the time, multiplied by a 

factor of 2, that it takes for the sound in a hall to decay from - 5 to - 35 dB 

below its steady-state value. The factor of 2 is necessary because RT must conform 

to the original definition of sound decay that was from 0 to - 60 dB. RT is usually 

measured in octave or one-third octave bands and the sound source is usually a pink 

(random) noise or a sound impulse. Originally, RT was determined from a plot of 

sound pressure level vs. time as recorded on the moving paper of a graphic level 

recorder. Today it is determined by the Schroeder (1965) method which involves 

computer integration of the equivalent of a bacl~ward-played tape-recording of the 

decaying signal. The mid-frequency RT is the average of the RT's at 500 and 1,000 
Hz. The measurement is generally made in both occupied and unoccupied halls, 

the former being more important because it is the sound field in which a listener 

actually participates. When time permits, measurements are made for several sound 

source positions on the stage (and the pit in an opera house) and at 16 to 24 
positions in a hall. When a hall is symmetrical the number of positions may be 

halved and the measurements made in only half of the hall. The data at each 

frequency for the various positions are generally averaged to obtain an average value 

of the RT for the hall. 

EDT = early-decay-time in sec. EDT is measured in the same fashion as RT 

except that it is the time iHal~es for a signal to decay from 0 to - 10 dB relative 

to its steady state value. A multiplying factor of 6 is necessary to mal~e EDT time 
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comparable to RT. There are a limited number of halls in Appendix 2 for which 

EDT was measured with full occupancy. 

IACCA = measure of the difference in the sounds arriving at the two ears of 

a listener facing the performing entity in a hall. It is called the "interaural cross­

correlation coefficient." For the data reported in this book the source of sound is 

an omnidirectional (dodecahedron) loudspeaker fed by an impulse sound. To mea­

sure IACC a digital recorder is connected to the outputs of two tiny microphones 

located at the entrances to the ear canals of a person or a dummy head, and quan­

tifying the two ear differences with a computer program that performs the operations 

of Eqs. (A3.1) and (A3.2) of Appendix 3. IACCA is determined with a frequency 

bandwidth of about 100 to 8,000 Hz and for a time period of 0 to about 1 sec. 

No frequency weighting is used. There are a limited number of halls in Appendix 

2 for which the IAce s were measured with full occupancy. 

IACC (bands) = the same as above except determined in each of the six 

frequency bands with mid-frequencies of 125, 250, 500, 1,000, 2,000, and 

4,000 Hz. The time periods and band-combinations are selected as follows: 

IACCE3 = the interaural cross-correlation coefficient determined for a time 

period of 0 to 80 msec, where 0 msec is the time at which the direct impulse sound 

from the omnidirectional source reaches the tiny microphones. It is the average of 

the values measured in the three octave bands with mid-frequencies of 500, 1,000, 

and 2,000 Hz. It is demonstrated in Chapter 4 to be fairly highly correlated with 

the subjective ratings of acoustical quality as expressed by qualified judges seated in 

the audience. A particularly favorable feature of IACCE3 is that its measured values 

are only 8 to 10 percent lower in fully occupied halls than its values measured in 

unoccupied halls. 

BQI = binaural quality index. It equals [1 - IACCd. 

IACCu = the interaural cross-correlation coefficient determined for a time 

period of 80 to 750 msec; the average of the values measured in the three frequency 

bands with mid-frequencies of 500, 1,000, and 2,000 Hz. 

Cso(3) = the clarity factor. It is the ratio, expressed in decibels, of the energy 

in the first 80 msec of an impulse sound arriving at a listener's position divided by 

the energy in the sound after 80 msec. The divisor is approximately the total energy 

of the reverberant sound. The symbol (3) indicates the average of the Cso values in 

the 500-, 1,000-, and 2,000-Hz bands. Cso is given by Eq. (A3.3). 

D = the distinctness (Deutlichkeit) ratio. It is the ratio of the sound energy 

in the first 50 msec after arrival of the direct sound at a listener's position to the 

total sound energy arriving. It is usually expressed as a percentage and is determined 

from the impulse response of the hall. This factor is not used in this text. D is given 

by Eq. (A3.9) in Appendix 3. 
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LFE4 = the lateral energy fraction. It is determined by the ratio of the output 

of a figure-8 microphone with its null axis pointed to the source of the sound, 

divided by the output of a non-directional microphone at the same position. LFE4 

covers the time period of 0 to 80 msec and is the average of the LF's in the four 

frequency bands-125, 250, 500, and 1,000 Hz. It is equal to the ratio of the 

energy in the sound at a listener's position that does not come from the direction 

of the source (nor from 1800 behind the listener) to that which comes from all 

directions including that of the source. LFE4 correlates with the "apparent source 

width ASW", as determined in laboratory measurements. It is given by Eq. (A3.4). 

LG = the late lateral energy. It is the ratio, expressed in decibels, of (a) the 

output of a figure-8 microphone(with its null direction aimed at the source) in the 

time range of 80 msec to 2 sec after the arrival of the direct sound at a listener's 

position in a hall, to (b) the total output of a non-directional microphone, where 

its output is measured in an anechoic chamber at a distance of 10 m from the 

acoustical center of an omnidirectional source operating at the same acoustical 

power output as was used for determining (a). There is no published body of data 

to demonstrate its usefulness as a measure of sound diffusivity or as an additional 

parameter for use in estimating the acoustical quality of a hall for music. LG is 

given by Eq. (A3.8) in Appendix 3. 

G = the "strength factor." It is the ratio, expressed in decibels, of the sound 

energy at a seat in a hall that comes from a non-directional source (usually located 

successively at one to three different positions on the stage) to the sound energy 

from the same source when measured in an anechoic room at a distance of 10m. 

G is measured in the usual six-octave-frequency bands. In Appendix 2, it is the 

average of the G-values at all seats in a hall at which data were taken and all source 

positions. It is given by Eq. (A3.5). 

G mid = the mid-frequency strength factor, in decibels. This means that the 

decibel levels are the average of the G's measured in the 500- and 1,000-Hz fre­

quency bands. 

Glow = the low-frequency strength factor, in decibels. Here, the decibel levels 

are the average of the G's measured in the 125- and 250-Hz frequency bands. 

G]25 = the value of G measured in the 125-Hz frequency band. 

BR = the "bass ratio" equal to the ratio of the average of the RT's at 125 

and 250 Hz to the average of the RT's at 500 and 1,000 Hz. It is determined only 

for a hall when fully occupied. It is given by Eq. (A3.6). 

ITDG = the "initial-time-delay gap," the time interval in msec between the 

arrival, at a seat in the hall, of the direct sound from a source on stage to the arrival 

of the first reflection (see Fig. 2.2 in Chapter 2). In this text, its value is generally 
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given only for a position near the center of the main floor. It correlates with the 

subjective impression of "intimacy." 

BTl = the degree of support that the hall gives to the players on stage, owing 

to reflections of the sound from the walls and ceiling of the hall and of the enclosure 

immediately surrounding the players. It is the difference, in decibels, between (a) 

the impulse sound energy from an omnidirectional sound source that arrives at a 

player's position within the first 10 msec, measured at a distance of 1 m from the 

sound source, and (b) that which arrives in the time interval between 20 and 100 
msec at the same position. The sound arriving in the later interval has been reflected 

from one or more surfaces back to the player's position on the stage in the time 

interval indicated. That is to say, the difference between (a) and (b) is a measure of 

the hall's acoustical support -to a musician's performance. The measurements are 

generally made with no musicians on the stage, but with the chairs, music stands, 

and the percussion instruments in place. Those items that are near the source and 

receiver are set aside. The measurements are made at several positions on the stage 

and the data are averaged. BTl is given by Eq. (A.3.7) in Appendix 3. 
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~LE A1. Conversion Factors 

To Convert Into Multiply by Conversely 

Multiply by 

inches (in.) centimeters (cm) 2.54 0.394 

feet (ft) 0.OB33 12 

meters (m) 0.0254 39.4 

feet (ft) centimeters (cm) 30.5 3.2B times 10-2 

meters (m) 0.305 3.2B 

square feet (ft2) square centimeters (cm2) 929 1.076 times 10-3 

square meters (m2) 0.0929 10.76 

cubic feet (ft3) cubic centimeters (cm3) 2.B3 times 10' 3.53 times 10-5 

cubic meters (m3) 0.02B3 35.3 

pounds (lb) ounces (oz) 16 0.0625 

kilograms (kg) 0.454 2.205 

yards (yd) inches (in.) 36 0.027B 

meters (m) 0.914 J.094 

pounds per kilograms per 

square foot (lb/ft2) square meter (kg/m2) 4.BB 0.204B 

pounds per kilograms per 

cubic foot (lb/ft3) cubic meter (kg/m3) 16.0 6.24 times 10-2 

NOTE: 10-' = 0.01; 10-3 = 0.001; 10-' = 0.0001; 10-5 = 0.00001; 10' = 100; 103 = 1,000; 10' = 10,000 
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2 
Acoustical Data for 

Concert Halls & Opera Houses 

Sequential Index 

Amsterdam, Concertgebouw 86 Denver, Boettcher Hall 

Aspen, Benedict Music Tent 1 Dresden, Semperoper 

Athens, Megaron, Concert Hall 64 Edinburgh, Usher Hall 

Baden-Baden, Festspielhaus 53 Fort Worth, Bass Performance Hall 

Baltimore, Meyerhoff Symph. Hall 2 Glasgow, Royal Concert Hall 

Basel, Stadt-Casino 95 Glyndebourne, Opera House 

Bayreuth, Festspielhaus 54 Gothenburg, Konserthus 

Belfast, Waterfront Hall 67 Hong Kong, Cultural Centre 

Berlin, Kammermusiksaal 55 Concert Hall 

Berlin, Konzerthaus (Schauspielhaus) 56 Jerusalem, Binyanei Ha'Oomah 

Berlin, Philharmonie 57 Kuala Lumpur, Dewan Fil. Petronas 

Birmingham, Symphony Hall 41 Kyoto, Concert Hall 

Bonn, Beethovenhalle 58 Lahti, Sibelius/talo 

Boston, Symphony Hall 3 Leipzig, Gewandhaus 

Brussels, Palais des Beaux-Arts 33 Lenox, Seiji Ozawa Hall 

Budapest, Magyar Allami Operahaz 65 Lenox, Tanglewood Music Shed 

Budapest, Patria Hall 66 Liverpool, phJharmonic Hall 

Buenos Aires, Teatro Colon 27 London, Barbican, Concert Hall 

Buffalo, Kleinhans Music Hall 4 London, Royal Albert Hall 

Caracas, Aula Magna 99 London, Royal Festival Hall 

Cardiff, St. David's Hall 100 London, Royal Opera House 

Chicago, Orchestra Hall 5 Lucerne, Cultural Center Concert 

Christchurch, Town Hall 88 Hall 

Cleveland, Severance Hall 6 Madrid, Auditorio N acional de 

Copenhagen, Radiohuset, Studio 1 39 Musica 

Costa Mesa, Segerstrom Hall 7 Manchester, Bridgewater Hall 

Dallas, Meyerson Symphony Center 8 Mexico City, Salla N ezahualcoyotl 

9 

59 

90 

10 

91 

42 

94 

37 

68 

84 

72 
49 

60 

11 

12 

43 

44 

45 

46 

47 

96 

92 

48 

85 
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Sequential Index, continued 

Milan, Teatro alla Scala 70 Seattle, Benaroya Hall 23 
Minneapolis, Minnesota Orchestra Shanghai, Grand Theatre 38 

Hall 13 Stuttgart, Liederhalle, Grosser Saal 63 
Montreal, Salle wilfrid-Pelletier 35 Sydney, Opera House Concert Hall 28 
Munich, Herkulessalle 61 Taipei, Cultural Center Concert Hall 98 
Munich, Philharmonie Am Gasteig 62 Tel Aviv, Fredric Mann Auditorium 69 
Naples, Teatro di San Carlo 71 Tokyo, Bunka Kaikan, Ueno 75 
New York, Avery Fisher Hall 14 Tokyo, Dai-Ichi Seimei Hall 76 
New York, Carnegie Hall 15 Tokyo, Hamarikyu Asahi Hall 77 
New York, Metropolitan Opera Tokyo, Metropolitan Art Space 78 

House 16 Tokyo, New National Theatre Opera 

Odense, Nielsen Hall 40 House 79 
Osaka, Symphony Hall 73 Tokyo, NHK Hall 80 
Paris, Opera Bastille 50 Tokyo, Orchard Hall, Bunkamura 81 
Paris Opera Garnier 51 Tokyo, Suntory Hall 82 
Paris, Salle pleyel 52 Tokyo, Opera City Concert Hall 83 
Philadelphia, Academy of Music 17 Toronto, Roy Thompson Hall 36 
Philadelphia, Verizon Hall 18 Trondheim, olavshallen 89 
Rochester, Eastman Theater 19 Valencia, Palau de la Musica 93 
Rotterdam, De Doelen Gebouw 87 Vienna, Grosser Musikvereinssaal 30 
Salt Lake City, Abravanel Hall 20 Vienna, Konzerthaus 31 
Salzburg, Festspielhaus 29 Vienna, Staatsoper 32 
San Francisco, Davies Symphony Washington, D.C., JFK Concert 

Hall 21 Hall 24 
San Francisco, War Memorial Washington, D.C., JFK Opera 

Opera House 22 House 25 
Sao Paulo, Sala Sao Paulo 34 Worcester, Mechanics Hall 26 
Sapporo, Concert Hall 74 Zurich, Grosser Tonhallesaal 97 



Acoustical Data for Concert Halls & Opera Houses 

Attribute 

~LE A2. Measured acoustical attributes of concert halls and opera houses 

(s.c. = stop chords; b.r. = before renovations) 

Measured by Year of 

Data 

Center Frequencies of Filter Bands 

125 250 500 1.000 2.000 4.000 

Hertz 

1. ASPEN. COLORADO. BENEDICT MUSIC TENT (Opened 2000. 2.050 seats) 

RT, unoccupied Kirkegaard 

Louvers Open 

Louvers Closed 

2000 

2000 

3.20 3.20 3.40 2.90 2.10 1.55 

3.30 3.30 3.60 3.15 2.50 1.80 

2. BALTIMORE. JOSEPH MEYERHOFF SYMPHONY HALL (Opened 1982. 2.467 seats) 

RT, unoccupied Takenaka 1991 2.67 2.36 2.31 2.31 2.12 1.82 

Bradley 1992 2.85 2.44 2.40 2.37 1.95 1.54 

Gade 1992 2.83 2.44 2.36 2.32 1.98 1.58 

Average 2.78 2.41 2.36 2.33 2.02 1.65 

RT, occupied Calc.: JASA 109: 1028 2001 2.30 2.10 2.00 2.00 1.65 1.35 

EDT, unoccupied Takenaka 1991 2.61 2.41 2.38 2.31 2.07 1.71 

Bradley 1992 2.55 2.35 2.28 2.27 1.84 1.39 

Gade 1992 2.63 2.38 2.30 2.31 1.95 1.46 

Average 2.60 2.38 2.32 2.30 1.95 1.52 

IACCM unoccupied Takenaka 1991 0.93 0.76 0.27 0.19 0.20 0.16 

Bradley 1992 0.94 0.73 0.26 0.21 0.22 0.16 

Average 0.94 0.75 0.27 0.20 0.21 0.16 

IACC" unoccupied Takenaka 1991 0.95 0.84 0.51 0.45 0.44 0.32 

Bradley 1992 0.96 0.83 0.51 0.45 0.38 0.28 

Average 0.96 0.84 0.51 0.45 0.41 0.30 

IACCl , unoccupied Takenaka 1991 0.91 0.70 0.18 0.10 0.07 0.06 

Bradley 1992 0.93 0.70 0.18 0.09 0.11 0.09 

Average 0.92 0.70 0.18 0.10 0.09 0.08 

LF, unoccupied Bradley 1992 0.18 0.15 0.13 0.15 0.18 0.13 

Gade 1992 0.16 0.20 0.20 0.18 0.18 0.18 

Average 0.17 0.18 0.17 0.17 0.18 0.16 

Csa, dB, unoccupied Takenaka 1991 -4.10 -3.90 -2.80 -1.90 -1.30 -0.10 

Bradley 1992 -3.90 -3.20 -2.00 -1.30 -0.20 0.80 

Gade 1992 -2.05 -2.83 -2.13 -1.88 -1.17 0.36 

Average -3.35 -3.31 -2.31 -1.69 -0.89 0.35 

G, dB, unoccupied Takenaka 1991 4.30 3.60 4.60 4.80 4.90 4.80 

Bradley 1992 2.71 2.77 3.73 3.22 1.43 -0.95 

ScSS 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

3. BOSTON, SYMPHONY HALL (Opened 1900, 2,625 seats) 

RI, unoccupied M.A.A. 1958 2.50 2.80 2.70 2.85 2.85 2.10 

Schultz 

Mastracco 
Average before 1982 

Takenaka 

Bradley 

Gade 

Selected average after 1988 

1963 

1981 

1991 

1992 

1992 

2.70 2.70 2.60 2.50 2.30 1.95 

2.60 2.40 2.70 3.00 2.80 
2.60 2.63 2.67 2.78 2.65 2.03 

2.11 2.19 2.33 2.69 2.80 2.47 

2.17 2.38 2.56 2.70 2.67 2.38 

2.12 2.30 2.39 2.56 2.59 2.26 

2.13 2.29 2.40 2.63 2.66 2.38 
RI, occupied Hidaka/Beranek 1992 1.80 1.90 1.80 1.80 1.70 1.40 

Griesinger/Kirkegaard 

Beranek (s.c.) 

EDT, unoccupied Takenaka 

Bradley 

Gade 

Average 

IACCA< unoccupied Bradley 
Takenaka 

Average 

IACCE, unoccupied Bradley 

Takenaka 

Average 

IACCl , unoccupied Takenaka 

Bradley 
LF, unoccupied Bradley 

Gade 
Average 

Cao, dB, unoccupied Takenaka 

Bradley 

Gade 
Average 

G, dB, unoccupied Takenaka 

Bradley 

1993 

1997 
1991 

1992 

1992 

1992 

1991 

1992 
1991 

1991 

1992 

1992 

1992 

2.10 1.80 1.90 1.90 1.60 1.20 

1.95 1.90 1.90 1.95 1.59 1.43 

2.13 2.23 2.28 2.68 2.85 2.41 

2.00 2.08 2.19 2.38 2.43 2.14 

2.00 2.12 2.26 2.45 2.57 2.14 

2.04 2.14 2.24 2.50 2.62 2.23 

0.94 0.76 0.27 0.24 0.21 0.22 
0.91 0.73 0.29 0.14 0.11 0.11 

0.91 0.74 0.28 0.19 0.16 0.17 

0.93 0.82 0.40 0.41 0.43 0.43 

0.95 0.82 0.49 0.30 0.27 0.23 

0.94 0.82 0.45 0.36 0.35 0.33 

0.89 0.70 0.23 0.11 0.07 0.06 

0.93 0.74 0.25 0.14 0.07 0.07 

0.23 0.19 0.17 0.22 0.25 0.18 

0.15 0.25 0.28 0.25 0.24 0.25 

0.19 0.22 0.23 0.24 0.25 0.22 
1991 - 2.90 - 3.50 - 3.1 0 - 3.40 - 3.80 - 2.90 

1992 - 2.87 - 2.46 - 2.25 -1.98 - 1.91 - 2.00 

1992 -1.50 -1.92 -2.94 -2.18 -3.21 -2.04 

- 2.42 - 2.63 - 2.76 - 2.52 - 2.97 - 2.31 

1991 2.90 3.60 5.00 5.80 6.50 6.50 

1992 1.43 2.61 3.70 4.27 3.70 2.34 

4. BUFFALO, KLEINHANS MUSIC HALL (Opened 1940, 2,839 seats) 

RT, unoccupied Takenaka 1998 2.50 2.06 1.94 1.71 1.69 1.65 

1.49 

RI, occupied 
EDT, unoccupied 

Bradley 1992 2.60 2.01 1.95 1.70 1.60 

Gade 

Average 

Calc.: JASA 109: 1028 

Bradley 

Gade 

Takenaka 

, 

1992 

2001 

1992 

1992 

1998 

2.46 2.02 1.91 1.68 1.63 1.50 

2.52 2.03 1.93 1.70 1.64 1.55 

2.15 1.65 1.60 1.40 1.27 1.23 

1.92 1.78 1.72 1.39 1.26 1.00 

1.97 1.78 1.85 1.42 1.37 1.06 

1.94 1.88 1.83 1.46 1.44 1.15 
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4. BUFFALO. KLEINHANS MUSIC HALL continued 
IACCA• unoccupied Bradley 1992 0.96 0.85 0.60 0.51 0.27 0.30 

IACCE• unoccupied Bradley 1992 0.97 0.90 0.79 0.61 0.37 0.38 

IACC" unoccupied Bradley 1992 0.95 0.80 0.40 0.30 0.12 0.12 

LF. unoccupied Bradley 1992 0.12 0.09 0.08 0.10 0.12 0.07 

Gade 1992 0.10 0.11 0.10 0.09 0.09 0.08 

Cso• dB. unoccupied Bradley 1992 -0.91 1.10 l.99 3.59 3.73 4.73 

Gade 1992 0.49 1.60 1.62 3.85 3.57 4.67 

Takenaka 1998 -0.60 -0.40 0.80 3.50 3.70 4.30 

G. dB. unoccupied Bradley 1992 3.34 2.44 2.72 l.83 0.45 -l.08 

Gade 1992 4.83 3.39 2.49 2.78 2.58 -0.23 

Takenaka 1998 4.70 4.60 4.50 4.10 4.00 3.40 

5. CHICAGO. ORCHESTRA HALL (Opened 1904; renovated 1997; 2.530 seats) 

RT. unoccupied Before renovation: 1994 1.73 l.63 1.46 1.45 l.32 l.01 

Kirkegaard 

After renovation: 1998 2.70 2.20 2.00 1.80 1.70 1.50 

Kirkegaard 

RT. occupied Before renovation: 1994 1.44 l.29 1.21 1.16 . 1.10 0.98 

Kirkegaard 

After renovation: Beranek 1999 2.15 2.00 l.80 1.65 l.55 l.30 

(s.c.) 

6. CLEVELAND. SEVERANCE HALL (Opened 1931; stage house renovated 2000; 2.101 seats) 

RT. unoccupied Before renovation: Various 1987 2.00 l.80 l.80 1.75 l.60 l.50 

After renovation: Jaffe. 2000 2.20 2.00 2.10 2.20 2.10 1.40 

Holden 

RT. occupied Before renovation: 1995 1.70 1.60 1.50 l.45 l.35 1.30 

Griesinger 

After renovation: Beranek 2000 1.75 1.65 1.55 1.40 1.30 

(s.c.) 

EDT. unoccupied Before renovation: 1992 1.70 1.70 1.70 1.70 1.65 1.45 

Bradley/Gade 

After renovation: Jaffe. 2000 2.50 2.10 2.40 2.10 1.90 1.50 

Holden 

7. COSTA MESA. SEGERSTROM HALL. ORANGE COUNTY PERFORMING ARTS CENTER 

(Opened 1986. 2.903 seats) 

RT. unoccupied Takenaka 1991 2.27 2.14 2.14 2.27 2.10 1.81 

Hyde 1993 2.52 2.25 2.27 2.46 2.26 1.97 

Barron 1986 2.43 2.37 2.41 2.47 2.27 

Average, Barron and Hyde 2.48 2.31 2.34 2.47 2.27 1.97 
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7. COSTA MESA, SEGERSTROM HALL ORANGE COUNTY PERFORMING ARTS CENTER, continued 

RT. occupied Takenaka & Hyde 1995 2.33 1.89 1.62 1.57 1.44 1.16 

EDT. unoccupied Takenaka, all seats 1991 2.16 2.02 2.01 2.01 1.90 1.56 

Hyde, all seats 1993-94 2.28 2.10 2.10 2.22 1.97 1.58 

Takenaka, wlo under bale. 1991 2.19 2.09 2.07 2.06 1.95 1.59 

seats 

Hyde, wlo underbalcony 1993-94 2.32 2.14 2.14 2.28 2.05 1.66 

seats 

Average, all seats 2.22 2.06 2.06 2.14 1.96 1.58 

EDT. occupied Takenaka & Hyde 1995 2.67 2.43 2.25 2.12 1.86 1.84 

IACCA, unoccupied Takenaka 1991 0.90 0.71 0.26 0.20 0.16 0.19 

IACCE, unoccupied Takenaka 1991 0.92 0.80 0.47 0.37 0.31 0.30 

IACCL, unoccupied Takenaka 1991 0.88 0.64 0.19 0.10 0.09 0.07 

LF, unoccupied Barron 1986 0.27 0.19 0.23 0.22 

Cao, dB, unoccupied Barron 1986 -3.70 -1.90 -0.70 -0.40 1.20 

Takenaka 1991 -3.10 -1.60 -0.90 -0.50 -0.20 0.60 

Hyde 1993 -3.20 -1.35 -1.05 -0.50 0.00 1.00 

Average -3.15 -1.48 -0.98 -0.50 -0.10 0.80 

G, dB, unoccupied Barron 1986 0.80 3.30 3.70 4.io 3.70 

Takenaka 1991 2.90 3.50 4.70 5.10 4.70 4.70 

Hyde 1993 1.80 2.40 3.80 3.95 3.80 2.30 

8. DALLAS, McDERMOTT CONCERT HALL IN MEYERSON SYMPHONY CENTER (Opened 1989, 2,065 seats) 

RT. unoccupied (1992) ARTEC: Canopy-mid; 3.44 3.16 2.93 2.87 2.58 2.08 

Rev. chambers open 

(1992) ARTEC: Canopy-low; 3.22 2.94 2.70 2.50 2.37 1.97 

Rev. chambers closed 

RT, occupied (1994) Anon.-I: Canopy-high; 3.53 3.21 2.85 2.92 2.46 2.22 

Rev. chambers open 

(1995) Anon.-2: Canopy-high; 3.15 2.73 2.68 2.27 1.71 

Rev. chambers open 

Average: Canopy-high, 3.50 3.18 2.79 2.80 2.37 1.97 

reverberation doors open 

EDT. unoccupied (1992) ARTEC: Canopy-mid; 2.00 2.00 1.80 2.00 1.80 1.60 

Rev. chambers open 

(1992) ARTEC: Canopy-low; 2.20 2.10 1.80 2.00 1.90 1.60 

Rev. chambers closed 

EDT, occupied (1995) Anon:-2: Canopy-high; 3.16 2.31 2.07 1.96 1.81 

Rev. chambers open 
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8. DALLAS. McDERMOTT CONCERT HALL IN MEYERSON SYMPHONY CENTER. continued 

Cao• dB. unoccupied (1992) ARTEC: Canopy-mid; -0.90 -4.20 0.70 -0.70 0.20 0.40 

Rev. chambers open 

(1992) ARTEC: Canopy-low; -4.40 -5.30 -0.60 -1.40 -0.20 1.10 

Rev. chambers closed 

Cao• dB. occupied (1995) Anon.-2: Canopy-high; -3.90 -2.60 0.30 -2.10 -1.70 

Rev. chambers open 

9. DENVER. BomCHER HALL (Opened 1978. 2.750 seats) 

RT. unoccupied Madaras. Bradley & Jaffe 1997 2.90 3.30 2.80 2.55 2.20 1.70 

RT. occupied (All data presented at 1997 2.70 2.70 2.50 2.30 2.05 1.85 

EDT. unoccupied Spring meeting Acous. 1997 2.90 3.00 2.55 2.35 2.05 1.70 

EDT. occupied Soc. Am. '97) 1997 2.75 2.50 2.30 1.90 1.65 1.40 

IACCE, unoccupied 1997 0.92 0.84 0.79 0.71 0.60 0.62 

LFE, unoccupied 1997 0.14 0.11 0.10 0.12 0.20 0.15 

LFE, occupied 1997 0.27 0.14 0.11 0.11 0.18 0.15 

Cao, dB, unoccupied 1997 -2.70 -0.70 0.00 1.10' 1.20 2.40 

C,a, dB, occupied 1997 -2.70 0.00 1.00 2.20 2.40 4.00 

GE, dB, unoccupied 1997 2.00 2.10 1.00 2.00 -1.00 1.00 

GE, dB, occupied 1997 1.70 1.80 0.00 1.00 -2.00 0.40 

Gll, dB, unoccupied; "LL" = late lateral levels 1997 -8.00 -8.30 -10.00 -8.30 -9.00 -8.50 

10. FORT WORTH, BASS PERFORMANCE HALL (Opened 1998. 2,072 seats) 

RT. unoccupied [C. Jaffe, director & 1998 2.30 2.37 2.45 2.75 2.55 2.30 

RT. occupied, Est. Rensselaer Polytechnic 1998 2.10 2.05 1.95 1.95 1.85 1.65 

EDT, unoccupied Institute student group, 1998 2.00 2.30 2.40 2.60 2.40 1.90 

IACCA, 0-1 sec A. Case, D. Lennon, 1998 0.95 0.82 0.55 0.20 0.20 0.18 

IACCE, unoccupied A. Stefaniw, J. Summers, 1998 0.95 0.88 0.63 0.45 0.35 0.38 

IACCl , unoccupied and B. Viehlandl 1998 0.95 0.80 0.47 0.12 0.15 0.20 

C,a. dB, unoccupied 1998 -2.00 -2.00 -2.00 -2.00 -1.50 -1.00 

11. LENOX. MASSACHUSETTS. SEIJI OZAWA HALL (Opened 1994, 1.180 seats) 

RT. unoccupied Kirkegaard 1995 2.34 2.36 2.21 2.28 2.16 1.70 

(rear wall closed) 

RT. occupied Takenaka/Bera.nek 1994 2.24 2.16 1.82 1.50 1.35 1.28 

(rear wall open) 
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12. LENOX, MASSACHUSETIS, TANGLEWOOD, KOUSSEVITZKY MUSIC SHED (Opened 1938, 5,121 seats) 

RT, unoccupied Takenaka/Beranek 1993 4.29 4.06 3.86 3.09 2.68 2.32 

Bradley 1993 4.13 4.00 3.65 3.09 2.65 2.29 

Average 4.21 4.03 3.76 3.09 2.67 2.31 

RT, occupied Takenaka/Beranek 1994 2.85 2.63 2.09 1.69 1.50 1.42 

EDT, unoccupied Takenaka/Beranek 1993 4.02 3.81 3.77 2.98 2.51 2.22 

Bradley 1993 3.42 3.87 3.60 2.98 2.49 2.16 

Average 3.72 3.84 3.69 2.98 2.50 2.19 

ICCAA, unoccupied Takenaka/Beranek 1993 0.94 0.79 0.50 0.33 0.29 0.22 

Bradley 1993 0.97 0.80 0.39 0.30 0.22 0.19 

Average 0.96 0.80 0.45 0.32 0.26 0.21 

IACC" unoccupied Takenaka/Beranek 1993 0.96 0.89 0.76 0.65 0.57 0.44 

Bradley 1993 0.97 0.89 0.73 0.58 0.47 0.38 

Average 0.97 0.89 0.75 0.62 0.52 0.41 

IACC l , unoccupied Takenaka/Beranek 1993 0.92 0.75 0.40 0.15 0.09 0.06 

Bradley 1993 0.95 0.76 0.27 0.13 0.07 0.06 

Average 0.94 0.76 0.34 0.14 0.08 0.06 

LF, unoccupied Bradley 1993 0.10 0.14 0.10 0.12 0.15 0.12 

Cao, dB, unoccupied Takenaka/Beranek 1993 -3.99 -4.83 -5.03 -3.44 -2.14 -1.32 

Bradley 1993 -0.62 -3.92 -3.85 -2.76 -1.29 -0.65 

Average -2.31 -4.38 -4.44 -3.10 -1.72 -0.99 

G, dB, unoccup. Taka/Ber Hall Average 1993 0.00 1.10 3.10 3.10 -1.70 -2.50 

Bradley Hall Average 1993 0.18 -0.16 -0.90 -1.92 -3.21 -5.29 

Taka/Ber 10th row, off 1993 2.9 4.6 6.5 6.5 2.7 2.4 

center line 

Taka/Ber 20th row, off 1993 1.1 2.3 4.2 5.0 0.2 -0.3 

center line 

13. MINNEAPOLIS, MINNESOTA ORCHESTRA HALL (Opened 1974, 2.450 seats) 

RT, unoccupied Schultz 1979 2.35 2.30 2.35 2.20 2.15 1.90 

RT, occupied Harris 1974 2.10 1.95 1.90 1.80 1.70 1.50 

14. NEW YORK, AVERY FISHER HALL (Opened 1976, 2,742 seats) 

RT, unoccupied Takenaka 1986 2.24 2.26 2.20 2.03 1.48 

Beranek (s.c., w/orchestra) 1994 1.93 1.98 2.15 2.18 2.06 1.80 

RT, occupied Beranek (s.c.) 1994 1.60 1.76 1.78 1.74 1.55 1.46 

EDT, unoccupied Takenaka 1986 2.00 2.01 1.90 1.64 1.24 

IACCA Takenaka 1986 0.70 0.22 0.17 0.32 0.21 

LF, unoccupied Takenaka 1986 0.13 0.11 0.12 

Cao, dB, unoccupied Takenaka 1986 -2.80 -2.30 -2.00 -0.20 0.80 
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15. NEW YORK. CARNEGIE HALL (Opened 1891; renovated 1986 and 1989; 2.804 seats) 

RT, unoccupied Anon. 1968 2.20 2.15 2.10 2.00 

RT, occupied Beranek (s.c.) 2001 2.12 2.09 1.83 1.75 

16. NEW YORK. METROPOLITAN OPERA HOUSE (Opened 1966.3.816 seats) 

RT, unoccupied Takenaka Source on stage 1998 

RT, occupied Calc.: JASA 109. p. 1028 2001 

EDT. unoccupied Takenaka 1998 

IACCA, unoccupied Takenaka 1998 

IACCE, unoccupied Takenaka 1998 

IACCl , unoccupied Takenaka 1998 

Cao, dB, unoccupied Takenaka 

G, dB, unoccupied Takenaka 

1998 

1998 

1.74 

1.65 

1.61 

0.92 

0.95 

0.90 

1.64 1.73 1.76 

1.55 1.55 1.55 

1.43 1.60 1.63 

0.75 0.30 0.22 

0.81 0.46 0.35 

0.69 0.21 0.14 

0.0 0.8 1.4 1.6 

0.7 -2.0 -0.1 0.3 

17. PHILADELPHIA. ACADEMY OF MUSIC (Opened 1857. 2,827 seats for opera) 
RT, unoccupied M.A.A. (BBN & Potwin) 1959 2.00 1.80 1.60 

(There were changes in the hall after 1959, including new seats and added carpets.) 

Kirkegaard 1992 1.50 1.30 1.30 

Bradley 1992 1.50 1.32 1.35 

Marshall 1.40 1.40 

1.50 

1.20 

1.30 

1.30 

RT, occupied (M.A.A.) 

1992 

1958 

1.40 

1.40 1.70 1.45 1.35 

1.80 

1.57 

1.69 

1.40 

1.46 

0.22 

0.33 

0.12 

1.40 

1.28 

1.51 

1.25 

1.30 

0.24 

0.34 

0.13 

2.2 2.0 

1.1 -0.6 

1.40 

1.20 

1.21 

1.30 

1.25 

1.30 

1.10 

1.02 

1.10 

1.15 

(Note the changes after 1959 as above.) 

Kirkegaard 1992 1.40 1.30 1.20 1.20 1.1 0 1.00 

EDT, unoccupied Marshall 1992 1.30 1.20 1.20 1.20 1.20 1.10 

Bradley 1992 1.23 1.11 1.20 1.21 1.13 0.89 

IACCA, unoccupied Bradley 1992 0.94 0.79 0.44 0.41 0.35 0.30 

IACCE, unoccupied Bradley 1992 0.94 0.81 0.58 0.54 0.48 0.4 1 

IACCl , unoccupied Bradley 1992 0.90 0.73 0.25 0.18 0.12 0.12 

LF, unoccupied Bradley 1992 0.19 0.16 0.14 0.17 0.19 0.12 

Cao, dB, unoccupied Marshall 1992 - 1.20 - 0.20 2.00 0.30 2.30 2.10 

Bradley 1992 1.70 2.34 1.97 2.31 2.45 4.09 

G, dB, unoccupied Bradley 1992 - 1.87 -- 0.12 1.77 1.13 - 0.53 - 2.35 

18. PHILADELPHIA, VERIZON HALL IN KIMMEL CENTER (Opened 2001. 2,519 seats) 

RT, unoccupied 

RT, occupied 

RT, occupied 

doors 40% open, ARTEC 2002 2.63 

2.05 

1.99 

1.84 

2.74 

1.55 

2.15 2.12 2.10 2.00 

1.45 

1.59 

1.38 

2.19 

1.34 

1.68 

1.23 

1.46 

1.14 

1.89 

1.09 

EDT, unoccupied 

EDT, occupied 

same, ARTEC, s.c. 2002 

same, Beranek, s.c. 2002 

doors closed, Beranek, s.c. 2002 

20% open, AR1EC 2002 

doors closed, ~eranek, s.c. 2002 

2.01 1.70 1.60 

1.93 1.75 1.66 

1.70 1.62 1.53 

1.98 1.95 2.26 

1.69 1.50 1.61 

59/ 
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19. ROCHESTER, NY, EASTMAN THEATRE (Opened 1923, 3,347 seats) 

RT, unoccupied M.A.A. (BBN) 1959 3.10 2.50 1.90 1.75 1.70 1.55 

RT, occupied M.A.A. (BBN) 1959 2.30 1.85 1.75 1.55 1.45 1.30 

20. SALT LAKE CITY, ABRAVANEL SYMPHONY HALL (Opened 1979, 2,812 seats) 

RT, unoccupied Takenaka 1991 2.08 1.92 2.03 2.03 1.92 1.72 

RT, occupied Calc.: JASA 109, p. 1028 2001 1.90 1.80 1.80 1.70 1.60 1.40 

EDT, unoccupied Takenaka 1991 2.05 1.99 2.09 2.07 1.94 1.70 

IACCA, unoccupied Takenaka 1991 0.91 0.73 0.28 0.19 0.17 0.14 

IACCE, unoccupied Takenaka 1991 0.93 0.81 0.48 0.40 0.35 0.26 

IACCl , unoccupied Takenaka 1991 0.90 0.69 0.22 0.10 0.08 0.07 

Cao, dB, unoccupied Takenaka 1991 -4.60 -3.90 -2.10 -1.80 -1.40 -0.90 

G, dB, unoccupied Takenaka 1991 1.90 0.30 2.40 2.70 2.50 1.60 

21. SAN FRANCISCO, DAVIES SYMPHONY HALL (Opened 1980,2,743 seats) (Data before renovations) 

RT, unoccupied Takenaka 1991 2.58 2.41 2.29 2.24 1.96 1.63 

(Since 1993, the volume is 5% less, Est.) 2000 2.45 2.29 2.18 2.13 1.86 1.55 

RT, occupied Kirkegaard 1992 1.90 1.90 1.80 1.70 1.40 

EDT, unoccupied Takenaka 1991 2.69 2.51 2.26 2.04 1.72 1.38 

IACCA, unoccupied Takenaka 1991 0.93 0.77 0.39 0.30 0.29 0.27 

IACCE, unoccupied Takenaka 1991 0.95 0.87 0.65 0.54 0.50 0.40 

IACCl , unoccupied Takenaka 1991 0.92 0.72 0.23 0.09 0.09 0.08 

Cao, dB, unoccupied Takenaka 1991 -5.10 -3.90 -2.30 -0.60 0.10 1.30 

G, dB, unoccupied Takenaka 1991 2.50 3.00 3.30 3.40 2.90 2.90 

22. SAN FRANCISCO, WAR MEMORIAL OPERA HOUSE (Opened 1932, 3,252 seats) 

RT, occupied Beranek, stop cords 2001 1.59 1.58 1.53 1.46 1.39 1.26 

23. SEATTLE, BENAROYA HALL (Opened 1998; 2,500 seats) 

RT, unoccupied Harris 1998 2.29 2.24 2.23 2.17 2.12 1.93 

RT, occupied Harris (s.c., 1 concert) 1998 2.20 2.10 2.04 1.90 1.87 1.67 

(Above, before organ installed; below, after installation) 

RT, occupied Anon (s.c., 3 concerts) 2001 2.15 1.90 1.80 1.75 1.65 1.55 

24. WASHINGTON, D.C., JFK CENTER, CONCERT HALL (Opened 1971; renovation 1997; 2,448 seats) 

RT, unoccupied Jaffe, Holden Acoustics 1997 2.20 2.00 2.00 1.85 1.80 1.35 

RT, occupied Calc.: JASA 109, p. 1028 2001 2.00 1.80 1.75 1.50 1.50 1.20 

25. WASHINGTON, D.C., JFK CENT~R, OPERA HOUSE (Opened 1971,2,142 seats) 

RT, unoccupied Harris Fire curtain down 1971 2.20 2.00 1.80 1.60 1.50 1.40 

RT, occupied Harris (s.c.) 1971 2.00 1.90 1.60 1.40 1.20 1.20 
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26. WORCESTER. MASSACHUSmS. THE GRAND HALL, MECHANICS HALL (Opened 1857, 1.343 seats) 

RT. unoccupied Bradley 1993 2.10 2.40 2.30 2.00 1.60 1.40 

RT. occupied Bradley 

EDT. unoccupied Bradley 

EDT, occupied Bradley 

IACCA, unoccupied Bradley 

IACC" unoccupied Bradley 

IACCl , unoccupied Bradley 

LF, occupied Bradley 

LF, unoccupied Bradley 

C'O, dB, unoccupied Bradley 

G, dB, unoccupied Bradley 

1993 

1993 

1993 

1993 

1993 

1993 

1993 

1.70 1.90 1.60 1.50 1.40 1.30 

2.10 2.30 2.30 2.00 1.70 1.40 

1.80 1.90 1.70 1.50 1.40 1.30 

0.90 0.70 0.20 0.20 0.20 0.20 

0.95 0.81 0.47 0.45 0.44 0.42 

0.92 0.70 0.22 0.21 0.22 0.24 

0.20 0.20 0.20 0.20 0.20 0.30 

1993 0.30 0.20 0.20 0.20 0.20 0.30 

1993 - 1.00 - 2.00 - 2.00 - 1.00 0.00 1.00 

1993 4.00 6.00 5.50 4.50 2.00 - 1.50 

27. BUENOS AIRES. TEATRO COLON (Opened 1908; 2.487 seats) 

RT. unoccupied Takenaka Source on stage 1998 

RT. occupied Calc.: JASA 109. p. 1028 2001 

EDT. unoccupied Takenaka Source on stage 1998 

IACCA, unoccupied Takenaka Source on stage 1998 

IACC" unoccupied Takenaka Source on stage 1998 

IACCl , unoccupied Takenaka Source on stage 1998 

Cao, dB, unoccupied Takenaka Source on stage 1998 

G, dB, unoccupied Takenaka Source on stage 1998 

ST1, unoccupied Takenaka Source on stage 

RT, unoccupied Takenaka Source in pit 

RT, occupied Calc.: JASA 109. p. 1028 

EDT, unoccupied Takenaka Source in pit 

IACCAo unoccupied Takenaka Source in pit 

IACC" unoccupied Takenaka Source in pit 

IACCl , unoccupied Takenaka Source in pit 

Cao, dB, unoccupied Takenaka Source in pit 

G, dB, unoccupied Takenaka Source in pit 

STl, unoccupied Takenaka Source in pit 

1998 

1998 

2001 

1998 

1998 

1998 

1998 

1998 

1998 

1998 

2.20 2.09 2.04 1.76 1.61 1.37 

2.10 1.90 1.75 1.50 1.40 1.20 

2.00 1.97 1.87 1.57 1.34 1.12 

0.90 0.72 0.28 0.20 0.20 0.24 

0.92 0.81 0.46 0.30 0.30 0.31 

0.90 0.69 0.27 0.13 0.10 0.09 

-1.3 -0.8 

0.4 1.9 

0.2 

2.5 

1.3 

2.3 

1.9 

2.0 

2.6 

0.3 

~ 11.6 - 13.7 - 16.2 - 16.3 - 15.1 - 15.6 

2.02 2.03 1.96 1.73 1.60 1.38 

1.90 1.85 1.70 1.50 1.35 1.20 

1.92 1.80 1.85 1.62 1.41 1.23 

0.90 0.73 0.27 0.16 0.13 0.12 

0.89 0.77 0.48 0.31 0.24 0.19 

0.91 0.72 0.28 0.13 0.13 0.10 

-4.3 -2.3 -3.0 -3.1 -1.7 -0.8 

1.0 2.4 2.1 1.6 1.1 -0.6 

-7.7 -11.9 -12.5 -13.1 -11.8 -11.0 

28. SYDNEY OPERA HOUSE. CONCERT HALL (Opened 1973. 2.696 seats) 

RT. unoccupied 

RT, occupied 

EDT, unoccupied 

EDT. occupied 

Jordan 

Yamasaki 

Jordan 

Jordan 

Jordan 

1973 

1992 

1973 

1973 

1973 

2.45 2.46 2.45 2.55 2.60 2.56 

2.25 2.40 2.30 2.65 2.60 2.20 

2.10 2.20 2.10 2.30 2.20 2.00 

2.18 2.28 2.16 2.22 2.18 2.10 

2.05 2.13 1.98 2.16 2.12 2.02 

593 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1.000 2.000 4.000 

Data 
Hertz 

29. SALZBURG. FESTSPIELHAUS (Opened 1960. 2.158 seats) 

RT. unoccupied M.A.A. (Schwaiger) 1960 1.90 2.30 2.25 2.10 2.10 1.80 

Gade 1987 1.70 2.00 2.00 2.00 1.80 1.60 

Bradley 1987 1.69 1.93 1.91 1.82 1.74 1.50 

Gade/Bradley Average 1.70 1.97 1.96 1.91 1.77 1.55 

RT, Occupied M.A.A. 1960 1.70 1.60 1.50 1.50 1.40 1.30 

(Schwaiger, BBN) 

EDT, unocupied Bradley 1987 1.65 1.89 1.88 1.78 1.71 1.40 

Gade 1987 1.61 1.98 2.04 1.78 1.85 1.59 

LF, unoccupied Bradley 1987 0.17 0.16 0.14 0.12 0.11 0.19 

Gade 1987 0.18 0.16 0.15 0.16 

Cao, dB, unoccupied Bradley 1987 -1.61 -1.32 -0.50 0.65 -0.04 1.45 

Gade 1987 -2.66 -2.10 -1.29 0.28 -0.79 0.16 

Average -2.14 -1.71 -0.90 0.47 -0.42 0.81 

G, dB, unoccupied Bradley 1987 1.57 2.89 3.24 3.63 3.15 2.16 

Gade 1987 2.02 4.18 4.53 3.88 1.86 1.36 

30. VIENNA. GROSSER MUSIKVEREINSSAAL (Opened 1870. 1.680 seats) 

RT. unoccupied Various agencies 1958 3.10 3.30 3.60 3.50 3.10 2.20 

(There were changes in the seats between 1960 and 1980.) 

RT, unoccupied Gade 1987 3.00 3.20 3.20 3.20 2.60 2.10 

Tachibana 1987 2.85 2.85 2.90 2.95 2.70 2.00 

Takenaka 1993 2.97 2.95 3.04 2.99 2.67 2.21 

Bradley 1987 3.05 3.11 3.11 3.04 2.72 2.09 

Average 2.97 3.03 3.06 3.05 2.67 2.10 

Matsuzawa (rehearsal) 1992 2.61 2.62 2.56 2.42 2.22 1.91 

RT. occupied M.A.A. (various) 1959 2.40 2.20 2.10 2.00 1.90 1.60 

Tachibana 1987 2.20 2.20 2.00 1.95 1.80 1.70 

Matsuzawa 1992 2.14 2.15 2.01 1.94 1.71 1.55 

Average 2.25 2.18 2.04 1.96 1.80 1.62 

EDT, unoccupied Gade 1987 2.93 3.37 3.31 3.18 2.77 2.08 

Bradley 1987 2.93 3.06 3.06 3.03 2.70 2.00 

Takenaka 1993 2.98 3.01 3.03 2.99 2.71 2.17 

Average of Taka & Bradley 2.96 3.04 3.05 3.01 2.71 2.09 

IACCA, unoccupied Takenaka 1993 0.89 0.68 0.20 0.11 0.17 0.26 

IACC" unoccupied Takenaka 1993 0.92 0.76 0.42 0.32 0.34 0.40 

IACCL, unoccupied Takenaka 1993 0.88 0.66 0.17 0.09 0.07 0.07 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

30. VIENNA, GROSSER MUSIKVEREINSSAAL. continued 

LF, unoccupied Bradley 1987 0.14 0.17 0.19 0.16 0.12 0.21 

Gade 1988 0.12 0.16 0.19 0.17 

Average 0.13 0.17 0.19 0.17 

C .. , dB, unoccupied Bradley 1987 -5.71 -4.74 -4.00 -3.18 -2.98 -1.18 

Takenaka 1993 -5.10 -5.10 -4.70 -4.00 -3.10 -1.60 

Gade 1987 -5.02 -6.56 -5.45 -4.68 -3.88 -1.93 

Average -5.28 -5.47 -4.72 -3.95 -3.32 -1.57 

G, dB, unoccupied Takenaka 1993 8.10 7.40 7.80 7.90 6.80 6.10 

Bradley 1987 6.10 6.04 5.97 6.57 6.04 4.51 

31. VIENNA KONZERTHAUS (Opened 1913; renovated 2000; 1,865 seats) 

RT. unoccupied MOlier-BBM, Takenaka 1991-97 3.64 3.24 2.55 2.45 2.32 1.90 

(b.r.) 

MOlier-BBM 2001 2.92 2.89 2.30 2.09 1.96 1.69 

RT, occupied MOlier-BBM 1997 2.73 2.41 2.03 1.80 1.69 1.42 

MOlier-BBM 2001 2.31 2.14 1.96 1.79 1.62 1.36 

EDT, unoccupied Muller-BBM, Takenaka 1991-97 3.16 3.04 2.46 2.42 2.30 1.76 

MOlier-BBM 2001 2.60 2.64 2.18 2.05 1.88 1.47 

EDT, occupied MOlier-BBM 1997 2.32 2.49 2.01 1.95 1.82 1.62 

MOlier-BBM 2001 2.20 1.98 1.94 1.97 1.72 1.44 

Cao, dB, unoccupied Muller-BBM, Takenaka 1991-97 4.0 4.8 0.5 -2.2 0.6 -0.1 

Muller-BBM 2001 -2.5 -2.7 -1.3 -1.0 -0.3 1.2 

C .. , dB, occupied Muller-BBM 1997 -3.5 -2.2 -2.0 -0.5 0.0 1.9 

Muller-BBM 2001 -2.0 -0.9 -0.6 -0.3 -0.7 1.1 

G, dB, unoccupied Muller-BBM 1997 3.8 6.0 5.3 4.7 5.8 4.3 

Muller-BBM 2001 6.6 4.6 4.6 3.0 5.6 1.0 

G, dB, occupied Muller-BBM 1997 2.3 3.4 2.4 2.0 3.3 3.5 

Muller-BBM 2001 4.8 3.7 3.9 2.2 5.4 1.9 

IACCE, unoccupied MOlier-BBM 1997 0.43 

MOlier-BBM 2001 0.34 

Notes: Hall renovated in 2000. RT (occupied) without orchestra is approx. 0.1-0.2 sec higher, especially at 

high frequencies. G (occupied) appr~x. 1-2 dB higher without orchestra. IACCE (above), 2 octaves stradling 

1,000 Hz. 



S.96' ApPENDIX 2 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1.000 2,- 4,000 

Data 
Hertz 

32. VIENNA, STAATSOPER (Opened 1869, 1,709 seats) 

RT, unoccupied M.A.A. (Bruchmeyer) 1955 2.00 1.90 1.80 1.80 1.70 1.50 
TAK (Source So) 1988 1.84 1.61 1.55 1.54 1.44 1.28 

TAK (Source pit) 1.67 1.52 1.53 1.54 1.44 1.27 
RT, occupied M.A.A. (various agencies) 1960 1.40 1.45 1.40 1.20 1.20 1.15 

EDT, unoccupied TAK (Source So) 1988 1.56 1.43 1.38 1.47 1.34 1.07 
TAK (Source pit) 1.51 1.31 1.35 1.43 1.39 1.13 

IACCA, unoccupied TAK (Source So) 1988 0.90 0.72 0.36 0.28 0.24 0.20 
TAK (Source pit) 0.93 0.77 0.34 0.18 0.15 0.13 

IACCE, unoccupied TAK (Source So) 1988 0.92 0.80 0.49 0.38 0.32 0.24 
TAK (Source pit) 0.94 0.82 0.47 0.31 0.26 0.19 

IACCL, unoccupied TAK (Source So) 1988 0.89 0.65 0.23 0.15 0.13 0.09 
TAK (Source pit) 0.91 0.74 0.27 0.13 0.11 0.09 

C .. , dB, unoccupied TAK (Source So) 1988 -0.20 1.50 2.50 2.80 2.70 4.30 

TAK (Source pit) -2.10 -0.70 -0.70 -0.60 -0.20 1.20 
G, dB, unoccupied TAK (Source So) 1988 -1.40 0.70 3.10 2.50 1.30 -1.80 

TAK (Source pit) 0.20 2.70 4.30 3.60 2.50 -0.90 

33. BRUSSELS, PALAIS DES BEAUX-ARTS (Opened 1929; modified between; renovated 2000; 2,150 seats) 

RT, unoccupied Raes and RTB 1961 2.20 2.40 2.00 1.90 1.75 1.60 
Commins, before renovation 1999 1.87 1.69 1.63 1.53 1.43 1.22 
Commins, after renovation 2000 2.09 2.09 1.77 1.75 1.67 1.44 

RT, occupied Raes and BBN 1961 1.90 1.75 1.50 1.35 1.25 1.10 
Est.: JASA 109, p. 1028, 2001 2.00 2.00 1.70 1.55 1.50 1.25 

after renovation 
EDT, unoccupied Commins, before renovation 1999 1.82 1.70 1.62 1.50 1.24 0.95 

Commins, after renovation 2000 2.46 2.09 2.01 1.72 1.59 1.25 

C'QI dB, unoccupied Commins, before renovation 1999 -1.72 -0.88 0.52 1.58 1.69 2.99 
Commins, after renovation 2000 -1.41 -0.99 -0.29 -0.75 -0.97 1.13 

34. SAO PAULO, SALA SAO PAULO (Opened 1999, 1,610 seats) 

RT, occupied ARTEC (s.c.) 1999 1.90 1.90 2.00 2.10 2.20 1.80 
EDT, occupied ARTEC (s.c.) 1999 0.80 0.80 0.80 1.40 1.50 1.90 

35. MONTREAL, SALLE WILFRID-PELLETIER (Opened 1963, 2,982 seats) 

RT, unoccupied Bradley 1989 2.49 2.10 1.98 1.87 1.69 1.29 

Acentech 1989 2.47 2.25 1.95 1.68 1.30 
RT, occupied Schultz 1963 2.20 1.85 1.73 1.60 1.50 1.20 
EDT, unoccupied Bradley 1989 2.47 2.18 1.98 1.88 1.61 1.19 

LF, unoccupied Bradley 1989 0.09 0.12 0.15 0.12 0.09 0.16 
C .. , dB, unoccupied Bradley 1989 -6.50 -2.44 -1.04 0.39 -0.37 1.60 
G, dB, unoccupied Bradley 1989 -0.41 -0.94 -0.37 0.53 -0.47 -3.22 
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Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

36. TORONTO, ROY THOMPSON HALL (Opened 1982, 2,613 seats) (Renovated 2002) 

RT, unoccupied Bradley 1988 2.37 2.22 2.21 2.11 1.94 1.49 

RT, occupied Schultz, extrapolated 1982 1.97 1.86 1.83 1.18 1.60 1.38 

EDT. unoccupied Bradley 1988 2.23 2.01 1.97 1.84 1.56 1.18 

LF, unoccupied Bradley 1988 0.10 0.16 0.16 0.16 0.13 0.19 

Caor dB, unoccupied Bradley 1988 -4.48 -1.58 0.01 0.95 0.74 2.92 

G, dB, unoccupied Bradley 1988 2.84 2.93 3.20 3.29 3.28 2.44 

(No postrenovation data available.) 

37. HONG KONG, CULTURAL CENTRE CONCERT HALL (Opened 1989, 2.019 seats) 

RT. unoccupied Marshall, no A.B.* 1997 2.12 1.95 1.93 2.07 1.95 1.73 

Marshall, with A.B. 1997 1.88 1.83 1.84 1.99 1.89 1.69 

EDT. unoccupied Nielson, no A.B. 1997 1.99 1.83 1.84 1.94 1.84 1.63 

Nielson, with A.B. 1997 1.86 1.12 1.16 1.89 1.80 1.60 

LF, unoccupied Halstead, no A.B. 1997 0.17 0.16 0.11 0.11 0.12 0.13 

Halstead, with A.B. 1997 0.18 0.16 0.11 0.11 0.11 0.12 

Cao, dB, unoccupied Halstead, no A.B. 1997 -3.29 -1.80 -0.26 -0.08 -0.47 0.02 

Halstead, with A.B. 1997 -2.91 -1.54 -0.01 -0.02 -0.50 0.16 

G, dB, unoccupied Halstead, no A.B. 1997 3.06 1.49 1.57 2.44 3.30 2.28 

Halstead, with A.B. 1997 2.74 1.20 1.59 2.32 3.24 2.29 

LG, dB, unoccupied Halstead, no A.B. 1997 -5.93 -6.76 -7.17 -6.67 -6.08 -6.97 

Halstead, with A.B. 1997 -6.33 -7.04 -7.45 -6.80 -6.22 -7.16 

*Absorbent Blinds 

38. SHANGHAI, GRAND THEATRE (Opened 1998, 1,676 seats, opera; 1.895 seats, concerts) 

RT, unoccupied Opera, drapery behind 1998 2.40 1.60 1.40 1.35 1.35 1.30 

grille 

RT, unoccupied Concert, no drapery 1998 2.30 1.90 1.80 1.85 1.80 1.10 

RT, occupied Est.: JASA 109: 1028 2001 2.20 1.80 1.65 1.65 1.55 1.50 

39. COPENHAGEN, RADIOHUSET, STUDIO 1 (Opened 1945, 1.081 seats) 

RT. unoccupied Jordan, V. L. 1945 1.60 1.10 2.00 2.00 1.90 1.20 

Gade 1993 1.15 1.14 1.86 1.99 2.15 1.95 

Average 1.68 1.12 1.93 2.00 2.03 1.58 

RT, occupied Jordan, V. L. 1945 1.60 1.60 1.50 1.50 1.50 1.20 

EDT, unoccupied Gade 1993 1.59 1.72 1.91 2.02 2.19 1.86 

LF, unoccupied Gade 1993 0.11 0.17 0.17 0.17 0.15 0.19 

CaD, dB, unoccupied Gade 1993 0.83 -0.36 -0.35 -0.26 -1.53 -0.52 

G, dB, unoccupied Gade 1993 8.26 4.76 5.40 6.24 6.17 5.38 
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Attribute Measured by Year of 125 250 500 1.000 2.000 4.000 

Data 
Hertz 

40. ODENSE. KONCERTHUS. NIELSEN HALL (Opened 1982. 1.320 seats) 

RT, unoccupied Jordan 1982 2.4 2.3 2.3 2.2 2.1 1.8 

EDT, unoccupied Jordan 1982 2.4 2.4 2.3 2.2 2.2 1.7 

C", dB, unoccupied Jordan 1982 -2.7 -2.2 -2.4 -1.1 -2.9 -0.7 

G, dB, unoccupied Jordan 1982 1.8 3.2 3.6 4.2 3.3 1.5 

LF, unoccupied Jordan 1982 0.35 0.16 0.28 0.16 

STl, unoccupied Gade 1982 -18 -14 -17 -17 

41. BIRMINGHAM. SYMPHONY HALL (Opened 1991. 2.211 seats) 

RT, unoccupied ARTEC Rev. doors open 1992 2.42 2.81 2.56 2.45 2.63 1.85 

ARTEC Rev. doors closed 2.35 2.40 2.40 1.94 1.91 

RT, occupied Kimura Some doors open 1992 2.05 1.95 1.80 1.90 1.85 1.65 

EDT, unoccupied ARTEC Rev. doors open 1992 2.20 2.20 2.00 1.80 1.70 1.40 

ARTEC Rev. doors closed 2.40 2.20 2.20 1.80 2.10 

C", dB, unoccupied ARTEC Rev. doors open 1992 -4.80 -1.30 -0.60 1.10 0.90 1.90 

ARTEC Rev. doors closed 1992 -3.70 -1.30 -1.40 -1.00 -0.20 

42. GLYNDEBOURNE, OPERA HOUSE (Opened 1994. 1.243 seats) 

RT, unoccupied Barron, lightly draped stage 1999 2.10 1.77 1.55 1.52 1.50 

Harris, typical box stage set 1994 1.95 (1.66) 1.46 1.43 (1.41) 

RT, occupied Harris, orchestra & typical set 1994 1.65 (1.42) 1.26 1.23 (1.21) 

EDT, unoccupied Barron, lightly draped stage 1999 1.96 1.41 1.27 1.19 1.26 

C", dB, unoccupied Barron, lightly draped stage 1999 0.1 2.3 4.3 4.7 4.0 

G, dB, unoccupied Barron, lightly draped stage 1999 0.0 -0.2 1.9 2.9 1.5 

LF, unoccupied Barron, lightly draped stage 1999 0.23 0.16 0.17 0.14 0.17 

43. LIVERPOOL. PHILHARMONIC HALL (Opened 1939; renovated 1995; 1.803 seats) 

RT, unoccupied Kirkegaard, pre-renovation 1991 1.57 1.65 1.59 1.54 1.44 1.00 

Kirkegaard, after-renovation 1995 2.01 1.87 1.71 1.63 1.52 1.37 

RT, occupied Est. JASA 109, p. 1028 2002 2.00 1.77 1.60 1.50 1.45 1.25 

44. LONDON, BARBICAN. LARGE CONCERT HALL (Opened 1982; renovated 2002; 1,924 seats) 

RT, unoccupied Kirkegaard, after-renovation 2002 1.74 1.61 1.70 1.79 1.63 1.37 

RT, occupied Kirkegaard, after-renovation 2002 1.50 1.39 1.40 1.41 1.32 1.13 

EDT, unoccupied Kirkegaard, after-renovation 2002 1.64 1.60 1.80 1.81 1.64 1.39 

EDT, occupied Kirkegaard, after-renovation 2002 1.54 1.36 1.46 1.62 1.42 1.22 

C80, dB, Kirkegaard, after-renovation 2002 -1.04 1.14 0.55 -0.02 1.73 3.31 

unoccupied 

C80, dB, occupied Kirkegaard, ,after-renovation 2002 -0.22 1.43 1.40 1.38 2.15 3.94 
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45. LONDON, ROYAL ALBERT HALL (Opened 1871, 5,222 seats) 

RT, unoccupied Barron 1982 2.92 2.85 3.03 2.99 2.96 

Tachibana 1986 2.75 3.20 3.15 3.15 3.30 2.50 

Average 2.84 3.03 3.09 3.07 3.13 

RT, occupied Barron 1982 2.80 2.64 2.42 2.40 2.27 1.81 

EDT, unoccupied Barron 1982 2.53 2.54 2.67 2.63 2.62 

LF, unoccupied Barron 1982 0.13 0.16 0.14 0.13 0.14 

Cao, dB, unoccupied Barron 1982 -1.30 -1.10 0.00 1.00 0.60 

G, dB, unoccupied Barron 1982 -1.70 -1.90 -0.50 -0.90 -0.80 

46. LONDON, ROYAL FESTIVAL HALL (Opened 1951, 2,901 seats) 

RT, unoccupied Barron, assisted resonance 1982 1.43 1.44 1.62 1.76 1.80 1.70 

off 

Gade assisted resonance off 1986 1.35 1.45 1.55 1.60 1.60 1.53 

BOP Acoustics, assisted 1994 1.60 1.50 1.60 1.70 1.70 1.50 

resonance off 

Average, assisted resonance off 1.46 1.46 1.59 1.69 1.70 1.58 

Barron, assisted resonance 1982 2.55 2.00 1.96 1.79 1.87 1.70 

on 

BOP Acoustics, assisted 1994 2.40 2.00 1.80 1.70 1.70 1.60 

resonance on 

Average, assisted resonance on 2.48 2.00 1.88 1.75 1.79 1.65 

RT, occupied M.A.A., assisted resonance 1959 1.35 1.35 1.45 1.50 1.40 1.30 

off 

BRS, assisted resonance off 1970 1.35 1.35 1.36 1.51 1.46 1.32 

Average, assisted resonance off 1.35 1.35 1.41 1.51 1.43 1.31 

Kimura, assisted resonance on 1992 1.95 1.60 1.50 1.50 1.40 1.25 

BOP Acoustics assisted 1994 1.75 1.70 1.50 1.45 1.45 1.30 

resonance on 

Average, assisted resonance on 1.85 1.65 1.50 1.48 1.43 1.28 

EDT, unoccupied Barron, assisted resonance off 1982 1.33 1.37 1.43 1.57 1.66 

Gade assisted resonance off 1986 1.15 1.41 1.37 1.32 1.42 1.37 

Barron assisted resonance on 1982 1.92 1.92 1.75 1.57 1.70 

LF, unoccupied Barron, assisted resonance on 1982 0.18 0.14 0.19 0.20 

Cao, dB, unoccupied Barron, assisted resonance off 1982 -0.70 -0.30 0.80 1.10 0.60 

Gade, assisted resonance off 1986 -0.33 -0.11 0.40 1.64 0.76 0.51 

Barron, assisted resonance on 1982 -3.90 -0.60 0.60 0.90 0.20 

G, dB, unoccupied Barron, assisted resonance on 1982 -0.50 0.00 1.90 2.20 3.00 

Gade, assisted resonance off 1986 0.18 0.96 2.10 1.79 1.59 
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47. LONDON, ROYAL OPERA HOUSE (Opened 1858; renovated 2000; 2,157 seats) 

RT, unoccupied Newton, set on-stage & 2000 1.55 1.40 1.35 1.30 1.20 1.05 

hangings 

RT, occupied Est. JASA 109: 1028 2001 1.55 1.40 1.25 1.15 1.00 0.95 

48. MANCHESTER, BRIDGEWATER HALL (Opened 1996, 2,357 seats) 

RT, unoccupied Harris 1996 3.20 2.55 2.41 2.46 2.36 2.00 

Barron, drapes-balcony faces 1999 3.11 2.58 2.41 2.47 2.37 2.00 

RT, occupied Harris, 100% occupied 1996 2.60 2.12 2.00 2.03 1.96 1.70 

Est. JASA 109: 1028 2001 2.60 2.20 2.00 2.00 1.90 1.65 

EDT, unoccupied Harris 1996 3.19 2.63 2.36 2.45 2.32 1.90 

Barron, drapes-balcony faces 1999 2.86 2.49 2.25 2.28 2.19 

EDT, occupied Harris 1996 2.52 2.13 2.04 2.02 1.96 1.69 

Cao, dB, unoccupied Barron, drapes-balcony faces 1999 -6.00 -3.20 -1.70 -0.80 -0.80 

Harris 1996 -1.87 -1.67 

LF, unoccupied Barron, drapes-balcony faces 1999 0.25 0.27 0.28 0.23 0.26 

G, dB, unoccupied Barron, drapes-balcony faces 1999 5.00 2.20 2.80 3.60 2.50 

49. LAHTI, SIBELIUS/TALO, (Opened 2000, 1.250 seats) 

RT, occupied ARTEC, doors open, added V 2000 2.50 2.50 2.50 2.30 1.90 1.40 

RT, occupied ARTEC, doors closed 2000 2.30 2.30 2.30 2.10 1.90 1.30 

50. PARIS, OPERA BASTILLE (Opened 1989, 2,700 seats) 

RT, unoccupied CSTB 1992 1.80 1.70 1.70 1.70 1.70 1.50 

Commins 1992 1.55 1.55 1.70 1.70 1.65 1.40 

Commins (stage set) 1992 1.59 1.60 1.69 1.74 1.66 1.33 

Average 1.65 1.62 1.70 1.71 1.67 1.41 

RT, occupied CSTB 1992 1.70 1.60 1.55 1.60 1.40 1.25 

Commins (calculated) 1992 1.45 1.45 1.50 1.50 1.45 1.30 

EDT, unoccupied CSTB 1992 1.75 1.65 1.55 1.65 1.55 1.20 

Commins 1992 1.56 1.59 1.52 1.52 1.37 1.20 

EDT, occupied CSTB 1992 1.60 1.40 1.30 1.35 1.20 1.00 

Cao, dB, unoccupied CSTB 1992 -0.50 2.00 3.50 3.30 4.40 7.00 

Commins 1992 -0.85 0.63 1.25 2.24 2.59 2.29 

G, dB, unoccupied CSTB 1992 -30.00 -30.00 -28.00 -26.50 -27.00 -28.00 

G, dB, occupied CSTB 1992 -32.00 -31.00 -29.00 -27.50 -27.50 -29.50 
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51. PARIS, OPERA GARNIER (Opened 1875,2,131 seats) 

RT, unoccupied TAK (Source So) 1988 

TAK (Source pit) 1988 

RT, occupied Calc.: JASA 109, p. 1028, So 2001 

EDT, unoccupied TAK (Source So) 1988 

TAK (Source pit) 1988 

IACCA, unoccupied TAK (Source So) 1988 

TAK (Source pit) 1988 

IACC" unoccupied TAK (Source So) 1988 

TAK (Source pit) 

IACCl , unoccupied TAK (Source So) 

1988 

1988 

1988 

Hertz 

1.84 1.40 1.26 1.18 1.14 1.02 

1.48 1.32 1.20 1.15 1.11 1.01 

1.80 1.35 1.1 0 1.1 0 0.09 0.09 

1.43 1.30 1.20 1.12 1.12 1.04 

1.21 1.39 1.33 1.12 1.04 0.93 

[M [M [% [~ [~ [~ 

0.93 0.79 0.34 0.23 0.19 0.15 

0.96 0.86 0.58 0.48 0.43 0.40 

0.93 0.86 0.45 0.32 0.28 0.24 

0.91 

0.91 

0.74 0.30 0.13 0.13 0.12 

0.74 0.30 0.17 0.15 0.10 TAK (Source pit) 

Cao, dB, unoccupied TAK (Source So) 

TAK (Source pit) 

1988 1.40 1.50 3.60 5.10 5.00 5.50 

G, dB, unoccupied TAK (Source So) 

TAK (Source pit) 

52. PARIS, SAllE PlEYEl (Opened 1927,2,386 seats) 

RT, unoccupied 

RT, occupied 

EDT, unoccupied 

Bradley 

Barron 

CSTB, Paris 

Average 

CSTB 

CSTB 

Bradley 

Average 

LF, unoccupied Bradley 

Barron 

Average 

Cao, dB, unoccupied Barron, 

wlo overhung seats 

Barron, all seats 

CSTB 

Bradley 

Average 

G, dB, unoccupied CSTB 

Bradley 

Barron 

1988 - 0.80 - 1.30 - 1.1 0 0.20 1.80 2.50 

1988 - 2.40 0.20 1.10 0.30 -1.50 - 3.40 

1988 - 3.50 0.20 0.50 - 0.40 - 2.20 - 4.00 

1987 

1981 

1981 

1987 

1981 

(All data taken before revisions of 1994.) 

3.11 2.49 2.05 1.83 1.61 

3.10 2.50 2.10 1.80 1.60 

3. 10 2.40 2.20 2.00 1.95 1.70 

3. I 0 2.46 2.12 1.88 1.72 0.57 

2.10 1.60 1.55 1.40 1.30 1.20 

2.40 2.00 1.90 1.80 1.75 1.50 

2.81 1.97 1.86 1.60 1.57 1.34 

2.61 1.99 1.88 1.70 1.66 1.42 

0.10 0.15 0.19 0.15 0.11 0.18 

0.23 0.11 0.16 0.17 

0.17 0.13 0.18 0.16 

1981 - 5.90 - 0.40 0.00 1.40 2.30 

1981 - 5.90 0.10 0.50 2.00 2.90 

- 7.00 - 2.00 2.00 4.50 2.50 2.00 

1987 -2.84 -0.83 -0.72 0.95 0.43 1.11 

1987 

1981 

- 5.41 - 0.78 0.45 2.21 2.03 0.78 

5.00 2.50 1.00 0.05 0.00 - 1.00 

5.96 3.88 3.94 4.25 3.99 3.34 

5.00 2.50 3.60 3.80 3.30 

60/ 



6(}2 ApPENDIX 2 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

53. BADEN-BADEN, FESTSPIELHAUS (Opened 1998, 2.300 seats) 

RT, unoccupied Muller-BBM, partly closed set 1998 2.52 2.23 2.12 2.05 1.94 1.74 

RT, occupied Muller-BBM, partly closed set 1998 2.30 2.05 1.97 1.86 1.75 1.52 

EDT, unoccupied Muller-BBM, partly closed set 1998 2.19 1.93 1.82 1.83 1.78 1.57 

EDT, occupied Muller-BBM, partly closed set 1998 2.14 1.83 1.80 1.77 1.71 1.54 

G", dB, unoccupied Muller-BBM, partly closed set 1998 -2.00 -1.60 -0.60 0.20 0.60 1.40 

G", dB, occupied Muller-BBM, partly closed set 1998 -1.90 -0.40 -0.10 0.30 1.10 2.40 

G, dB, unoccupied Muller-BBM, partly closed set 1998 -0.30 1.10 3.10 3.60 1.90 -1.00 

G, dB, occupied Muller-BBM, partly closed set 1998 -1.20 0.40 2.20 3.40 1.10 -1.60 

54. BAYREUTH, FESTSPIELHAUS (Opened 1876, 1,800 seats) 

RT, occupied Various agencies 1960 1.75 1.70 1.60 1.50 1.40 1.30 

55. BERLIN, KAMMERMUSIKSAAL DER PHILHARMONIE (Opened 1987, 1,138 seats) 

RT, unoccupied BeSB, Berlin 1987 2.18 2.00 2.07 2.20 2.11 2.19 

RT, occupied BeSB (2 positions) 1987 1.70 1.55 1.74 1.89 1.72 

EDT, unoccupied BeSB, Berlin 1987 2.04 2.01 1.99 2.21 2.11 1.64 

EDT, occupied BeSB (2 positions) 1987 1.40 1.55 1.48 1.88 1.65 

G", dB, unoccupied BeSB, Berlin 1987 -1.17 -2.37 

56. BERLIN, KONZERTHAUS (SCHAUSPIELHAUS) (Opened 1986, 1,575 seats) 

RT. unoccupied Takenaka 1993 2.85 2.79 2.51 2.43 2.24 1.92 

(Bass resonator~ Fasold, w/90-piece 1990 2.12 2.30 2.16 2.10 2.00 1.75 

added 1990) orchestra 

Matsuzawa, rehearsal 1992 2.75 2.53 2.30 2.18 2.04 1.76 

RT, occupied Fasold, before resonators 1986 2.60 2.50 2.15 2.00 1.90 1.60 

Fasold after resonators 1990 2.20 2.10 2.00 2.00 1.90 1.60 

Kimura, after resonators 1992 2.65 2.35 2.10 2.00 1.85 1.60 

Matsuzawa 1992 2.53 2.34 2.05 1.87 1.74 1.59 

Selected average 2.20 2.10 2.00 2.00 1.80 1.60 

EDT, unoccupied Takenaka 1993 2.87 2.71 2.47 2.39 2.19 1.83 

IAGG" unoccupied Takenaka 1993 0.88 0.69 0.20 0.13 0.20 0.20 

IAGGE, unoccupied Takenaka 1993 0.92 0.80 0.37 0.29 0.42 0.36 

IAGGL, unoccupied Takenaka 1993 0.87 0.65 0.20 0.10 0.08 0.06 

G", dB, unoccupied Takenaka 1993 -4.20 -4.30 -3.90 -2.30 -1.30 -0.50 

G, dB, unoccupied Takenaka 1993 8.30 7.10 6.70 7.00 5.90 5.40 



Acoustical Data for Concert HaJJs & Opera Houses 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1.000 2,000 4,000 

Data 
Hertz 

57. BERLIN, PHILHARMONIE (Opened 1963, 2,218 seats) 

RT. unoccupied BeSB, Berlin 1990 2.20 1.90 2.10 2.20 2.10 1.70 

BeSB 1992 2.40 1.90 2.20 2.10 2.10 1.80 

Takenaka 1993 2.06 1.94 2.20 2.24 2.20 1.94 

RT. occupied Cremer, 

300 musicians & chorus 1964 2.40 2.00 1.90 2.00 1.95 1.70 

Tachibana 1986 1.90 2.00 1.85 1.95 1.90 1.80 

Matsuzawa 1989 2.20 1.81 1.79 1.71 1.71 1.61 

BeSB,800/0 occupancy 1992 2.20 1.90 1.90 2.00 1.80 1.50 

Selected average 2.10 1.85 1.85 1.95 1.80 1.60 

EDT. unoccupied BeSB 1990 2.00 1.70 1.90 2.00 1.90 1.30 

BeSB 1992 2.10 1.60 1.80 1.90 1.90 1.60 

Takenaka 1993 2.05 1.92 2.09 2.14 2.09 1.82 

IACCA, unoccupied Takenaka 1993 0.93 0.76 0.31 0.22 0.27 0.27 

IACC" unoccupied Takenaka 1993 0.96 0.88 0.60 0.50 0.53 0.45 

IACCL, unoccupied Takenaka 1993 0.90 0.68 0.18 0.11 0.10 0.08 

Cao, dB, unoccupied Takenaka 1993 -2.20 -0.70 -0.70 -0.60 -0.50 0.00 

G, dB, unoccupied Takenaka 1993 4.20 3.40 4.90 4.90 4.10 3.70 

58. BONN, BEETHOVENHALLE (Opened 1959, 1.407 seats) 

RT, unoccupied M.A.A. (Meyer & Kuttruff) 1959 2.20 2.10 2.00 1.90 2.10 1.80 

(After a fire, new seats and some sound-absorbing material were installed.) 

Kuttruff 1984 1.80 1.80 1.80 1.80 1.80 1.50 

RT, occupied M.A.A. (Meyer & Kuttruff) 1959 2.00 1.65 1.70 1.70 1.75 1.65 

Estimate after revisions 1995 1.80 1.70 1.65 1.65 1.5 1.3 

59. DRESDEN, SEMPEROPER (Opened 1869; bombed 1945; reopened 1985; 1,284 seats) 

RT, unoccupied TU Dresden 1985 2.60 2.60 2.40 2.00 1.70 1.30 

Takenaka (30 dB decay) 1993 2.30 2.13 1.98 1.95 1.80 1.57 

Millier-BBM (20 dB decay) 1996 2.08 2.00 1.89 1.90 1.82 1.47 

Average 2001 2.19 2.06 1.94 1.92 1.81 1.52 

RT, occupied Est. JASA 109: 1028 2001 2.00 1.90 1.75 1.60 1.50 1.30 

EDT. unoccupied Takenaka 1993 2.17 1.94 1.95 1.76 1.62 1.35 

Millier-BBM 1996 2.17 2.06 1.70 1.66 1.57 1.20 

Cao, dB, unoccupied Takenaka 1993 -2.00 -0.30 0.30 1.30 1.70 2.50 

Millier-BBM 1996 -2.10 -1.90 

IACC" unoccupied Takenaka 1993 0.35 0.31 0.33 0.35 

Millier-BBM 1996 2 octaves centered around 1,000 Hz, 0.26 

G, dB, unoccupied Takenaka 1993 2.70 2.50 2.40 2.90 2.20 1.30 

Millier-BBM 1996 2.00 2.20 



6'(}4 ApPENDIX 2 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

60. LEIPZIG, GEWANDHAUS (Opened 1981. 1,9OD seats) 

RT. unoccupied Fasold 1982 1.95 2.00 2.20 2.20 2.00 1.70 

RT. occupied Fasold 1982 1.95 2.00 2.00 2.05 1.90 1.70 

61. MUNICH. HERKULESSAAL (Opened 1953. 1.287 seats) 

RT, unoccupied M.A.A. (various agencies) 1956 2.60 2.00 2.20 2.40 2.30 1.90 

RT, occupied M.A.A. (Muller & BBN) 1960 2.00 1.75 1.85 1.85 1.80 1.65 

Matsuzawa 1985 2.04 2.01 1.88 1.63 1.76 1.37 

62. MUNICH. PHILHARMONIE AM GASTEIG (Opened 1985. 2.487 seats) 

RT, unoccupied MUlier 1986 2.35 2.10 2.30 2.35 2.40 2.10 

Bradley 1987 2.28 2.10 2.18 2.16 2.18 1.88 

Gade 1987 2.40 2.15 2.20 2.20 2.20 1.90 

Tachibana 1986 2.45 2.25 2.20 2.25 2.35 2.00 

RT, occupied Muller 1986 2.00 2.00 2.10 2.10 1.90 1.20 

Tachibana 1986 1.90 2.00 1.85 1.95 1.90 1.80 

Matsuzawa 1989 1.93 1.94 1.87 1.84 1.92 1.94 

EDT, unoccupied Bradley 1987 2.32 2.03 2.16 2.13 2.14 1.74 

Gade 1987 2.28 2.26 2.09 2.08 2.12 1.80 

LF, unoccupied Bradley 1987 0.13 0.13 0.14 0.12 0.10 0.18 

Gade 1987 0.12 0.13 0.11 0.08 

Cao, dB, unoccupied Bradley 1987 -4.51 -1.11 -0.44 0.38 -0.71 0.61 

Gade 1987 -5.02 -2.80 -0.51 -0.82 -1.95 -0.30 

G, dB, unoccupied Bradley 1987 0.04 0.42 1.28 1.85 1.65 0.51 

Gade 1987 1.16 1.48 2.72 1.81 3.33 1.72 

63. STUTIGART, LlEDERHALLE, GROSSER SAAL (Opened 1956. 2,000 seats) 

RT, unoccupied M.A.A. (ITA) 1956 2.00 2.00 2.20 2.20 2.10 1.80 

Gade 1987 1.80 1.70 2.00 2.20 2.10 2.00 
Bradley 1987 1.73 1.80 2.05 2.13 2.13 1.88 

Average (Gade, Bradley) 1.77 1.75 2.03 2.17 2.12 1.94 
RT, occupied M.A.A. (large chorus) 1960 1.60 1.60 1.60 1.65 1.60 1.40 
EDT, unoccupied Gade 1987 1.65 1.65 2.09 2.21 2.18 1.78 

Bradley 1987 1.55 1.76 2.06 2.20 2.17 1.83 
LF, unoccupied Gade 1987 0.19 0.13 0.13 0.13 

Bradley 1987 0.08 0.12 0.13 0.12 0.09 0.16 
Cao, dB, unoccupied Gade 1987 -2.72 -0.36 2.09 2.01 -3.10 -0.54 

Bradley 1987 -1.85 -0.99 -1.04 -1.03 -1.15 -0.34 

G, dB, unoccupied Gade 1987 2.85 2.91 3.80 4.11 3.55 2.77 
Bradley 1987 2.63 3.34 3.63 3.08 1.10 -0.40 



Acoustical Data for Concert Halls & Opera Houses 6(}S 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

64. ATHENS, MEGARON THE ATHENS CONCERT HALL (Opened 1991, 1,962 seats) 

RT. unoccupied Miiller-BBM 1991 2.10 2.20 2.30 2.30 2.20 2.00 

RT. occupied Beranek (s.c.) 1998 2.40 2.00 1.90 1.80 1.70 1.50 

Gao, dB, unoccupied Miiller-BBM 1991 -0.80 -0.20 

G, dB, unoccupied Miiller-BBM 1991 4.20 2.00 

65. BUDAPEST. MAGYAR ALLAM I OPERAHAZ (Opened 1884; rebuilt 1984; 1.277 seats) 

RT, unoccupied Kotschy 1971 1.90 1.82 1.60 1.50 1.36 1.10 

RT, occupied Est.: JASA 109: 1028 2001 1.90 1.75 1.40 1.30 1.20 1.00 

66. BUDAPEST, PATRIA HALL IN CONVENTION CENTER (Opened 1985, 1,750 seats) 

RT, unoccupied Fasold 1985 2.10 2.39 1.81 1.81 1.67 1.47 

RT. occupied Fasold 1985 2.10 1.90 1.80 1.60 1.45 1.30 

67. BELFAST, WATERFRONT HALL (Opened 1997,2,250 seats) 

RT, unoccupied Sandy Brown Assoc. 1997 2.50 2.30 2.40 2.30 1.83 1.50 

S. Brown, adj. drapes 1997 2.30 2.20 2.20 1.80 1.70 1.40 

exposed 

Barron, adj. drapes exposed 1999 2.50 2.27 2.20 2.03 1.76 

RT, occupied Sandy Brown Assoc. 1997 2.10 2.40 2.20 2.12 1.83 1.50 

Barron, adj. drapes exposed 1999 2.12 2.26 2.00 1.75 L65 

EDT, unoccupied Barron, adj. drapes exposed 1999 2.26 2.35 2.10 1.94 1.55 

Gao, dB, unoccupied Barron, adj. drapes exposed 1999 -4.20 -2.60 -0.40 0.40 1.50 

LF, unoccupied Barron, adj. drapes exposed 1999 0.19 0.21 0.20 0.19 0.20 

G, dB, unoccupied Barron, adj. drapes exposed 1999 3.00 1.90 2.50 2.50 1.70 

68. JERUSALEM, BINYANEI HA"OOMAH (Opened 1960,3,142 seats) 

RT. unoccupied M.A.A. (BBN) 1960 2.70 2.40 2.30 2.20 2.00 1.80 

Klepper/Beranek 1994 2.36 1.83 1.88 1.71 1.32 1.18 

RT. occupied M.A.A. (BBN) 1960 2.20 2.00 1.75 1.75 1.65 1.50 

Klepper/Beranek 1995 2.20 2.10 1.75 1.75 1.50 1.40 

EDT, unoccupied Klepper/Beranek 1994 2.30 1.93 1.89 1.80 1.40 1.12 

IACG" unoccupied Klepper/Beranek 1994 0.34 0.22 0.24 0.34 

IACG" unoccupied Klepper/Beranek 1994 0.55 0.40 0.40 0.48 

IAGG" unoccupied Klepper/Beranek 1994 0.22 0.11 0.11 0.16 

Gao, dB, unoccupied Klepper/Beranek 1994 -0.80 -2.20 -1.10 0.30 1.50 3.00 



606 ApPENDIX 2 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1.000 2.000 4.000 

Data 
Hertz 

69. TEL AVIV. FREDRIC R. MANN AUDITORIUM (Opened 1957.2.715 seats) 

RT, unoccupied M.A.A. (BBN) 1957 1.80 1.65 1.95 2.00 1.85 1.60 

Klepper/Beranek 1994 1.62 1.56 1.67 1.67 1.56 1.35 

RT, occupied M.A.A. (BBN) 1957 1.55 1.50 1.55 1.55 1.50 1.30 

Klepper 1995 1.70 1.50 1.50 1.50 1.30 

EDT. unoccupied Klepper/Beranek 1994 1.54 1.60 1.66 1.73 1.57 1.36 

IACCM unoccupied Klepper/Beranek 1994 0.46 0.31 0.32 0.22 

IACCE, unoccupied Klepper/Beranek 1994 0.71 0.55 0.50 0.36 

IACCl , unoccupied Klepper/Beranek 1994 0.25 0.11 0.09 0.08 

CBO' dB, unoccupied Klepper/Beranek 1994 0.20 -0.50 -1.30 -0.50 0.50 0.60 

70. MILAN, TEATRO ALLA SCALA (Opened 1778,2.289 seats) (Closed 2002-2004) 

RT, unoccupied M.A.A. (Paolini) 1947 1.85 1.50 1.35 1.35 1.20 1.15 

Takenaka 1993 1.81 1.57 1.40 1.31 1.22 1.11 

RT, occupied M.A.A. (BBN, Furrer & 1959 1.50 1.40 1.25 1.15 1.10 1.00 

Reichardt) 

EDT. unoccupied Takenaka 1993 1.47 1.22 1.20 1.17 1.15 1.05 

IACCA, unoccupied Takenaka 1993 0.94 0.79 0.42 0.35 0.41 0.41 

IACCE, unoccupied Takenaka 1993 0.96 0.84 0.54 0.49 0.53 0.48 

IACCl , unoccupied Takenaka 1993 0.92 0.73 0.36 0.16 0.13 0.10 

CBO' dB, unoccupied Takenaka 1993 1.00 1.40 2.00 3.80 4.70 4.40 

G, dB, unoccupied Takenaka 1993 -1.30 -1.80 -1.70 -1.10 -1.50 -3.00 

71. NAPLES, TEATRO DI SAN CARLO (Opened 1737; burned 1816; reopened 1817; changes since; 1.414 seats) 

Note: Sound source in pit. The first RT. EDT. CBO ' and G below are measurements on main floor; second, in boxes. 

RT, unoccupied DETEC, U. of Naples 2000 2.25 1.65 1.35 1.20 1.20 1.00 

Federico 

Same, in boxes 2.20 1.65 1.10 1.05 1.05 1.00 

RT. occupied Est.: JASA 109: 1028, 2001 2.15 1.55 1.25 1.05 1.00 0.90 

main floor 

EDT. unoccupied DETEC, U. of Naples 2000 1.50 1.40 1.20 1.10 1.10 1.05 

Federico 

Same, in boxes 1.40 1.20 1.00 0.90 0.85 0.75 

CBO' dB, unoccupied DETEC, U. of Naples 2000 -2.30 -2.30 -0.25 -0.10 0.00 0.10 

Federico 

Same, in boxes 0.70 1.10 2.60 3.70 3.80 5.00 

G, dB, unoccupied DETEC, U. of Naples 2000 -1.30 -2.80 -0.90 -0.85 -0.75 -1.80 

Federico 

Same, in boxes 0.80 -0.40 -0.40 -0.15 0.05 -0.50 



Acoustical Data for Concert Halls & Opera Houses 6()? 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

72. KYOTO, CONCERT HALL (Opened 1995, 1,840 seats) 

RT. unoccupied Nagata Acoustics 1995 2.30 2.20 2.20 2.30 2.20 1.90 

RT. occupied Est.: JASA 109: 1028 2001 2.20 2.00 2.00 1.90 1.80 1.65 

EDT. unoccupied Nagata Acoustics 1995 2.10 2.20 2.20 2.00 2.00 1.70 

Cao' dB, unoccupied Nagata Acoustics 1995 -2.23 -1.66 -0.88 -0.47 -0.47 -0.47 

73. OSAKA, SYMPHONY HALL (Opened 1982, 1,702 seats) 

RT, unoccupied Tachibana 1986 2.05 1.95 2.20 2.20 2.15 1.85 

RT, occupied Anonymous 1990 500-1,000 Hz = 1.8 sec 

EDT. unoccupied Tachibana 1986 300-1,400 Hz = 2.1 sec 

Cao, dB, unoccupied Tachibana 1986 300-1,400 Hz = -1.18 dB 

IACCA< unoccupied Tachibana 1986 300-1,400 Hz = 0.22 

74. SAPPORO CONCERT HALL (Opened 1997,2,008 seats) 

RT, unoccupied Nagata Acoustics 1997 2.40 2.10 2.20 2.20 1.90 1.40 

Takenaka 1997 2.27 2.03 2.10 2.17 2.13 1.90 

RT, occupied Est.: JASA 109: 1028 2001 2.00 1.95 1.80 1.80 1.75 1.40 

EDT. unoccupied Takenaka 1997 2.22 1.92 1.90 1.89 1.92 1.64 

Cao, dB, unoccupied Takenaka 1997 -4.70 -1.10 0.30 1.00 0.30 1.30 

G, dB, unoccupied Takenaka 1997 2.00 2.30 3.00 3.50 3.60 2.90 

IACCA, unoccupied Takenaka 1997 0.93 0.77 0.37 0.31 0.29 0.29 

IACCE, unoccupied Takenaka 1997 0.95 0.86 0.59 0.53 0.47 0.42 

IACCL, unoccupied Takenaka 1997 0.91 0.71 0.23 0.12 0.10 0.07 

LF, unoccupied Takenaka 1997 0.11 0.13 0.12 0.12 0.14 0.15 

ST1, unoccupied Takenaka 1997 -10.9 -12.5 -14.5 -14.1 -13.1 -13.1 

75. TOKYO, BUNKA KAIKAN (Opened 1961. 2,327 seats) 

RT. unoccupied Nagata (concert) 1993 2.20 1.90 2.00 2.00 2.00 1.80 

TAK (no stage enclosure) 1989 2.15 1.85 1.75 1.87 1.75 1.35 

Takenaka (concert) 1995 1.92 1.79 1.89 1.99 1.95 1.78 

RT, occupied Nagata 1993 1.90 1.50 1.50 1.50 1.40 1.30 

Anonymous 1994 2.05 1.81 1.58 1.48 1.37 1.30 

IACCA< unoccupied Takenaka 1995 0.30 0.20 0.18 0.18 

IACCE, unoccupied Takenaka 1995 0.51 0.38 0.34 0.30 

IACCL, unoccupied Takenaka 1995 0.20 0.10 0.09 0.08 

LF, unoccupied Takenaka 1995 0.17 0.17 0.19 0.19 0.22 0.25 

Cao, dB, unoccupied Nagata 1993 -2.90 -1.24 -0.08 -1.72 -1.23 -0.08 

Takenaka 1995 -1.30 -0.80 -0.30 -1.00 -0.80 0.00 

G, dB, unoccupied Takenaka 1995 3.30 3.40 4.20 4.30 4.40 5.50 



(f()eS ApPENDIX 2 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

76. TOKYO, DAI-ICHI SEIMEI HALL (Opened 2001, 767 seats) 
RT, unoccupied 

RT, occupied 

EDT, unoccupied 

Takenaka 

Takenaka 

Takenaka 
EDT, occupied Takenaka 

Cao, dB, unoccupied Takenaka 

Cao, dB, occupied Takenaka 

IACCA, unoccupied Takenaka 

IACCA, occupied 

IACCE, unoccupied 

IACCE, occupied 

IACC l , occupied 
G, dB, unoccupied 

G, dB, occupied 

Takenaka 

Takenaka 

Takenaka 

Takenaka 

Takenaka 
Takenaka 

2001 

2001 

2001 

2.02 1.87 1.78 1.89 1.88 1.72 

1.68 1.66 1.52 1.59 1.58 1.42 

1.90 1.79 1.75 1.85 1.84 1.70 

2001 1.56 1.51 1.46 1.52 1.51 1.36 
2001 -2.20 -1.20 -0.70 -0.30 -0.30 -0.80 

2001 -1.30 - 0.50 0.80 0.60 0.90 1.1 0 

2001 0.26 0.14 0.10 0.17 

2001 

2001 

2001 

2001 
2001 

2001 

0.89 0.76 

0.91 0.80 
0.88 0.74 

8.80 8.80 
7.20 7.70 

0.26 0.14 0.12 0.13 

0.17 0.12 0.06 0.09 

0.42 0.25 0.21 0.22 

0.20 0.13 0.08 0.06 

8.10 9.00 9.90 9.40 

6.90 7.60 8.50 8.30 

77. TOKYO, HAMARIKYU ASAHI HALL (Opened 1992, 552 seats) 

RT, unoccupied Takenaka 1992 1.63 1.68 1.83 1.93 1.90 1.71 

RT, occupied Takenaka 1992 1.63 1.57 1.65 1.80 1.74 1.58 
EDT, unoccupied 

EDT, occupied 

IACCA, unoccupied 

IACCA, occupied 

IACCE, unoccupied 

Takenaka 

Takenaka 

Takenaka 
Takenaka 

Takenaka 

IACCE, occupied Takenaka 

IACC l , unoccupied Takenaka 
IACCl , occupied Takenaka 

Cao' dB, unoccupied Takenaka 

Cao' dB, occupied Takenaka 
G, dB, unoccupied Takenaka 

G, dB, occupied Takenaka 

1992 

1992 

1992 

1992 

1992 

1.53 

1.51 

1.72 1.82 1.80 1.75 1.62 

1.63 1.64 1.76 1.65 1.50 

0.22 0.15 0.12 0.11 

0.25 0.09 0.12 0.14 

0.40 0.29 0.21 0.17 

1992 0.34 0.18 0.22 0.22 

1992 0.17 0.14 0.09 0.07 

1992 0.23 0.07 0.07 0.07 

1992 - 0.30 -1.90 - 1.20 0.00 0.60 0.30 
1992 -1.70 -1.10 -0.80 0.10 0.60 1.10 

1992 7.50 7.60 9.80 10.00 10.80 11.30 

1992 4.30 4.40 6.00 7.20 8.70 11.40 

78. TOKYO, METROPOLITAN ART SPACE (Opened 1990, 2,017 seats) 

RT, unoccupied Nagata 1993 2.80 2.60 2.60 2.60 2.40 2.10 

RT, occupied Nagata, calculated 1993 2.60 2.30 2.10 2.10 2.00 1.70 

EDT, unoccupied 

IACCA, unoccupied 

IACCE, unoccupied 

IACC" unoccupied 

Matsuzawa 

Nagata 

Takenaka 

Takenaka 
Takenaka 

CaD, dB, unoccupied Nagata 

G, dB, unoccupied Takenaka 

1993 

1993 

1995 

1995 

1995 

2.50 2.23 2.17 2.19 2.08 1.91 

2.80 2.70 2.60 2.50 2.40 2.00 

0.29 0.19 0.21 0.22 

0.48 0.37 0.37 0.35 

0.19 0.10 0.09 0.07 

1993 - 5.88 - 3.55 - 0.85 - 1.50 -1.07 - 0.30 

1995 4.50 4.20 3.90 4.50 4.50 4.90 



Acoustical Data for Concert Halls & Opera Houses 

Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

79. TOKYO. NEW NATIONAL THEATRE (NNT) OPERA HOUSE (Opened 1997,1.810 seats) 

RT. unoccupied Takenaka 

RT. occupied Takenaka 

EDT, unoccupied Takenaka 

EDT. occupied Takenaka 

IACCA• unoccupied Takenaka 

IACCA• occupied Takenaka 

IACCE• unoccupied Takenaka 

IACCE• occupied Takenaka 

IACCl • unoccupied Takenaka 

IACCl • occupied Takenaka 

Cao• dB. unoccupied Takenaka 

CaD. dB. occupied Takenaka 

G, dB, unoccupied 

G, dB, occupied 

Takenaka 

Takenaka 

80. TOKYO. NHK HALL (Opened 1973. 3.677 seats) 

RT, unoccupied NHK Laboratories 

NHK Laboratories 

Average 

RT, occupied Anonymous 

CaD, dB, unoccupied NHK Laboratories 

1997 1.65 1.66 1.73 1.85 1.83 1.60 

1997 1.62 1.59 1.49 1.49 1.42 1.32 

1997 1.55 1.59 1.65 1.75 1.73 1.48 

1997 1.53 1.50 1.36 1.28 1.22 1.10 

1997 0.93 0.78 0.29 0.20 0.21 0.24 

1997 0.89 0.78 0.43 0.36 0.32 0.31 

1997 0.94 0.82 0.42 0.31 0.31 0.34 

1997 0.92 0.83 0.54 0.45 0.39 0.38 

1997 0.92 0.74 0.19 0.13 0.11 0.08 

1997 0.87 0.72 0.25 0.16 0.12 0.10 

1997 - 0.10 0.90 1.70 1.60 1.40 2.20 

1997 0.90 1.70 3.30 3.80 3.70 4.30 

1997 - 0.40 0.20 1.20 2.20 2.40 - 0.30 

1997 -0.80 -0.40 -0.50 0.40 0.10 -1.60 

1973 2.30 1.90 1.90 2.00 1.90 1.60 

1988 2.50 2.00 1.90 2.10 2.10 1.70 

2.40 1.95 1.90 2.05 2.00 1.65 

1994 1.77 1.64 1.63 1.72 1.75 1.52 

1973 -2.10 -0.10 0.00 0.00 0.00 0.00 

81. TOKYO. ORCHARD HALL. BUNKAMURA (Opened 1989. 2,150 seats) 

RT, unoccupied Ishi (22,500 m3, large orch.) 1989 2.29 2.25 2.22 2.27 2,28 2.04 

Ishi (18,490 m3, chamber) 1989 

RT, occupied Ishi (22.500 m3 w/65 players) 1989 

Anonymous (concert) 1994 

CaD. dB, unocc. Ishi (largest stage) 1989 

82. TOKYO. SUNTORY HALL (Opened 1986. 2.006 seats) 

RT, unoccupied Tachibana 1986 

RT, occupied 

EDT, unoccupied 

IACCA< unoccupied 

IACCE, unoccupied 

IACCl , unoccupied 

Nagata 

Tachibana 

Anonymous 

Nagata 

Takenaka 

Takenaka 

Takenaka 

1986 

1986 

1994 

1986 

1995 

1995 

1995 

2.25 2.17 2.08 2.13 2.09 1.88 

1.90 2.01 1.88 1.92 1.91 1.69 

1.96 1.95 1.83 1.77 1.64 1.42 

- 2.85 -1.58 

2.35 2.40 2.50 2.60 2.60 2.15 

2.40 2.60 2.60 2.60 2.60 2.40 

2.20 2.10 2.00 2.00 1.90 1.75 

2.14 2.08 1.95 2.03 2.00 1.77 

2.30 2.40 2.30 2.60 2.50 1.90 

0.30 0.20 0.21 0.22 

0.53 0.45 0.42 0.39 

0.22 0.11 0.07 0.05 

LF, unoccupied Takenaka 1995 0.16 0.15 0.17 0.16 0.18 0.19 

CBO' dB, unoccupied Nagata 1986 - 3.81 - 2.68 - 0.85 - 0.91 -1.00 - 0.31 

G, dB, unoccupied Takenaka 1995 3.30 3.80 4.60 5.30 5.40 5.60 

6'09 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

83. TOKYO, TOKYO OPERA CITY, CONCERT HALL (Opened 1997, 1,636 seats) 

RT, unoccupied Takenaka 1997 2.16 2.51 2.72 2.88 2.98 2.72 

RT, occupied Takenaka 1997 2.07 2.03 1.99 1.93 1.84 1.66 

EDT, unoccupied Takenaka 1997 2.03 2.24 2.65 2.73 2.84 2.54 

EDT. occupied Takenaka 1997 1.76 1.77 1.84 1.81 1.73 1.51 

IACCA, unoccupied Takenaka 1997 0.89 0.68 0.18 0.12 0.11 0.12 

IACCA, occupied Takenaka 1997 0.86 0.66 0.26 0.19 0.17 0.21 

IACC" unoccupied Takenaka 1997 0.92 0.75 0.36 0.25 0.22 0.25 

IACC" occupied Takenaka 1997 0.88 0.66 0.33 0.29 0.26 0.31 

IACC" unoccupied Takenaka 1997 0.88 0.66 0.15 0.09 0.07 0.05 

IACC" occupied Takenaka 1997 0.85 0.69 0.23 0.13 0.08 0.06 

Cao, dB, unoccupied Takenaka 1997 -2.00 -3.50 -2.90 -2.70 -2.60 -2.20 

Cao, dB, occupied Takenaka 1997 -2.50 -1.60 -0.80 0.20 0.70 1.8 

G, dB, unoccupied Takenaka 1997 4.00 5.40 6.00 6.30 6.90 6.30 

G, dB, occupied Takenaka 1997 3.50 4.20 4.70 4.50 4.60 3.90 

84. KUALA LUMPUR, DEWAN FILHARMONIK PETRONAS (Opened 1998,850 seats) 

Note: All data are from Kirkegaard & Assoc. 

RT, unoccupied Standard large stage hall 1998 2.75 2.37 2.30 2.24 2.00 1.75 

Half volume; 100% 1998 2.32 1.90 1.63 1.67 1.55 1.40 

absorption 

Minimal volume; 100% 1998 2.00 1.67 1.50 1.42 1.37 1.23 

absorption 

Full volume: no absorption 1998 2.90 2.50 2.46 2.42 2.17 1.84 

Half volume; no absorption 1998 2.70 2.24 1.97 1.96 1.80 1.55 

Minimal volume; 1998 2.20 1.77 1.63 1.65 1.55 1.30 
no absorption 

RT. occupied Est.: JASA 109: 1028, std. 2001 2.50 2.20 2.05 1.90 1.70 1.50 

85. MEXICO CITY, SALLA NEZAHUALCOYOTL (Opened 1976, 2,376 seats) 

RT, unoccupied Jaffe 1994 2.80 2.50 2.20 2.20 2.00 1.60 
RT, occupied Jaffe 1994 2.20 2.30 2.00 1.90 1.80 1.70 

86. AMSTERDAM, CONCERTGEBOUW (Opened 1888, 2,037 seats) 
RT, unoccupied Takenaka 1993 2.68 2.53 2.59 2.63 2.43 2.05 

Bradley 1987 2.60 2.40 2.50 2.53 2.35 1.97 

Tachibana 1986 2.80 2.65 2.65 2.75 2.45 1.85 

Gade 1987 2.62 2.47 2.45 2.55 2.33 1.97 

Average 2.68 2.51 2.55 2.62 2.39 1.96 

RT, occupied Tachibana 1986 2.20 2.15 2.05 1.95 1.80 1.55 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

86. AMSTERDAM. CONCERTGEBOUW (Opened 1888. 2.037 seats) continued 
EDT, unoccupied Takenaka 1993 2.51 2.47 2.58 2.64 2.44 1.98 

Bradley 1987 2.51 2.39 2.54 2.57 2.36 1.93 

Gade 1987 2.82 2.65 2.64 2.78 2.47 2.10 

Average 2.61 2.50 2.59 2.66 2.42 

IACCA Takenaka 1993 0.91 0.69 0.21 0.17 0.27 0.28 

IACCe Takenaka 1993 0.94 0.78 0.46 0.42 0.51 0.44 

IACCl Takenaka 1993 0.90 0.66 0.15 0.10 0.07 0.06 

LF. unoccupied Bradley 1987 0.16 0.17 0.20 0.17 0.14 0.23 

Gade 1987 0.21 0.12 0.18 0.17 

CaD. dB. unoccupied Takenaka 1993 -5.20 -4.40 -3.90 -2.60 -1.70 -0.80 

Bradley 1987 -5.09 -4.80 -3.91 -2.60 -2.42 -1.38 

Gade 1987 -5.91 -4.80 -4.75 -4.02 -3.84 -2.22 

Average -5.40 -4.67 -4.19 -3.07 -2.65 -1.47 

G. dB. unoccupied Takenaka 1993 5.80 5.90 6.20 6.50 5.80 4.90 

Bradley 1987 5.46 4.99 5.37 5.71 5.23 4.20 

Gade 1987 3.88 4.72 5.87 5.07 6.13 

87. ROTTERDAM. DE DOELEN. CONCERTGEBOUW (Opened 1966.2,242 seats) 

RT. unoccupied Hak & Martin 1992 2.00 2.00 2.40 2.30 2.30 1.90 

RT. occupied Kimura 1992 1.90 2.00 2.00 2.10 2.00 1.85 

EDT. unoccupied Hak & Martin 1992 2.30 2.20 2.30 2.30 2.10 1.60 

C"". dB, unoccupied Hak & Martin 1992 -6.50 -3.60 -2.90 -2.80 -2.70 -1.00 

88. CHRISTCHURCH. TOWN HALL (Opened 1972. 2.662 seats) 
RT, unoccupied Yamasaki 1992 2.60 2.20 2.35 2.35 2.20 1.70 

Marshall 1994 2.54 2.39 2.50 2.40 2.29 1.88 

RT, occupied Estimated (EDT-O.1 sec) 1994 2.10 1.70 1.80 1.80 1.70 1.40 

EDT. unoccupied Barron (w/overhung seats) 1983 1.88 1.72 1.94 2.07 2.06 

Marshall 1994 2.17 1.77 1.90 1.88 1.81 1.53 

LF, unoccupied Barron 1983 0.16 0.15 0.14 0.14 

CaD, dB. unoccupied Marshall 1994 -2.50 0.20 1.30 1.90 1.30 2.00 

89. TRONDHEIM. OLAVSHALLEN (Opened 1989, 1,200 seats) 

RT, unoccupied Strom Concert Hall 1991 1.90 1.90 1.80 1.80 1.70 1.40 

Holmefjord Concert Hall 1997 1.60 1.70 1.80 1.70 1.60 1.20 

RT, occupied Est.: JASA 109: 1028 2001 1.65 1.65 1.65 1.65 1.50 1.20 

RT, unoccupied Strom Theater' 1991 1.50 1.40 1.30 1.20 1.20 1.00 

CaD' dB, unoccupied Holmefjord Cotleert Hall 1997 1.70 0.70 1.70 4.10 5.60 6.70 

LF. unoccupied Holmefjord Concert Hall 1997 0.10 0.10 0.16 0.13 0.12 0.11 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1.000 2,000 4,000 

Data 
Hertz 

90. EDINBURGH. USHER HALL (Opened 1914; updated 2000; 2.502 seats) 

RT, unoccupied Sandy Brown Associates 2001 2.40 2.20 2.55 2.35 2.00 1.55 

RT, occupied Sandy Brown. 90% occupied 2000 1.55 1.65 1.80 1.75 1.55 1.27 

91. GLASGOW. ROYAL CONCERT HALL (Opened 1990. 2.459 seats) (Renovations in progress) 

RT, unoccupied Barron 1990 2.32 2.15 1.99 1.87 1.71 

RT. occupied Sandy Brown Assoc. 1990 2.04 1.88 1.76 1.74 1.67 1.44 

EDT, unoccupied 

LF, unoccupied 

Barron 

Barron 

Gao. dB, unoccupied Barron 

G, dB, unoccupied Barron 

1990 

1990 

2.27 1.97 1.78 1.67 1.53 

0.20 0.28 0.24 0.19 

1990 -4.60 -1.30 0.70 1.10 1.40 

1990 1.30 1.60 2.40 0.80 1.70 

92. MADRID. AUDITORIO NACIONAL DE MUSICA (Opened 1988, 2,293 seats) 

RT, unoccupied 

RT. occupied 

EDT. unoccupied 

LF, unoccupied 

Garcia-BBM 

Garcia-BBM 

Garcia-BBM 

Garcia-BBM 

Gao, dB, unoccupied Garcia-BBM 

1989 

1989 

1989 

1989 

2.39 2.13 2.07 2.13 1.93 1.51 

2.10 2.02 1.85 1.62 1.50 1.46 

2.18 2.19 2.03 2.08 1.85 1.35 

0.17 0.28 0.34 0.28 0.24 0.27 

1989 - 3.03 -1.97 - 1.21 - 0.06 0.06 2.30 

93. VALENCIA, PALAU DE LA MUSICA (Opened 1987. 1.790 seats) 

RT, unoccupied Garcia-BBM 1987 3.05 3.6 3.35 3.00 2.60 2.20 

RT, occupied 

EDT, unoccupied 

LF, unoccupied 

Garcia-BBM 

Garcia-BBM 

Garcia-BBM 

Gao, dB, unoccupied Garcia-BBM 

1987 

1987 

1987 

2.10 2.30 2.10 2.00 2.00 2.00 

2.73 3.32 2.97 2.95 2.60 2.19 

0.22 0.27 0.36 0.33 0.29 0.25 

1987 -4.98 -7.55 -5.45 -3.51 -2.12 0.98 

94. GOTHENBURG. KONSERTHUS (Opened 1935; revised 2001; 1,286 seats) 

RT, unocccupied Jorden and Rindell 2002 2.28 1.96 1.88 

RT, occupied Est.: JASA 109: 1028 2002 2.10 1.85 1.70 

EDT, unoccupied Jorden and Rindell 2002 2.27 1.90 1.88 

Gao, dB, unoccupied Jorden and Rindell 2002 -1.86 - 2.02 -1.31 

G. dB, unoccupied Jorden and Rindell 2002 10.8 8.2 3.6 

95. BASEL. STADT-CASINO (Opened 1876, 1,448 seats) 

RT, unoccupied Takenaka 1993 2.78 2.74 2.31 

1.74 1.65 

1.60 1.50 

1.76 1.69 

0.16 0.95 

3.1 3.6 

1.48 

1.35 

1.39 

1.25 

3.1 

2.31 2.23 1.90 

RT, occupied Beranek 1965 

1993 

1993 

1993 

2.20 2.00 1.80 1.75 1.60 1.50 

EDT, unoccupied Takenaka 

IAGGA, unoccupied Takenaka 

IAGGE• unoccupied Takenaka 

IAGG" unoccupied Takenaka 

Gao. dB. unoccupied Takenaka 

G, dB, unoccupied Takenaka 

2.55 2.62 2.19 2.20 2.13 1.79 

0.90 0.72 0.22 0.13 0.17 0.18 

0.89 0.78 0.46 0.34 0.33 0.29 

1993 0.90 0.69 0.17 0.09 0.07 0.06 

1993 -4.10 -4.50 -3.20 -2.00 -1.70 -0.70 

1993 9.10 8.90 7.90 8.30 7.70 7.20 
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Center Frequencies of Filter Bands 

Attribute Measured by Year of 125 250 500 1,000 2,000 4,000 

Data 
Hertz 

96. LUCERNE, CULTURE AND CONGRESS CENTER, CONCERT HALL (Opened 1999, 1,892 seats) 

RT. occupied (A) Doors open 1998 3.03 2.48 2.15 2.10 1.80 1.45 

(B) % doors open 2002 2.65 2.45 2.15 2.00 1.70 1.50 

(A) Upper open, lower clsd. 1998 2.90 2.35 2.05 2.05 1.60 1.30 

(A) Doors closed 1998 2.20 2.05 1.95 1.70 1.50 1.40 

(B) Doors closed, Curtains 2002 2.30 1.90 1.60 1.60 1.40 1.30 

(A) Data by ARTEC, (B) Data by Beranek (Curtains pulled over top layer of closed doors) 

97. ZURICH, GROSSER TONHALLESAAL (Opened 1895, 1.546 seats) 

RT. unoccupied Takaneka 1991 3.59 3.60 3.27 3.09 2.59 2.12 

RT. occupied Beranek 

EDT. unoccupied Takenaka 

IACCA, unoccupied Takenaka 

IACC" unoccupied Takenaka 

IACCv unoccupied Takenaka 

Cao' dB, unoccupied Takenaka 

G, db, unoccupied Takenaka 

1965 

1991 

1991 

1991 

1991 

2.50 2.40 2.15 1.95 1.75 1.62 

3.58 3.77 3.21 3.02 2.58 2.01 

0.89 0.68 0.21 0.11 0.15 0.15 

0.93 0.79 0.48 0.27 0.33 0.28 

0.89 0.66 0.16 0.09 0.09 0.06 

1991 - 5.80 - 6.80 - 4.40 - 3.60 - 2.80 - 1.50 

1991 9.00 8.90 8.90 8.20 8.30 7.90 

98. TAIPEI CULTURAL CENTRE, CONCERT HALL (Opened 1987,2,074 seats) 

RT. unoccupied 

RT, occupied 

Chung-Shan Institute 

Beranek (s.c.) 

EDT. unoccupied Chung-Shan Institute 

Cao, dB, unoccupied Chung-Shan Institute 

IACC, Chung-Shan Institute 

LF, Chung-Shan Institute 

2002 

1997 

2.71 2.42 2.46 2.55 2.50 2.19 

1.95 1.93 2.00 2.07 2.03 1.78 

2002 2.39 2.28 2.46 2.57 2.41 2.10 

2002 - 7.71 - 5.87 - 4.65 - 3.28 - 2.74 - 2.70 

2002 0.94 0.70 0.20 0.15 0.14 0.19 

2002 0.17 0.21 0.29 0.20 0.28 0.28 

99. CARACAS, AULA MAGNA (Opened 1954, 2,660 seats) 

RT. unoccupied M.A.A. (BBN) 1954 2.50 2.25 1.85 1.75 1.90 1.70 

RT. occupied MAA. (BBN) 1954 1.90 1.40 1.30 1.20 1.00 0.90 

100. CARDIFF, ST. DAVID'S HALL (Opened 1982, 1,952 seats) 

RT, unoccupied Barron 1982 1.83 1.98 2.07 2.15 2.10 

Gade 1986 1.95 2.00 tl0 t25 t15 1.75 

RT. occupied 

EDT. unoccupied 

LF, unoccupied 

Sandy Brown Associates 

Barron 

Gade 

Barron 

Gade 

C,o, dB, unoccupied Barron 

Gade 

G, dB, unoccupied Barron 

Gade 

1983 

1982 

1986 

1982 

1986 

1.88 1.97 1.96 1.96 1.80 1.56 

1.90 2.13 2.11 2.14 2.11 

1.93 2.10 2.01 2.03 2.01 1.68 

0.17 0.14 0.19 0.16 

0.15 0.19 0.18 0.15 

1982 - 4.20 - 1.50 - 0.70 - 0.50 - 0.90 

1986 -2.31 -2.17 -1.04 -0.73 -0.88 -0.08 

1982 

1986 

2.00 0.40 2.80 3.60 3.00 

2.34 1.92 3.92 3.26 2.37 

6/3 
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Equations, Technical Data, 
and Sound Absorption 

0QUATIONS FOR ACOUSTICAL PARAMETERS 

THE INTERAURAL CROSS-CORRELATION FAMILY, IACF, IACC A , 

IACC E , AND IACC L" A binaural measure of the difference in the sounds at the 

two ears produced by a sound source on the stage is the interaural cross-correlation 

function lACFlt): 

(A3.1) 

(I12 II2 )1/2 
11 PI dt 11 P~ dt 

where Land R designate the entrances to the left and right ears, respectively. The 

maximum possible value of Eq. (A3.1) is unity. Time a is the time of arrival of the 

direct sound from the impulse radiated by the source. Integration from a to t2 msec 

includes the energy of the direct sound and whatever early reflections and reverberant 

sounds fall within the t2 time period. 

Because the time it takes for a sound wave impinging perpendicular to one 

side of the head to travel to the other side is about 1 msec, it is customary to vary 

1 over the range of -1 to + 1 msec. Further, to obtain a single number that 

measures the maximum similarity of all waves arriving at the two ears within the 

time integration limits and the range of 1, it is customary to select the maximum 

magnitude of Eq. (A3.1), which is then called the interaural cross-correlation co­

efficient (lACC): 

lACCI = I IACFI (1) I max for - 1 < 1 < + 1. (A3.2) 

With different integration periods we have IACCA (t] = a to t2 = 1,000 msec); 

IACCE(arly) (0-80 msec); and lACCL(ate) (80-1,000 msec). The E(arly) lACC is a 
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measure of the apparent source width ASW and the L(ate} lACC is a (poor) measure 

of the listener envelopment LEV. 

THE BINAURAL QUALITY INDEX, BQI. The Binaural Quality Index is 

given by the formula 

BQI (A3.2a) 

Where E indicates integration of the early sound (0-80 msec) and 3 indicates the 

average of the IACCE measured values in the three octave bands with center fre­

quencies at 500, 1,000, and 2000 Hz. 

THE CLARITY FACTOR, Cgo. The clarity factor, (Cso), expressed in deci­

bels, is the ratio of the early energy (0-80 msec) to the late (reverberant) energy 

(80-3,000 msec): 

{A3.3} 

THE LATERAL ENERGY FRACTION, LF. The lateral energy fraction 

(LF) is the ratio of the output of a figure-8 microphone (with its null direction 

aimed at the source) to the output of a non-directional microphone. The figure-8 

microphone weights the non-direct energy by cos2 a, where a = 90° is in the 

direction of the sound. LF is given by 

LF 

rOS p~(t}dt 
J005 

(A3.4) 

As shown, the time integration is usually performed over the interval of 5-80 msec 

for the figure-8 microphone and 0-80 msec for the omnidirectional microphone. 

The 5-msec value is introduced to make certain that the direct sound is eliminated. 
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THE STRENGTH FACTOR, G. The strength factor (0) is a measure of the 

sound-pressure level at a point in a hall, with an omnidirectional source on stage, 

minus the sound-pressure level that would be measured at a distance of 10 m from 

the same sound source operating at the same power level and located in an anechoic 

chamber. The equation is 

G (A3.S) 

where PA(t) is the free-field sound pressure at a distance of 10 m. 

THE BASS RATIO, RT. Bass ratio RT is the ratio ofthelowtomid-fre­

quency reverberation times, given by 

BR 
RT 125 + RT 250 

= 
RT 500 + RT 1,000 ' 

(A3.6) 

where the RT's are the reverberation times at the frequencies shown in the sub­

scripts. 

THE SUPPORT FACTOR, STl. The support factor (ST1) is the differ­

ence in decibels between two measurements of sound-pressure level made on a stage 

or in a pit where the orchestra members play. A sound source (loudspeal~er) emits 

an impulse and the microphone receives it at a point 1 m removed from the center 

of the source, which is omnidirectional. The first measurement is of the energy in 

the time interval from 0 to 10 msec and the second measurement is of the energy 

in the time interval from 20 to 100 msec. It is given by the equation 

(A3.7) 

THE LATE LATERAL ENERGY, LG. Late lateral energy (LO) is 10 log 

of the ratio of the delayed output of a figure-8 microphone (with its null direction 

aimed at the source) to the total output of a non-directional microphone, where the 

6,/7 
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latter is measured at a distance of 10 m from the acoustical center of an omni­

directional source in an anechoic chamber operating at the same power output. The 

time integration for the figure-8 microphone is perfonned from 80 msec to several 

seconds after the arrival of the impulse. It is given by the equation: 

[f: P~(t)dt] LG = 10 log L'" 
p;.(t)dt 

o 

(A3.8) 

THE DISTINCTNESS (DEUTLICHKEIT) RATIO, D. The distinctness 

ratio (D) is the ratio of the sound in the first 50 msec after arrival of the direct 

sound to the total sound arriving. It is usually expressed as a percentage and is 

detennined from the impulse response of the hall. 

(A3.9) 

@7JtEASURED ACOUSTICAL QUANTITIES 

In Chapters 4 and 5 measured data are cited for a number of the acoustical 

attributes that are defined in Chapter 2 and Appendix 1. To facilitate research and 

to ease the search for data that are scattered throughout this book, a compilation 

of both acoustical and architectural infonnation is presented in the next three tables. 

Table A3.1 presents the available acoustical data for 86 concert halls, while 

Table A3.2 presents the same categories of available data for 34 opera houses. 

Architectural-type infonnation is presented in Table A3.3. For example, the area 

allotted to each seat is shown by the quantity S.lN and this varies from a low of 

0.402 m2 in Boston Symphony Hall to a high of 0.690 in the Munich, philhar­

monie Am Gasteig. The tenn [EDTunocjV] X 106, which appears in Figs. 4.8 and 

4.9 and which is closely related to the strength of the sound G in a hall, is also 

presented. 
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Name of Hall 

Amsterdam, 

Concertgebouw 

Aspen, Benedict 

Music Tent 

Athens, Megaron, 

Concert Hall 

Baden-Baden, 

Festspielhaus 

Baltimore, Meyerhoff 

Symphony Hall 

Basel, Stadt-Casino 

Bayreuth, 

Festspielhaus 

Belfast, Waterfront 

Hall 

Berlin, 

Kammermusiksaal 

(Philharmonie) 

Berlin, Konzerthaus 

(Schauspielhaus) 

Berlin, Philharmonie 

Birmingham, 

Symphony Hall 

~LE A3.1. Basic material on concert halls relative to the studies in Chapter 

4. Definitions of terms are given in Appendix 1 and formulas in Appendix 2. Opera 

houses are listed in Table A3.2. 

sec dB 

No. Cubic RTmid RTmid EDTmid BOI 6mid 6'25 ST1 LF 
of Volume. Occ. Unocc. Unocc. (3-Band) (Euro) (Euro) (4-Band) (4-Band) 

Seats ml (Early) Unocc. Unocc. (Early) 

2,037 18,780 2.00 2.59 2.63 0.54 5.4 4.7 -17.8 0.18 

2,050 19,830 3.50 

1,962 19,100 1.85 2.30 3.1 

2,300 20,100 1.92 2.09 1.82 3.4 -0.3 

2,467 21,530 2.00 2.34 2.31 0.56 3.6 3.0 -12.2 0.17 

1,448 10,500 1.78 2.31 2.20 0.62 6.9 7.9 -13.7 

1,800 10,308 1.65 

2,250 30,800 2.15 2.35 

1,138 11,000 1.82 2.13 2.10 

1,575 15,000 2.00 2.47 2.43 0.64 5.7 7.1 -16.8 

2,218 21,000 1.90 2.20 2.01 0.47 3.7 3.0 -16.8 

2,211 25,000 1.85 2.52 2.00 

Bonn, Beethovenhalle 1,407 15,730 1.65 1.80 

Boston, Symphony 

Hall 2,625 8,750 1.90 2.52 2.37 0.61 4.2 2.9 -13.7 0.22 

Brussels, Palais des 

Beaux-Arts 2,150 12,5?0 1.60 1.76 1.86 

6Z9 
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sec dB 

Name of Hall No. Cubic RTmid RTmld EDTmid BOI Gmid G125 S11 LF 
of Volume, Dcc. Unocc. Unocc. (3-Band) (Euro) (Euro) (4-Band) (4-Band) 

Seats IW (Early) Unocc. Unocc. (Early) 

Budapest, Patria Hall 1,750 13,400 1.70 1.81 

Buenos Aires, Teatro 

Col6n 2,487 21,524 1.62 1.90 1.72 0.65 1.2 -0.8 

Buffalo, Kleinhans 

Music Hall 2,839 18,240 1.50 1.82 1.61 0.41 2.7 3.9 -14.8 0.10 

Caracas, Aula Magna 2,660 24,920 1.25 1.80 

Cardiff, St. David's 

Hall 1.952 22,000 1.96 2.15 2.07 3.2 2.2 -16.6 0.17 

Chicago, Orchestra 

Hall 2,530 27,000 1.72 1.90 

Christchurch, 

Town Hall 2,662 20,500 1.90 2.34 1.89 0.15 

Cleveland, 

Severance Hall 2,101 16,290 1.60 2.15 2.25 0.59 3.5 1.8 -14.8 

Copenhagen, 

Radiohuset, Studio 1 1,081 11,900 1.50 1.96 1.96 -3.00 0.8 -14.5 0.16 

Costa Mesa, 

Segerstrom Hall 2,903 27,800 1.60 2.40 2.18 0.61 4.2 1.3 -14.3 0.23 

Dallas, Meyerson 

Symphony Center 2,065 23,900 2.80 2.90 1.90 

Denver, Boettcher 

Hall 2,750 37,444 2.40 2.68 2.45 0.30 1.5 2.0 0.12 

Edinburgh, Usher Hall 2,502 15,700 1.78 2.45 2.40 -16.3 

Fort Worth, Bass 

Performance Hall 2,072 27,300 1.95 2.60 2.50 0.52 -16.3 

Glasgow, Royal 

Concert Hall 2,457 22,700 1.75 1.95 1.72 2.00 2.00 

Gothenberg, 

Konserthus 1.286 11,900 1.62 1.70 1.75 4.7 5.8 -14.3 0.10 

Hong Kong, Cui. Ctr. 

Concert Hall 2,019 21,250 2.00 1.89 2.0 3.1 0.14 

Jerusalem, Binyanei 

Ha'Oomah 3,142 24,700 1.75 1.80 1.80 0.55 

Kuala Lumpur, 

Dewan Fil. Petronas 850 17,860 1.80 2.12 

Kyoto, Concert Hall 1,840 20,000 1.95 2.25 2.10 
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sec dB 

Name of Hall No. Cubic RTmid RTmid EDTmid BQI Gmid G'25 ST1 LF 
of Volume, Dcc. Unocc. Unocc. (3-Band) (Euro) (Euro) (4-Band) (4-Band) 

Seats m3 (Early) Unocc. Unocc. (Early) 

Lahti, SibeliusfTalo 1,250 15,500 2.20 

Leipzig, Gewandhaus 1,900 21,000 2.02 2.20 

Lenox, MA, Seiji 

Ozawa Hall 1,180 11,610 1.66 2.25 

Lenox, Tanglewood 

Music Shed 5,121 42,480 1.90 3.42 3.33 0.37 1.9 0.0 -12.8 

Liverpool, 

Philharmonic Hall 1,803 13,560 1.50 1.72 1.79 3.4 1.2 0.17 

London, Barbican, 
Concert Hall 2,026 17,750 1.68 1.90 1.91 4.0 2.0 0.16 

London, Royal Albert 

Hall 5,222 86,650 2.41 3.08 2.65 -0.7 -1.7 0.14 

London, Royal 

Festival Hall 2,901 21,950 1.46 1.64 1.42 1.9 0.2 -16.0 0.18 

Lucerne, Cultural Ctr. 

Concert Hall 1,892 18,000 2.05 

Madrid, Auditorio 

Nacional de Musica 2,293 20,000 1.74 2.10 2.06 0.27 

Manchester, 
Bridgewater Hall 2,357 25,000 2.00 2.44 2.40 3.2 5.0 0.26 

Mexico City, Salla 

Nezahualcoyotl 2,376 30,640 1.95 2.20 

Minneapolis, Minn. 

Orchestra Hall 2,450 18,975 1.85 2.28 

Montreal. Salle 

Wilfrid-Pelletier 2,982 26,500 1.67 2.00 1.93 0.1 -0.4 0.12 

Munich, Herkulessalle 1,287 13,590 1.80 2.30 

Munich, Philharmonie 
Am Gasteig 2,487 29,700 1.80 2.22 2.12 1.9 0.6 0.12 

New York, Avery 

Fisher Hall 2,742 20,400 1.76 2.24 1.96 0.12 

New York, Carnegie 

Hall 2,804 24,270 1.79 2.05 

Odense, Koncerthus, 

Nielsen Hall 1,320 14,00(} 2.25 2.25 3.9 1.8 -17.0 0.20 

Osaka, Symphony 

Hall 1,702 17,800 1.80 2.20 2.10 0.59 



ApPENDIX 3 

sec dB 

Name of Hall No. Cubic RTmid RTmid EDTmid BOI Gmid G125 ST1 LF 
of Volume, Occ. Unocc. Unocc. (3-Band) (Euro) (Euro) (4-Band) (4-Band) 

Seats m3 (Early) Unocc. Unocc. (Early) 

Paris, Salle Pleyel 2,386 15,500 1.48 2.00 1.89 3.9 5.5 0.16 

Philadelphia, Verizon 

Hall, Kimmel Center 2,519 23,520 1.92 1.72 

Rochester, NY, 

Eastman Theatre 3,347 25,500 1.65 1.82 0.55 

Rotterdam, De Doelen 2,242 24,070 2.05 2.35 2.30 

Salt Lake City, 

Symphony Hall 2,812 19,500 1.70 2.03 2.08 0.59 1.4 0.7 -12.9 

Salzburg, 

Festspielhaus 2,158 15,500 1.50 1.94 1.87 3.8 1.8 -15.8 0.16 

San Francisco, 

Davies Hall 2,743 24,070 1.85 2.14 2.15 0.44 2.2 1.3 

Sao Paulo, Sala 

Sao Paulo 1,610 20,000 2.05 

Sapporo, Concert Hall 2,008 28,800 1.80 2.13 1.90 0.47 2.1 0.8 0.12 

Seattle, Benaroya 

Hall 2,500 19,263 1.97 2.20 

Shanghai, Grand 

Theatre 1,895 13,000 1.65 1.83 

Stuttgart, Liederhalle, 

Grosser Saal 2,000 16,000 1.65 2.10 2.14 3.7 2.7 -14.5 0.13 

Sydney Opera House, 

Concert Hall 2,696 24,600 2.20 2.49 2.19 

Taipei, Cultural 

Centre, Concert Hall 2,074 16,700 2.02 2.20 

Tel Aviv, Fredric 

Mann Auditorium 2,715 21,240 1.50 1.67 1.70 0.47 

Tokyo, Bunka Kaikan 

(Ueno) 2,327 17,300 1.52 1.96 0.59 3.1 3.3 0.18 

Tokyo, Dai-ichi 

Seimei Hall 767 6,800 1.56 1.83 1.80 0.88 6.0 6.0 

Tokyo, Hamarikyu 

Asahi Hall 522 5,800 1.72 1.88 1.86 0.70 8.7 6.3 

Tokyo, Metropolitan 

Art Space 2,017 25,000 2.15 2.60 2.55 0.59 3.0 3.3 

Tokyo, NHK Hall 3,677 25,200 1.69 1.98 
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sec dB 

Name of Hall No. Cubic RTmid RTmid EDTmid BOI Gmid GI25 ST1 LF 

of Volume, Dcc. Unocc. Unocc. (3-Band) (Euro) (Euro) (4-Band) (4-Band) 

Seats mJ fEarly) Unocc. Unocc. (Early) 

Tokyo, Orchard Hall 2,150 20,500 1.82 2.10 

Tokyo, Suntory Hall 2,006 21,000 1.98 2.00 2.45 0.53 3.8 2.2 0.16 

Tokyo, Opera City 

Concert Hall 1,636 15,300 1.96 2.80 2.69 0.72 5.0 2.8 

Toronto, Roy 

Tompson Hall 2,613 24,500 1.80 

Trondheim, 

OIavshalien 1,200 13,000 1.65 1.80 0.12 

Valencia, Palau de 

la Musica 1,790 15,400 2.05 3.17 2.96 0.30 

Vienna, Grosser 

Musikvereinssaal 1,680 15,000 2.00 3.05 3.04 0.64 6.5 6.6 -13.9 0.16 

Vienna, Konzerthaus 1,865 16,600 1.88 2.19 2.12 0.66 3.8 6.6 

Washington, DC, 

JFK Concert Hall 2,448 22,300 1.72 1.92 0.61 2.50 2.10 -18.1 

Worcester, 

Mechanics Hall 1,343 10,760 1.55 2.15 2.15 0.55 5.0 4.0 -16.1 0.20 

Zurich, Grosser 
Tonhallesaal 1,546 11,400 2.05 3.18 3.12 0.64 7.5 7.8 -12.6 

Average 2,163 20,379 1.84 2.20 2.14 



Name of Opera 

House 

Amsterdam, Music 

Theater 

Athens, Megaron 

Bayreuth, 

Festspielhaus 

Berlin, Deutscheoper 

Berlin, Komischeoper 

Budapest, Magyar 

Allami Operahaz 

Buenos Aires, Teatro 

Colon 

Chicago, Civic Opera 

House 

ApPENDIX 3 

~LE A3.2. Basic material on opera houses relative to the studies in Chapter 

5. Definitions of terms are given in Appendix 1 and formulas in Appendix 2. 

Concert halls are listed in Table A3.1. 

sec 

No. of Cubic RTmid EDTmid BOI Gmid ITOG. Stage 

Seats Volume. Occ. Unocc. (3-Band) (Jap.) msec Set 

m3 (Early) Unocc.dB 

1,689 10,000 1.30 1.30 0.55 1.7 32 n 

1,700 15,000 1.60 1.70 3.5 40 

1,800 10,308 1.55 

1,900 10,800 1.36 1.60 0.39 1.2 33 n 

1,222 7,000 1.25 1.23 0.62 6.0 20 Y 

1,277 8,900 1.34 1.37 0.65 4.4 15 Y 

2,487 20,570 1.56 1.72 0.65 2.4 18 Y 

3,563 23,000 1.51 1.49 0.53 0.3 41 n 

Dresden, Semperoper 1,284 12,480 1.60 1.83 0.72 2.7 20 n 

Essen, Opera House 1,125 8,800 1.61 1.90 0.54 -0.4 16 n 

Fort Worth, Bass 

Performance Hall 1,960 18,470 1.80 1.85 25 

Glyndebourne, Opera 

House 1,243 7,790 1.25 1.23 3.6 

Hamburg, Staatsoper 1,679 11,000 1.23 1.35 0.46 1.3 34 y 

London, Royal Opera 

House 2,157 12,250 1.20 0.53 0.7 18 n 

Milan, Teatro alia 

Scala 2,289 11,252 1.20 1.20 0.48 -0.3 16 Y 

Naples, Teatro di San 

Carlo 1,414 13,700 1.15 1.15 0.9 

New York, Metro-

politan Opera House 3,816 24,724 1.55 1.62 0.62 0.5 18 n 

Paris, Opera Bastille 2,700 21,000 1.57 1.55 
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sec 

Name of Opera No. of Cubic RTmid EDTmid BOI Gmid ITOG. Stage 

House Seats Volume. Occ. Unocc. (3-Band) (Jap.) msec Set 

m3 . (Early) Unocc.dB 

Paris, Opera Garnier 2,131 10,000 1.18 1.19 0.50 0.7 15 Y 

Philadelphia, 2,827 15,100 1.20 1.20 0.47 2.6 19 

Academy of Music 

Prague, Staatsoper 1,554 8,000 1.23 1.17 0.64 2.2 16 Y 

Rochester, Eastman 3,347 23,970 1.65 1.9 0.54 3.6 22 Y 
Teatre 

Salzburg, 2,158 14,020 1.50 1.80 0.40 1.2 27 n 

Festspielhaus 

San Francisco, War 3,252 20,900 1.50 

Mem. Opera House 

Seattle, Opera House 3,099 22,000 2.02 2.50 0.48 2.7 25 n 

Shanghai, Grand 1,676 13,000 1.30 1.37 

Theatre 

Tokyo, Bunka Kaikan 2,303 16,250 1.51 1.75 0.56 0.3 14 n 

(Ueno) 

Tokyo, New National 1,810 14,500 1.49 1.70 0.65 1.7 20 n 

Theatre Opera House 

Tokyo, Nissei theater 1,340 7,500 1.11 1.06 0.58 5.3 17 Y 

Tokyo, NHK 3,677 25,200 1.60 1.70 23 

Vienna, Staatsoper 1,709 10,665 1.30 1.42 0.60 2.8 17 Y 

Washington, DC, JFK 2,142 13,027 1.28 1.27 0.53 3.1 15 Y 
Center, Opera House 
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~LE A3.3. Technical details for the 100 halls of Chapter 3 in metric units. 

No. 
m3 m2 

Name of Hall of Volume VIN SA So. or ST S.IN V/ST' EDTN 

Seats Spit m x 106 

Amsterdam, 

Concertgebouw 2,037 18,780 9.20 1,125 160 1,285 0.414 14.6 140 

Aspen, Benedict 

Music Tent 2,050 19,830 9.67 1,197 487 1,377 0.470 14.4 

Athens, Megaron 

Concert Hall 1,962 19,100 9.73 1,183 287 1,363 0.476 14.0 

Baden-Baden, 

Festspielhaus 2,300 20,100 8.74 1,421 282 1,601 0.500 12.6 91 

Baltimore, Meyerhoff 

Symphony Hall 2,467 21,530 8.73 1,487 229 1,667 0.485 12.9 109 

Basel, Stadt-Casino 1,448 10,500 7.25 731 160 891 0.403 11.8 210 

Bayreuth, 

Festspielhaus 1,800 10,308 5.72 845 35 1,032 0.419 10.0 

Belfast, Waterfront Hall 2,250 30,800 13.70 1,301 200 1,481 0.475 20.8 

Berlin, 

Kammermusiksaal 

(Philharmonie) 1,138 11,000 9.66 810 78 907 0.543 12.1 191 

Berlin, Konzerthaus 

(Schauspielhaus) 1,575 15,000 9.53 943 158 1,101 0.498 13.6 162 

Berlin, Philharmonie 2,218 21,000 9.00 1.385 172 1,558 0.455 13.5 93 

Birmingham, 

Symphony Hall 2,211 25,000 11.30 1.320 279 1,500 0.466 16.7 80 

Bonn, Beethovenhalle 1,407 15,730 11.20 1,115 205 1,295 0.614 12.1 

Boston, Symphony Hall 2,625 18,750 7.14 1.370 152 1,522 0.402 12.3 126 

Brussels, Palais des 

Beaux-Arts 2,150 12,520 5.83 1,300 186 1,486 0.474 8.4 148 

Budapest, Magyar 

Allami Operahaz 1.277 8,900 6.97 644 58 861 0.405 10.3 

Budapest, Patria Hall 1,750 13,400 7.66 1,286 156 1,442 0.651 9.3 

Buenos Aires, Teatro 

Colon 2,487 21,524 8.67 1,765 230 1,945 0.617 11.1 80 

Buffalo, Kleinhans 

Music Hall 2,839 18,240 6.24 1,951 205 2,131 0.556 8.6 90 

Caracas, Aula Magna 2,660 24,920 9.37 1,886 204 2,066 0.594 12.1 
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No. 
m3 m2 

Name of Hall of Volume V/N SA S •• or ST SalN V/ST' EDTN 

Seats Spit m x 11J6 

Cardiff, St. David's 

Hall 1,952 22,000 11.20 1,235 186 1,420 0.512 15.5 94 

Chicago, Orchestra 

Hall 2,530 27,000 10.67 1,159 268 1,339 0.419 20.2 

Christchurch, Town 

Hall 2,662 20,500 7.70 1,416 194 1,596 0.423 12.9 93 

Cleveland, Severance 

Hall 2,101 16,290 7.75 1,210 215 1,390 0.443 11.7 138 

Copenhagen, 

Radiohuset, Studio 1 1,081 11,900 11.00 721 288 901 0.660 13.2 165 

Costa Mesa, 

Segerstrom Hall 2,903 27,800 9.58 1,742 223 1,922 0.518 14.5 78 

Dallas, Meyerson 

Symphony Center 2,065 23,900 11.60 1,161 250 1,341 0.475 17.8 79 

Denver, Boettcher 

Hall 2,750 37,444 13.60 1,628 238 1,808 0.457 20.7 65 

Dresden, Semperoper 1,284 12,480 9.74 866 120 1.153 0.491 10.8 148 

Edinburgh, Usher Hall 2,502 15,700 6.27 1,204 165 1,369 0.393 11.5 

Fort Worth, Bass 

Performance Hall 2,072 27,300 13.18 1,222 304 1,402 0.456 19.5 92 

Glasgow, Royal 

Concert Hall 2,457 22,950 9.35 1,365 218 1,545 0.466 14.9 76 

Glyndebourne, Opera 

House 1,243 7,790 6.27 701 109 960 0.449 8.1 158 

Gothenberg, 

Konserthus 1,286 11,900 9.25 666 170 836 0.455 14.2 146 

Hong Kong, CuI. Ctr. 

Concert Hall 2,019 21,250 10.50 1,111 248 1,291 0.426 16.5 89 

Jerusalem, Binyanei 

Ha'Oomah 3,142 24,700 7.90 2,137 260 2,317 0.532 10.7 75 

Kuala Lumpur, Dewan 

Fil. Petronas 850 17,860 21.0 604 223 784 0.453 22.8 

Kyoto, Concert Hall 1,840 20,000 10.90 1,162 237 1,342 0.482 14.9 105 

Lahti, Sibelius/Talo l,250 15,500 12.40 758 181 940 0.454 16.5 

Leipzig, Gewandhaus 1,900 21,000 11.00 1,197 181 1,378 0.545 15.2 

Lenox, MA., Seiji 

Ozawa Hall 1,180 11,610 9.83 739 202 919 0.420 12.6 
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NQ, 
m3 m2 

Name of Hall of Volume V/N SA So. or ST SaIN V/ST' EDTN 

Seats Spit m X 106 

Lenox, Tanglewood 

Music Shed 5,121 42,490 8.29 2,861 204 3,041 0.435 14.0 79 

Liverpool. 

Philharmonic Hall 1,803 13,560 7.54 1,275 160 1,435 0.544 9.5 132 

London, Barbican, 

Concert Hall 1,924 17,000 8.84 1,265 209 1,445 0.572 11.8 108 

London, Royal Albert 

Hall 5,222 86,650 16.6 3,512 176 3,688 0.517 23.5 30 

London, Royal 

Festival Hall 2,901 21,950 7.56 1,972 173 2,145 0.531 10.2 65 

London, Royal Opera 

House 2,157 12,250 5.68 1,300 85 1,545 0.417 7.9 

Lucerne, Cultural 

Center Concert Hall 1,892 17,823 9.42 1,256 242 1,436 0.456 12.4 

Madrid, Auditorio 

Nacional de Musica 2,293 20,000 8.72 1,705 278 1,885 0.611 10.6 103 

Manchester, 

Bridgewater Hall 2,357 25,000 10.60 1,611 276 1,791 0.574 14.0 96 

Mexico City, Salla 

Nezahualcoyotl 2,376 30,640 12.90 1,684 270 1,864 0.621 16.4 

Milan, Teatro alia 

Scala 2,289 11,252 4.92 1,300 111 1,635 0.542 6.9 133 

Minneapolis, Minn. 

Orchestra Hall 2,450 18,975 7.74 1,574 203 1,754 0.517 10.8 

Montreal, Salle 

Wilfrid-Pelletier 2,982 26,500 8.90 1,767 172 1,939 0.520 13.7 73 

Munich, Herkulessalle 1,287 13,590 10.60 674 168 842 0.455 16.1 

Munich, Philharmonie 

Am Gasteig 2,487 29,700 12.45 1,639 230 1,818 0.557 16.4 71 

Naples, Teatro di San 

Carlo 1,414 13,700 9.78 950 108 1,327 0.527 10.3 84 

New York, Avery 

Fisher Hall 2,742 20,400 7.44 1,480 203 1,660 0.434 12.3 81 

New York, Carnegie 

Hall 2,804 24,270 8.65 1,600 227 1,780 0.408 13.6 

New York, 

Metropolitan Opera 

House 3,816 24,724 6.48 2,262 132 2,394 0.502 10.3 66 
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No. 
ml m2 

Name of Hall of Volume V/N SA So. or Sr SaIN V/Sr. EDTN 

Seats Sp;t m X 1()6 

Odense, Koncerthus, 

Nielsen Hall 1,320 14,000 10.60 651 176 827 0.415 16.9 161 

Osaka, Symphony 

Hall 1,702 17,800 10.45 1,236 285 1,416 0.533 12.6 118 

Paris, Opera Bastille 2,700 21,000 7.80 1,522 186 1,951 0.470 10.8 

Paris, Opera Garnier 2,131 10,000 4.68 1,126 78 1,448 0.422 6.9 179 

Paris, Salle Pleyel 2,386 15,500 6.50 1,058 242 1,238 0.327 12.5 122 

Philadelphia, 

Academy of Music 2,827 15,100 5.34 1,460 59 1,740 0.445 8.7 79 

Phildelphia, Verizon 

Hall, Kimmel Center 2,519 23,520 9.34 1,666 274 1,846 0.488 12.7 

Rochester, NY, 

Eastman Theatre 3,347 25,500 7.62 2,021 204 2,201 0.472 11.6 

Rotterdam, De Doelen 2,242 24,070 10.70 1,509 195 1,689 0.539 14.2 96 

Salt Lake City, 

Symphony Hall 2,812 19,500 6.93 1,669 218 1,850 0.528 10.5 107 

Salzburg, 

Festspielhaus 2,158 15,500 7.18 1,375 195 1,555 0.490 10.0 121 

San Francisco, 

Davies Hall 2,743 24,070 8.78 1,562 200 1,742 0.442 13.8 89 

San Francisco, War 

Mem. Opera House 3,252 20,900 6.43 1,973 71 2,276 0.471 9.2 

Sao Paulo, Sala 

Sao Paulo 1,610 20,000 12.42 1,043 396 1,223 0.463 16.3 

Sapporo, Concert Hall 2,008 28,800 14.34 1,438 240 1,618 0.504 17.8 66 

Seattle, Benaroya 

Hall 2,500 19,263 7.70 1,452 216 1,632 0.471 11.8 

Shanghai, Grand 

Theatre 1,895 13,000 6.86 842 85 1,175 0.387 11.1 105 

Stuttgart, Liederhalle, 

Grosser Saal 2,000 16,000 8.00 1,300 176 1,533 0.500 10.4 134 

Sydney Opera House, 

Concert Hall 2,679 24,600 9.18 1,563 181 1,743 0.508 14.0 89 

Taipei, Cultural 

Centre, Concert Hall 2,074 16,700 8.00 1,261 269 1,441 0.492 11.6 
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No. 
m3 m2 

Name of Hall of Volume YIN SA S., or ST S./N YlST, EDTN 

Seats Spit m x 11J6 

Tel Aviv, Fredric 

Mann Auditorium 2,715 21,240 6.76 1,700 195 1,880 0.497 11.0 80 

Tokyo, Bunka Kaikan 

(Ueno) 2,327 17,300 7.40 1,301 241 1,481 0.422 11.2 

Tokyo, Dai-ichi 

Seimei Hall 767 6,800 8.86 538 104 642 0.498 10.6 264 

Tokyo, Hamarikyu 

Asahi Hall 552 5,800 10.51 395 73 468 0.513 11.4 320 

Tokyo, Metropolitan 

Art Space 2,017 25,000 12.40 1,312 207 1,492 0.460 16.8 102 

Tokyo, New National 

Theatre Opera House 1,810 14,500 8.00 1,153 102 1,460 0.492 9.9 117 

Tokyo, NHK Hall 3,677 25,200 6.85 1,821 193 2,000 0.396 12.6 

Tokyo, Orchard Hall 2,150 20,500 9.53 1,314 217 1,494 0.465 13.7 

Tokyo, Suntory Hall 2,006 21,000 10.50 1,364 235 1,544 0.519 13.6 117 

Tokyo, Opera City 

Concert Hall 1,636 15,300 9.40 1,052 168 1,220 0.485 12.5 176 

Toronto, Roy 

Tompson Hall 2,812 28,300 10.06 1,681 222 1,861 0.498 15.2 67 

Trondheim, 

Olavshallen 1,200 13,000 6.00 816 234 996 0.599 14.0 

Valencia, Palau de 

la Musica 1,790 15,400 8.60 812 155 967 0.400 15.9 192 

Vienna, Grosser 

Musikvereinssaal 1,680 15,000 8.92 955 163 1,118 0.411 13.4 203 

Vienna, Konzerthaus 1,865 16,600 8.90 881 137 1,018 0.350 16.3 128 

Vienna, Staatsoper 1,709 10,665 6.24 1,194 107 1,460 0.544 7.3 133 

Washington, DC, JFK 

Center, Concert Hall 2,448 22,300 9.11 1,425 228 1,605 0.439 13.9 

Washington, DC, JFK 

Center, Opera House 2,142 13,027 6.08 1,289 109 1,595 0.529 8.2 97 

Worcester, 

Mechanics Hall 1,343 10,760 8.01 701 154 855 0.402 12.5 

Zurich, Grosser 

Tonhallesaal 1,546 11,400 7.37 877 145 1,022 0.454 11.2 274 
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dABINE EQUATION 

Wallace Clement Sabine presented the acoustical world with the Sabine re­

verberation equation in 1898. The ability to calculate the reverberation time (RT) 

has been the cornerstone of acoustics since that date. The reverberation time is 

given by the formula 

RT 0.161 ~ (A3.1O) 

where V is the cubic volume of the room in m3 measured as though there were no 

seats in the room, but with the volume occupied by balcony structures subtracted; 

and A is the total sound absorption in m2 for both the surfaces of the room and 

losses in the air itself as the sound travels through it. 

The total sound absorption can be subdivided, 

(A3.11) 

where ST is the "acoustical area" over which the audience chairs sit, occupied or 

unoccupied, plus the stage area (not to exceed 180 m2) when the orchestra is present 

(see Appendix 1 for a detailed definition of ST); Sf( is the actual area of all other 

surfaces in the room except the areas over which the audience and orchestra sit, 

including underbalcony soffits and all of the aisle areas; and SMI, SM2' SM31 etc., 

are areas of special absorbing materials lil<e rugs, draperies, and acoustical tiles. 

Each of the types of absorbing area STI SR, and SM has its associated absorption 

coefficient. The quantity SRaR is usually referred to as the "residual absorption" of 

the room. 

All of the absorption coefficients presented later in this chapter are for use 

in the Sabine equation. Those that go with the "residual" area SR have lumped in 

them the absorptions of ventilation openings, chandeliers, doors, and the like, and, 

therefore, may not agree with others in the literature. 

The air absorption is equal to 4 m V, where V is the volume of the room in 

m3, times the quantity 4 m (in m- I), which is listed in Table A3.4 as a function 

of relative humidity assuming an ambient temperature of about 20°C. Air absorp­

tion is important only in the 2,000 and 4,000-Hz frequency bands, except in very 

large halls, where it begins to be important in the 1,000-Hz band. 

It has been established that in a large hall for musical performances the ab­

sorbing power of a seated audience, chorus and orchestra, or empty upholstered 
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~LE A3.4. Air attenuation coefficient mUltiplied by 4, yielding 4 m in units 

of m- 1 for an ambient temperature of about 20°C for four relative humidities (ISO, 

1990). 

Relative Humidity 
4 m (Frequency, Hz) 

(%) 500 1,000 2,000 4,000 

50 0.0024 0.0042 0.0089 0.0262 

60 0.0025 0.0044 0.0085 0.0234 

70 0.0025 0.0045 0.0081 0.D208 

80 0.0025 0.0046 0.0082 0.0194 

seats, increases in direct proportion to the floor area they occupy, almost indepen­

dent of the number of seated persons or chairs in that area, provided the seats are 

nearly 100% occupied or unoccupied (Beranek and Hidaka, 1998; Barron and 

Coleman, 2001). This hypothesis is valid for seating densities (SjN) in the range 

of 0.40-0.65 m 2 of floor space per person and for halls with normally diffuse sound 

fields. No attempt has been made to extend the applicability of these data to small 

auditoriums, classrooms, or churches, where the state of sound diffusion in the 

room or the seating density may be substantially different. 

JWERIVATIVES OF THE 

SABINE EQUATION 

In the preliminary design of a hall it is desirable to have a simpler equation 

to use than Eqs. (A3.1O) and (A3.11). A possible simplification is to assume that 

the total room absorption is attributable to the audience, and to restrict the cal­

culation to the two mid-frequency bands at 500 and 1,000 Hz, in order to eliminate 

the air absorption term and to avoid the greater irregularities found in sound ab­

sorption at low frequencies, Also eliminated are any terms owing to special absorbing 

materials, such as carpets atrd absorbing means for echo control. The simplification 

leads to 



Equations, Technical Data, and Sound Absorption 

So that 

(A3.13) 

Before proceeding further, let us look at three groups of halls to determine 

what values of Kl are to be expected in concert halls and opera houses. Results using 

some data from Tables A3.1 to A3.3 are shown in Fig. A3.1. The coefficient 

Kl = RT/(V/ST) is different for three types of halls. For the upper right-hand group 

of concert halls, Kl = 0.143. The middle group of seven opera houses with higher 

RT's, would be better fit with a value of Kl = 0.145. The lower group of four opera 

houses with low reverberation times would be better fit with a value of Kl = 0.17. 
These latter two values were previously substantiated in Hidaka and Beranek 

(2000). 
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~RE A3.1. Plot of mid-frequency reverberation time, RT, hall fully occu­

pied, vs V/Sr, where V is the volume and Sr is the acoustical area (see Appendix 

1 for definitron of SrI. The upper right group is composed of concert halls; the 

middle group of 7 opera houses with high reverberation times; and the lower 

group of 6 opera houses with low reverberation times. Kl = RT/IV/Sr]. 
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RT(mid) / {V/S(T)} = K(1) [Occupied] 
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Thirty Concert Halls 

~RE A3.2. Plot of K, = RT/[V/STl for 30 concert halls. The mean value is 

0.144. 

The accuracy of using this simplified formula and Kl for 30 of the concert 

halls in Table 4.1 is illustrated in Fig. A3.2. A mean value of Kl = 0.144 is 

indicated. Obviously, the value of Kl is not highly accurate because the accuracy of 

the reverberation data, mostly from a few stop-chords at a limited number of seats, 

is unl<noWlli and, perhaps more important, the halls have different audience ab­

sorptions owing to the type of seats, and (SRaR/ST) varies from one hall to another. 

Thus, using Kl = 0.143 is restricted to preliminary explorations in the design of 

halls. 

The application of Eqs. (A3.12) and (A3.13) to the planning stage of a con­

cert hall's design is given in Chapter 4 in the section titled, "Design procedures for 

preliminary determination of audience size and cubic volume of a hall given selected 

values for G mid and RTocc." 

~ALIBRATION OF THE 

DODECAHEDRAL SOUND SOURCE 

The sound source used for the determination of the various objective param­

eters in halls for music is a 12-sided (dodecahedral) approximation to a sphere-­

an approximate omnidirectional source, ranging in diameter from 30 to 45 cm. In 

each of the 12 sides a cone loudspeaker is imbedded. For determination of the 

strength of the sound at seats in a hall, this source must be calibrated. Apparently, 

there are two methods of calibration in use, as evidenced by data from two different 

sources as reported in Chapter 4 that differ, on average, by about 1.2 dB. These 



Equations, Technical Data, and Sound Absorption 

calibration methods are referred to here as (1) reverberation chamber method and 

(2) field method. 

The official definition of the strength factor in a hall, is 0 = 10 log [p2/PA2], 

where p2 is the mean-square sound pressure at the point (seat) where 0 is being 

measured and PA2 is the mean-square sound p~essure measured in an anechoic 

chamber at point located a distance of 10 m from the acoustical center of the source. 

The mean-square sound pressure Pr2 at a distance r from a spherical source 

radiating an acoustical power measured in watts (W) in anechoic space is p2 = 

Wpc/4nr2. The quantity pc/4n equals 32.4 (rnks units), so 

Pr2 = 32.4(W/r2). (A3.14) 

If we measure at a distance of r = 10m, 

(A3.1S) 

If we divide both sides of the last equation by the standard reference quantities for 

sound pressure and sound power, i.e., so that the divisor equals [10- 12*4*10- 10], 

we can convert that equation to include the sound-pressure level 8P4 (at 10 min 

an anechoic space) and sound-power level PWL. Thus, 8PLA = PWL + 10 log 

[(0.324/4)*10- 12*1010], and 

8PLA = PWL - 31 dB. (A3.16) 

Let 0 indicate the strength at a seat and 8PL be the measurement at a seat. 

Then, by definition of 0, 

o = 8PL - 8P4. (A3.17) 

The strength factor (0) at a seat in a hall is determined from Eq. (A3.17), using 

Eq. (A3.16) to obtain the 8P4. 

REVERBERATION CHAMBER METHOD OF CALIBRATION. For this 

method the source is calibrated by measuring its acoustical power output (PWL in 

decibels) in a reverberation chamber. International standard 180-3382 is used for 

the procedure. The Takenaka reverberation chamber has seven walls with no parallel 

surfaces, a volume of 332.8 m2, and 20 curved, randomly spaced diffusers, each 

with an area of 1.8 m2. All "df Tal~enal~a calibrations are made in their reverberation 

chamber. 
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FIELD METHOD OF CALIBRATION. Another method for calibration is 

to set the omnidirectional source at its position on the stage in a hall and measure 
the sound-pressure level at 1 m from its acoustical center. The Takenaka group 

compared this method with the reverberation chamber method, taking data by the 
field method in six halls. The source is set 3 ~ from the front of the stage, on the 
centerline, and is supported on a tripod with the source's acoustical center 1.5 m 

above the floor. The acoustical center is assumed to be at the geometrical center. 
The 1-m measurement is made by two persons. One stands on the left side of the 

source holding the microphone with his arm stretched out as far as possible to avoid 
reflection from the body; the other does likewise on the right side. The sound-level 
meters are calibrated before and after the measurements with a pistonphone. The 

12 loudspeakers were numbered and No.1 always faced down the centerline of 
the hall. 

Data taken in six halls in this manner are shown in Table A3.5 All halls were 

in Japan. The values for the field calibration are higher than for the reverberation 
calibration. This is to be expected, because the floor returns some energy to the 

microphones-more at the low frequencies than at the high. Note that the mid­
frequency difference is 1.3 dB. The next question is, how does this affect the field 
values of G? 

EFFECT OF CALIBRATION DIFFERENCE ON MEASURED G's IN 

HALLS. For the reverberation chamber method of calibration: combine Eqs. 
(A3.16) and (A3.17), where G and SPL indicate measurements in the hall: 

G = SPL - PWL + 31 dB. (A3.18) 

For the field method: 

SPL'A = SPLlOrn - 20 log 10 + 1.3 dB. (A3.19) 

Substituting (A3.19) in (A6.17) yields 

G = SPL - SP4' = SPL - SPLlOrn + 20 log 10 - 1.3 dB (A3.20) 

If there was no modification of G by + 1.3 dB, [- SPLlOrn + 20 log 10] would 

equal [- PWL + 31 dB]< Substituting the latter in Eq. (A3.19) gives 
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~LE A3.5. Calibration of the dodecahedral loudspeaker by two different 

methods: One method places the loudspeaker in a reverberation chamber where 

the total acoustic power radiated is determined, and the other places the loud­

speaker on the stage of the hall and the sound pressure level is determined at 

one meter from the speaker's acoustical center. The differences in the calibra­

tions in the low, middle and high frequency regions are determined. 

Frequency in Hz 

63 125 250 500 1k 2k 4k 

Reverberation chamber PWL re 10- 12 watt based 76.6 96.4 99.1 94.9 90.8 91.6 84.1 

measurement on ISO 3741, in dB 

SPL re 2*10- 5 N/m2 at 65.6 85.4 88.1 83.9 79.8 80.6 73.1 

1 m (SPL = PWL -

11). in dB 

Field measurement avg. SPL re 2*10- 5 N/m2 71.5 88.1 90.3 85.6 80.9 81.5 73.5 

of data in six halls measured at 1 m from 

source center, in dB 

Difference SPL (1 m, in field) minus 5.9 2.7 2.2 1.7 1.1 0.9 0.4 

SPL (1 m, by rev. 

chamber method) 

Summary Low (125, 250) = 2.4 dB; Mid (500, 1000) = 1.4 dB; High (2000,4000) =0.6 dB 

SPL - PWL + 31 - 1.3 dB, and (A3.21) 

Greverb SPL - PWL + 31 dB. (A3.22) 

This difference of 1.3 dB is to be compared to the difference between Figs. 4.8 and 

4.9 of Chapter 4. The heavy line in Fig. 4.8 is about 1.2 dB higher than that in 

Fig. 4.9. 
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dOUND ABSORPTION COEFFICIENTS 

Sound absorption coefficients for common building materials are presented 

in Table A3.6. These absorption coefficients were derived from data taken in halls 

on which the author has consulted. Other en:gineers may be using somewhat dif­

ferent coefficients based on experience with different halls. The reference is Beranek 

and Hidaka (1998). 



Equations, Technical Data, and Sound Absorption 

~LE A3.6. Sound absorption coefficients for building materials and audi­

ence areas. These coefficients must be used in the Sabine equation. The mea­

surements on building materials were made in the types of diffuse sound fields 

found in concert halls without seats or audience. The absorptions by audience 

areas, with and without full occupancy, were determined from measurements 

made after the seats were installed in those halls. 

Frequency, Hz 

Materials 125 250 500 1,000 2,000 4,000 Mass, 

kg/m2 

Gypsum, 2 layers, fiberglass 0.15 0.12 0.10 0.08 0.07 0.06 40 
reinforced, 25 mm w/lighting 

and ventilation 

Note: Gypsum, plaster board, not reinforced, mass per m' equals [thickness in mml X 1.0 kg/m', 
approximately 

Wood, ceiling, 2 layers, 28 mm 

w/lighting and ventilation 0.18 0.14 0.10 0.08 0.07 0.06 17 

Wood, sidewalls, 1 layer, 20 mm 

w/doors and lighting 0.25 0.18 0.11 0.08 0.07 0.06 12 

Wood, sidewalls, 1 layer, 12 mm 

w/doors and lighting 0.28 0.22 0.19 0.13 0.08 0.06 6.2 

Wood, audience floor, 2 layers, 

33 mm on sleepers over concrete 0.09 0.06 0.05 0.05 0.05 0.04 N/A 

Wood, stage floor, 2 layers, 27 mm 

over airspace 0.10 0.07 0.06 0.06 0.06 0.06 17 

Wood, 19 mm, over 25 mm compressed 

fiberglass, screwed to 150 mm 

concrete block w/doors and 

lighting 0.20 0.15 0.08 0.05 0.05 0.05 N/A 

Plaster, ceiling, 60 mm w/lighting 

and ventilation 0.10 0.08 0.05 0.04 0.03 0.02 60 

Plaster, ceiling, 30 mm w/lighting 

and ventilation 0.14 0.12 0.08 0.06 0.06 0.04 30 

Plastic, fiberglass reinforced 

phenolic foam, filled with 

aluminum hydroxide, faced with 

very thin layer plywood, 8 mm 
(Tokyo, Hamarikyu-Asahi Concert 

Hall) 0.25 0.23 0.16 0.12 0.11 0.10 4 

639 
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Frequency, Hz 

Materials 125 250 500 1,000 2,000 4,000 

Concrete floor, linoleum cemented 0.04 0.03 0.03 0.03 0.03 0.02 

to it 

Concrete floor, woods boards, 0.10 0.08 0.07 0.06 0.06 0.06 

19 mm, secured to it 

Concrete block, plastered 0.06 0.05 0.05 0.04 0.04 0.04 

Organ absorption, case opening 41 26 19 15 11 11 

75 m' (Boston, behind grille) 

Organ absorption, free standing 65 44 35 33 32 31 

(Tokyo, TOC Concert Hall) 

Audience, seats fully occupied 

Heavily upholstered 0.72 0.80 0.86 0.89 0.90 0.90 

Medium upholstered 0.62 0.72 0.80 0.83 0.84 0.85 

Lightly upholstered 0.51 0.64 0.75 0.80 0.82 0.83 

Seats unoccupied 

Heavily upholstered 0.70 0.76 0.81 0.84 0.84 0.81 

Medium upholstered 0.54 0.62 0.68 0.70 0.68 0.66 

Lightly upholstered 0.36 0.47 0.57 0.62 0.62 0.60 

Absorption power of orchestra (m'), Tokyo, TOC Concert Hall and NNT Opera House 

Concert Hall (stage 170 m', vertical walls, sides (ends) splayed) 

13 string instruments 3 4 6 17 52 64 

44 players (2 brass) 12 21 24 46 74 100 

92 players (4 brass) 22 37 44 64 102 132 

Opera House (pit opening 100 m') 

40 players 10 13 17 41 50 57 

80 players 12 17 23 56 67 71 

Note: Surface density values do not include the mass of furring or wooden nailing strips 

Note: The coefficients following were taken from the literature 

Carpet, heavy, cemented to 0.02 0.06 0.14 0.37 0.6 0.65 

concrete 

Carpet, heavy, over foamed rubber 0.08 0.24 0.57 0.69 0.71 0.73 

Carpet, thin, cemented to concrete 0.02 0.04 0.08 0.2 0.35 0.4 
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decay (see Reverberation) 
definition, (see Clarity) 
diffusion, (see Diffusion) 
distortion, 572 
dynamic range, 2, 33, 34 

558,577 
early sound, 23, 34 
echo (see Echo) 
ensemble (see Ensemble) 
envelopment (see Listener envelopment) 
fullness of tone (see Reverberation) 
glare, 31, 521, 528 
"good," 2 
hall uniformity, 35 
intimacy (see Intimacy) 
liveness, (see Reverberation) 
loudness (see Loudness) 
noise, 35, 534 
parameters, 577-580 
presence, 27 
ranking of 

concert halls, 496 
opera houses, 554-556 

response, 33 
reverberance (see Reverberation) 
shape, 493, 499 
size, 18, 493, 501 
spaciousness (see Spaciousness) 
stages, 541-545 
strength (see Strength) 
terminology, 577-580 
texture (see Texture) 
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Acoustical quality (continued) 
tonal distor!:ion 
tonal quality, (see Tonal quality) 
uniformity (see Uniformity) 
warmth (see Warmth) 

Acoustics 
and composers, 8-15 
and conductors, 3, 17,554-556 
and listeners, 15 
and organ, 7 
and performers, 5, 7 
and piano, 7 
and size, 31, 499, 510 
and violins, 7 

Acoustics, variable, 14, 504, 505, 552 
After-ring (see Reverberation) 
Ages of halls, 498 
Air absorption, 631, 632 
Alla Scala, 14, 17,355,606 
Altesresidenz Theatre, Munich, 9 
America, halls, 39-160 
Amsterdam 

Concer!:gebouw, 425, 494, 610 
Music Theater, 558 

Apparent source width, ASW, 519, 520 
Architectural terms, 575-577 
Areas in concer!: halls and opera houses 

definitions, 575, 576 
values ot 501, 626-630 

Argentina, halls, 161-164 
Aspen, Music Tent, 39, 585 
Athens, Megaron, 331, 605 
Attack,33 
Audience, absorption coefficients, 501, 640 
Audience seating 

areas, 501 
capacity, 511 
density, 501 
sound absorption, 502, 640 
spacing (see density above) 

Auditoria Nacionat Madrid, 449, 612 
Auditoriums (see Halls) 
Aula Magna, Caracus, 479, 613 
Australia, halls, 165-168 
Austria, halls, 169-184 
Avery Fisher Hall, 103, 590 

B 

Baden-Baden, Festspielhaus, 27'1, 602 
Background noise, 33 
Balance, defined, 32 

Balcony 
diffusion, 521 

SUBJECT INDEX 

overhangs, 545-548, 568-571 
Baltimore, Meyerhoff Symphony Hall, 43, 

585 
Barbican Hall, London, 233, 598 
Baroque music, 8 
Basel, Stadt-Casino, 461, 612 
Bass, 2, 30, 34, 502 
Bass Performance Hall, For!: Wor!:h, 85, 589 
Bass ratio, BR, 

in concer!: halls, 512, 517 
defined, 512, 579, 617 

Bastille, Opera, 263, 600 
Bayreuth, Festspielhaus, 15, 283, 602 
Beethovenhalle, Bonn, 301, 603 
Beethovensaat Stuttgar!:, 325, 604 
Belfast, Waterfront Hall, 343, 605 
Belgium, halls, 185-188 
Benaroya Hall, Seattle, 145, 592 
Benedict Music Tent, Aspen, 39, 585 
Berlin 

Deutscheoper, 558 
Kammermusiksaat 289,602 
Komischeoper, 558 
Konzer!:haus, 293, 602 
philharmonie,2, 16,297,500, 603 
Staatsoper, 3 

Binaural Quality Index, BQI 
in concer!: halls, 506-509 
definition, 29, 616, 578 
formulas for, 616 
in opera houses, 558-560 
preferred values, 536, 559 

Binyanei Ha'Oomah, 347, 605 
Birmingham, Symphony Halt 219, 504, 

598 
Blend,32 
Boettcher Concer!: Hall, Denver, 81, 589 
Bonn, Beethovenhalle, 301, 603 
Boston 

Jordan Hall, 13 
King's Chapel, 13 
Music Hall (old), 11 
Symphony Hall, 4, 5, 47, 492-494, 586 

Boxes, 568-570 
Brazil, halls, 189-192 
Bridgewater Hall, Manchester, 253, 600 
Brillance, 32, 533, 534 
Bunka Kaikan, Tokyo, 375, 607 
Brussels, Palais des Beaux-Arts, 185, 596 
Budapest 

Magyar Allami Operahaz, 335, 605 
Patria Hall, 339, 605 
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Buenos Aires, Teatro Colon, 15, 17, 161, 
558,593 

Buffalo, Kleinhans Hali, 51, 586 
Bunka Kaikan, Tokyo, 375, 607 

c 
Canop» 322, 538, 539 
Canada, halls, 193-200 
Caracas, Aula Magna, 479,613 
Cardiff, St. David's Hall, 485, 613 
Carnegie Hall, NY, 6, 17, 107, 591 
Carpets, absorption coefficients, 640 
Chairs (seats) 

absorption by, 502, 503, 640 
general, 501 

Chamber music halls, acoustics for, 22, 550-
552 

Charts (see Rating charts) 
Chicago Orchestra Hall, 2, 17,55,587 
China, halls, 201-210 
Christchurch, Town Hall, N.Z., 433, 501, 

611 
Civic Opera House, Chicago, 558 
Clarity (see Definition) 
Clarity factor, C 80 

defined, 525, 578, 616 
in halls, 526, 527, 558 
preferred values, 536, 538 

Classical music, 10 
Cleveland, Severance Hall, 2, 61, 587 
Coefficients of sound absorption, 639-640 
Composers 

of Baroque music, 8 
of Classical music, 10 
of European opera, 14 
interest in clarity, 26 
of Romantic music, 12 
of twentieth-century music, 13 

Composition related to acoustics, 8-15 
Concertgebouw 

Amsterdam, 425, 494, 610 
Rotterdam, 429, 611 

Conductors 
and acoustics, 3-7, 17, 554-556 
interviews, 2 
ratings of concert halls, 495, 496 
ratings of opera houses, 17, 554-556 

Conversion factors, 581 
Copenhagen, Radiohuset, 211, 597 
Costa Mesa, Segerstrom Hall, 67, 501, 587 
Covent Garden, London, 249, 600 

Critics 
and acoustics, 16, 495, 496 
reviews, 2 

Cubic volume 
of concert halls, 34, 514, 515, 619-623 
of opera houses, 558, 624-625 

Cultural Center 

D 

Hong Kong, 20l, 597 
Lucerne, 465, 552, 613 
Taipei, 475, 613 

Dai-ichi Seimei Hall, 381, 608 
Dallas, Meyerson Symphony Ctr., 75, 504, 

588 
Davies Symphony Hall, S. F., 137,589 
Dead halls, 497 
Decay of sound (see Reverberation), 
De Doelen Hall, Rotterdam, 429, 611 
Dedication dates of 100 halls, 585-613 
Definition (clarity) 

defined, 24-26, 525 
determined by, 26, 526 
horizontal, 25 
rating of, 525-527 
related to speed of music, 24 
vertical, 24, 26 

Definitions of symbols, 575-580 
Denmark, halls, 211-218 
Denver, Boettcher Hall, 81, 589 
Design procedures 

concert halls, 538-547 
opera houses, 564-573 

Deutscheoper, Berlin, 558 
Dewan Fi!. Petronas Hall, 417, 610 
Diffusion 

absorption by, 531 
balcony fronts, 521 
concert halls, 521-524 
early sound, 521, 528, 530, 531 
MLS type, 271, 272 
QRD type, 529-533 
rating method, visual, 523, 524 
reverberant sound, 521-524 
surface irregularities, 521-524, 529-533 

Digital acoustics, 14 
Dimensions of rooms 

defined, 23, 576, 577 
tabulated, 626-630 

Direct sound 
defined,23 
loudness of, 510 

aSS 
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Direct sound (continued) 
ratio to reverberant sound, 23 

Distinctness factor, 618 
Distortion, tonal, 572 
Dresden, Semperoper, 17,305,603 
Dry halls, 497 
Dynamic range of music, 2, 33, 34 

E 

Early decay time, EDT 
defined, 23, 577 
in halls, 505-507, 558 
preferred values, 536 

Early sound,23 
Eastman Theatre, Rochester, NY, 129,592 
Echo 

correction of, 534, 535 
defined, 2, 33, 35 
opera houses, 570-573 

Edinburgh, Usher Hall, 441, 612 
Electronic music, 14 
England, halls, 219-256 
Ensemble 

defined, 32, 34 
stage design, 541-545 

Equations, 615-618, 631-637 
Erkel Theater, Budapest, 558 
Essen Opera House, 558 
Evaluation methods 

interviews, 494 
questionnaires, 17, 494, 554, 556 

Envelopment of listeners, LEV, 524-526 

F 

Festspielhaus 
Baden-Baden, 277, 602 
Bayreuth, 15, 283, 602 
Salzburg, 169,594 

Finland, halls, 257-261 
Formulas, acoustical, 615-618, 631-637 
Fort Worth, 85, 589 
France, halls, 263-275 
Fullness of tone (see Reverberation) 

G 

Garnier, Opera, 15, 267, 491, 601 
Germany, halls, 277-329 
Gewandhaus, Leipzig, 309, 492, 604 
Glare, acoustic, 31, 521 
Glare, reduction, 528 . 
Glasgow, Royal Concert Hall, 445, 501, 612 
Glyndebourne Opera House, 225, 598 

SUBJECT INDEX 

Gothenberg, Konserthus, 457,612 
Greece, halls, 331-334 
Grosser Musikvereinssaal, 173,494, 594 
Grosser Tonhallesaal, 471, 613 

H 

Halls (see also Acoustical quality) 
appearance, 3 
balconies, 545-548, 568-571 
chamber music, 550-552 
data, acoustical, tabulated, 639-640 
design procedures 

concert halls, 538-547 
opera houses, 564-572 

tlgood," 2 
materials for, (see Materials) 
multipurpose, 549, 550, 552 
pits for, 564-568 
ranking, quality 

concert halls, 494, 496 
opera houses, 554-556 

seating capacity, 619-625 
shapes of, 499-500 
stages for, 541-545 
volume (cubic), 538-541 

Hamarikyu Asahi Hall, 385, 608 
Hamburg, Staatsoper, 558 
Hanover Square Room, London, 11 
Herkulessalle, Munich, 315,604 
Holywell Music Room, Oxford, 11 
Hong Kong Cultural Ctr" 201, 597 
Horizontal definition, 25 
Humidity, air absorption, 632 
HungalY, halls, 335-342 

I 

LACC, (see Interaural cross-correlation 
coefficient) 

Initial-time-delay gap, ITDG 
in concert halls, 28, 513, 516, 518 
defined, 27, 28, 513, 579 
in opera houses, 561, 624, 625 
optimum range, 28, 518, 519, 536, 561 
related to intimacy, 28, 513 
related to architectural factors, 28, 513 

Interaural cross-correlation coefficient, LACC 
in concert halls, 506-510 
defined, 508, 578, 615, 616 
in opera houses, 558 

Interviews 
critics, 2, 494 
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musicians, 2, 494 
technique, 2, 494 

Intimacy, acoustical 
concer!: halls, 28, 513 
deHned,27,513,579 
opera houses, 558, 561 
related to ITDG, 28, 513, 561 
related to shape, 28, 516, 518, 519 

Ireland, halls, 343-346 
Irregularities, surface, 521-524, 529-533 
Israel, halls, 347-354 
Italy, halls, 355-362 

J 
Japan, halls, 363-415 
Jerusalem, Binyanei Ha'Oomah, 347,605 
J. F. Kennedy halls, Washington 

Concer!: Hall, 149, 592 
Opera House, 153, 592 

K 

Kammermusiksaal, Berlin, 289, 602 
Kimmel Center, Philadelphia, 123, 505, 591 
King's Chapel, Boston, 13 
Kitara Hall, Sapporo, 371, 607 
Kleinhans Hall, Buffalo, 51, 586 
Komischeoper, 558 
Koncer!:hus, Odense, 215, 598 
Konser!:hus, Gothenburg, 457,612 
Konzer!:haus, Berlin, 293, 602 
Konzer!:haus, Vienna, 177, 595 
Koussevitzl~y Music Shed, Lenox, 93, 499, 

590 
Kyoto, Concer!: Hall, 363, 607 
Kuala Lumpur, 417,610 

L 

La Scala, Milan, 14, 17,355,606 
Lahti, Sibelius/talo, 257, 505, 600 
Lateral fraction, LF 

in concer!: halls, 519-521 
deHned, 519 

Lateral reflections, 29, 508 
Leipzig 

Altes Gewandhaus, 11 
"Neues" Gewandhaus, 11,492 
Gewandhaus, 309, 604 
Thomaskirche, 9 

Lenox, MA 
Seiji Ozawa Hall, 89, 589 
Tanglewood Music Shed, 93, 499, 590 

Liederhalle, Stuttgar!:, 325, 604 

Listeners and acoustics, 15 
Listener envelopment, LEV, 30, 524-526 
Live halls, 497 
Liveness (see Reverberation) 
Liverpool, Philharmonic Hall, 229, 598 
London 

Barbican Concer!: Hall, 233, 598 
Hanover Square Room, 11 
Royal Alber!: Hall, 237, 599 
Royal Festival Hall, 245, 599 
Royal Opera House, 15,249,600 
St. Paul's Cathedral, 8 

Loudness 
bass, 501, 502 
concer!: halls, 31, 509-512 
defined, 30, 579, 617 
dynamic range, 2 
factors affecting, 34, 500, 510 
opera houses, 559 
optimum hall size, 34 
related to strength of sound, G, 2, 30, 

500,509-512,559 
related to reverberation time and cubic vol­

ume, 31, 501, 510 
related to spaciousness, 500, 510 

Low-frequency sound, Glow, 512, 513, 517 
Lucerne Concer!: Hall, 465, 504, 552, 613 

M 

Madrid, Auditorio Nacional, 449,612 
Magyar Mami Operhaz, Hungary, 335, 605 
Malaysia, halls, 417-420 
Manchester, Bridgewater Hall, 253, 600 
Mann Auditorium, Tel Aviv, 351, 606 
Materials 

effect on bass, 502 
effect on high frequencies, 534 
effect on loudness, 510 
sound absorption coefficients, 539, 540 

McDermott Hall, Dallas, 75,504,588 
Measurements, acoustical, 503, 526, 556, 

557 
Mechanics Hall, Worcester, MA, 157, 593 
Megaron Hall, Athens, 331, 605 
Metropolitan Art: Space, Tokyo, 389, 608 
Metropolitan Opera House, NY, 113, 591 
Mexico, halls, 421-424 
Mexico City, Nezahualcoyotl, 421, 610 
Meyerhoff Hall, Baltimore, 43,585 
Meyerson Center, Dallas, 75, 504, 588 
Milan, Teatro alla Scala, 14, 17, 355, 606 
Minnesota Orchestra Hall, 99, 590 

657 
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MLS diffusers, 271, 272 
Modern music (twentieth cenlury), 13 
Montreal, wilfrid-Pelletier, 193, 596 
Multipurpose halls, 549, 550, 552 
Munich 

Altesresidenz Theatre, 9 
Herkulessalle, 315, 604 
philharmonie Hali, Gasteig, 319, 604 
Staatsoper, 15 

Music 
Classical style, 10 
Modern style, 13 
opera, European, 14 
opera, Wagnerian, 15 
opera, performance statistics, 556 
Romantic style, 12 
twentieth-century, 13 

Music critics 
reviews, 16, 20 
interviews, 2, 494 
questionnaires, 494 

Music Theater, Amsterdam, 558 
Musical quality (see Acoustical quality) 
Musibvereinssaal, Vienna, 173, 494, 594 

N 

Naples, San Carlo, 15,359,606 
Natural modes of vibration, 27 
Netherlands, halls, 425-432 
New Yorl~ 

Avery Fisher Hall, 103, 590 
Carnegie Hall, 6, 107, 591 
Metropolitan Opera House, 113, 591 

New Zealand, halls, 433-436 
N ezahualcoyotl, Mexico City, 421, 610 
Nielsen Hall, Odense, 215, 598 
Nissei Theater, Tobyo, 558 
Noise 

dynamic range, 2 
permissible levels, 33, 534 
sources, 33, 534 

Norway, halls, 437-440 
NHK Hall, Tobyo, 17,399,609 
NNT Opera House, Tokyo, 393, 609 

o 
Odense Koncerthus, 215, 598 
Olavshallen, Trondheim, 437,611 
Opera houses 

Baroque style, 14 
BQIs, 559, 560 
balconies, 568, 579, 571 

boxes, 568-570 
European, 14 

SUBJECT INDEX 

ITDGs, 28, 561, 624, 625 
loudness, 30, 562-564 
non-Wagnerian, 14, 564-567 
pits, 564-568 
ratings by conductors, 17, 554-556 
reverberation times for, 14, 17, 558, 562 
Romantic style, 15 
sizes (seat counts), 18, 626-630 
styles, choice of, 559 
volumes (cubic), 624, 625 
Wagnerian, 15,565-568 

Opening dates for halls, 585-613 
Opera Bastille, 263, 600 
Opera Garnier, 15, 267, 491, 601 
Opera performances, statistics, 556 
Orange County Performing Arts Center, 67, 

587 
Orchard Hall, Tokyo, 403,609 
Orchestra (pit) areas, 626-630 
Orchestra (stage) areas, 501, 626-630 
Orchestra Hall, Chicago, 2, 17,55,587 
Orchestra Hall, Minneapolis, 99, 590 
Oregon Symphony, 5 
Organ, pipe 

absorption, 640 
location, 493 
reverberation times for, 8, 26 

Orthogonality of measures, 528, 529 
Osaba, Symphony Hall, 367, 607 
Overhangs, balcony, 545-547, 568-571 
Oxford, Holywell Music Room, 11 
Ozawa Hall, Lenox, 89, 589 

P 

Palais des Beaux-Arts, Brussels, 185, 596 
Palau, Musica, Valencia, 453,612 
Panels 

ceiling, 499 
sidewall, 502 

Paris 
Les Invalides, 12 
Opera Bastille, 263, 600 
Opera Garnier, 15, 267, 491, 601 
Salle pleyel271, 601 

Patria Hall, Budapest, 339, 605 
Performers, ability to hear each other, 580 
Petronas, Kuala Lumpur, 417, 610 
Philadelphia 

Academy of Music, 2-5, 15, 119, 591 
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Verizon Hall in Kimmel Ctr., 123,505, 
591 

Philhannonic Hall 
Berlin, 3, 297, 500, 603 
Liverpool, 229, 598 
Munich, 319,604 
New York, lO3 

Piano and acoustics, 7 
Pits, 564-568 
Plaster 

effect on bass, 502 
sound absorption of, 639 

Pleyel, Salle, Paris, 271, 601 
Presence, 27 

Q 
Quality (see Acoustical quality) 
QRD diffusers, 529-533 
Questionnaires, 17 

R 

Radiohuset, Studio One, Copenhagen, 211, 
597 

Range, dynamic, of music, 2, 33, 34 
Ranking of 

concert halls, 495, 496 
opera houses, 554-556 

Rating charts 
bass ratio, BR, 512, 513, 517, 617 
binaural quality index, BQI, 506-510, 

558-560,616,578 
clarity (definition) Cso, 525-527, 558, 

616,578 
early decay time, EDT, 505-507, 558, 

577 
envelopment, LEV, 524-526 
intimacy, ITDG, 513, 519, 558, 561 
reverberberation time, RT, 503-505, 558, 

631 
spaciousness, LEV, 524-526 
strength of sound, GmldJ 512, 514, 516, 

558,579,617 
strength of sound, low, Glow' G125, 563, 

617 
wannth, BR, 512, 513, 517, 579 

Redoutensaal, Vienna, 11 
Reflections, 20-23 
Reflection patterns 

defined,20, 516, 518 
examples, 28, 518, 566 

Resonance, 27 
Response, 33 

Reverberation 
clarity, 525, 526 
defined, 20, 578 
diffusion, SDI, 521-524 
early, 23 
fullness of tone, 21 
liveness,29 

Reverberation times 
affected by cubic volume, 541, 631 
affected by seating area, 541, 631 
affected by materials, 502, 631, 639, 640 
for average symphonic music, 2, 495, 504 
for Baroque music, 9 
calculation of, 492, 631-634 
change with age, 498 
for Classical music, 10, 11 
in concert halls, 2, 497, 504, 624, 625 
defined,20 
fonnulas for, 631-634 
at high frequencies, 32 
at low frequencies, 30, 34, 502, 512, 513, 

517 
measuring techniques, 503, 556, 557 
measured in halls, 504, 585-613, 619-

623 
at mid-frequencies, 29 
in opera houses, 26, 558, 562, 624-625 
for organ, 8, 26 
preferred values 

chamber music halls, 536 
concert halls, 536 
opera houses, 536, 562 
rehearsal spaces, 535 

for rehearsals, 2 
for Romanic music, 12 
from stop chords, 503 
in Thomashlrche, 9 
for Wagnerian music, 15 

Rochester, Eastman Theatre, 129,592 
Romantic music, 12 
Rotterdam, De Doelen Concert Hall, 429, 

611 
Royal Albert Hall, London, 237, 599 
Royal Concert Hall, Glasgow, 445, 501, 612 
Royal Festival Hall, London, 245, 600 
Royal Opera House, London, 15,249,600 
Roy Thompson Hall, Toronto, 197, 597 

s 
Sabine equations, 631-634 
San Carlo, Naples, 15, 23, 359, 606 
St. David's Hall, Cardiff, 485,613 
St. Paul's Cathedral, London, 8 

659 
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Sala Nezahualcoyotl, 421,610 
Sala Siio Paulo, BrazJ, 189, 596 
Salle Pleyel, Paris, 271, 601 
Salle Wilfrid-Pelletier, 193, 596 
Salt Lake, Symphony Hall, 133, 592 
Salzburg, Festspielhaus, 169,594 
San Carlo, Naples, 15,359, 606 
San Francisco 

Davies Hall, 137, 589 
War Memorial Opera House, 141,592 

Siio Paulo, Sala, 189, 596 
Scala, La, MJan, 355, 606 
Schauspielhaus (Konzerthaus), Berlin, 293, 

602 
Scotland, halls, 441-448 
Seat absorption coefficients, 640 
Seating 

areas in 100 halls, 626-630 
density, 501 
sound absorption, 493, 502, 640 

Seattle 
Benaroya, 145, 592 
opera house, 558 

Segerstrom Hall, Costa Mesa, 67, 501, 587 
Seiji Ozawa Hall, Lenox, 89, 589 
Semperoper, Dresden, 305, 603 
Sending end of halls, 501, 541-545 
Severance Hall, Cleveland, 2, 61, 587 
Shanghai, Grand Theatre, 207, 597 
Shapes of halls 

fan-shaped, 28, 499, 513 
shoebox, 28, 29, 493-495, 499 

Shed, Tanglewood, 93, 590 
Shell, orchestra, 541-545 
Sibelius/talo, Lahti, 257, 505, 600 
Size and acoustics, 31 
Sound (see also Acoustical quality) 

absorption by air, 631, 632 
absorption by audiences, 501, 640 
absorption coefficients, 639, 640 
absorption by seats, 502, 640 
decay, 22, 495, 504 
direct, 23 
early, 23 
measurements, 556-557 
speed of, 24 
systems, 499 

Spaciousness, LEV, 30 
Spain, halls, 449-456 
Speed of music, 24 , 
Speed of sound, 1128 ft/s (344 vJs) 
Staatsoper, Munich, 15 
Staatsoper, Vienna, 15, 181, 596 

SUBJECT INDEX 

Staatsoper, Berlin, 3 
Stadt-Casino, Basel, 461, 612 
Stages, concert halls, 541-545 

areas of, So, 501, 626-630 
canopies, 538, 539 
dimensions of, 544, 545 
materials, 503 
with stage houses, 542 
without stage houses, 543 

Stage support factor, STI, 536, 538, 539 
Strength of sound, G 

in concert halls, 500, 514, 515 
definition, 30, 617, 618 
in opera houses, 558, 562-564 
preferred values, 536 

Stuttgart, Liederhalle, 325, 604 
Subjective judgments 

acoustical quality, 494 
interviews, 494 
questionnaires, 494, 554-556 
"superior halls," 494 

Suntory Hall, Tokyo, 407, 609 
Support factor, STl, 536, 538, 539, 617 
Sussex, Glyndebourne, 225, 598 
Sydney Opera House Concert Hall, 165,593 
Symphony Hall (see Baltimore, Birmingham, 

Boston, Osaka, Salt Lake City) 
Sweden, halls, 457-460 
Switzerland, halls, 461-474 

T 

Tables of acoustical data 
all halls, 585-6l3 
concert halls, 619-623 
opera houses, 558, 624-625 

Tables of physical data, 626-630 
Taiwan, halls, 475-478 
Taipei, Concert Hall, 475, 613 
Tanglewood Music Shed, Lenox, 93, 499, 

590 
1anglewood Seiji Ozawa Hall, Lenox, 89, 

589 
Teatro alIa Scala, MJan, 14, 355, 606 
Teatro di San Carlo, Naples, 359, 606 
Teatro Col6n, Buenos Aires, 15, 161,558, 

593 
Tel Aviv, Mann Auditorium, 351, 606 
Terminology, 19-34, 575-580 
Texture, acoustical 

concert halls, 2, 518, 527, 528 
defined, 33, 34 
opera houses, 564, 566 
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Thomaskirche, Leipzig, 9 
Timbre, 31, 34 
Tokyo 

Bunl.a Kaikan, 375, 607 
Dai-Ichi Seimei, 381, 608 
Hamarikyu Asahi, 385, 608 
Metropolitan Art Space, 389, 608 
NNT Opera House, 15,393,609 
NHK, 399, 609 
Orchard, 403, 609 
Suntory, 407, 609 
TOC Concert Hall, 411,610 

Tonal distortion, 570-572 
Tone color, 31 
Tonhallesaal, Zurich, 471, 613 
Toronto, Roy Thompson Hall, 197, 595 
Town Hall, Christchurch, NoZo, 433, 611 
Trondheim, Olavshallen, 437,611 
Tuning of halls, 549 
Twentieth-century music, 13 

U 

Uniformity of sound 
in hall, 35, 511 
in boxes, 568-570 
under balcony overhangs, 545-548, 568, 

569, 571 
United States, halls, 39-160 
Usher Hall, Edinburgh, 441, 612 

v 
Valencia, Palau Musica, 453,612 
Variable acoustics, 11, 504, 552 
Venezuela, halls, 479-484 
Ventilation systems, noise of, 33, 34 
Verizon Hall, Philadelphia, 123, 505, 591 
Vertical definition, 24, 26 

Vienna 
Konzerthaus, Vienna, 177,595 
Musikvereinssaal, 173, 494, 594 
Redoutensaal, 11 
Staatsoper, 15, 181, 596 

Violin and acoustics, 7 

w 
Wagner, 15 
Wales, halls, 485-489 
War Memorial Opera House, San Francisco, 

141,592 
Warmth 

bass ratio, BR, 512, 513, 517 
defined, 30, 512, 617 
bass strength, Glow, G125 , 513, 517, 562, 

563 
related to materials, 30, 502, 639, 640 
related to reverberation times, BR, 512, 

513,517 
Washington, DoC 0 

JoF.K. Concert Hall, 149,592 
JoF.K. Opera House, 153, 592 

Waterfront Hall, Belfast, 343, 605 
Width of hall, 493 
Wilfrid-Pelletier Salle, Montreal, 193, 596 
Wood 

effect on bass, 30, 502, 503 
sound absorption by, 639 

Worcester, Mechanics Hall, 157, 593 

y 

Years in which the 100 halls were dedicated, 
585-613 

Z 

Zurich, Grosser Tonhallesaal, 471, 613 
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