
P1: OTA/XYZ P2: ABC
ind JWBT181-Cavanaugh September 16, 2009 22:1 Printer Name: Sheridan Books

Index

A
Abbreviations, App. A, 295–296
Acoustical analysis, systems approach, 2, 84–85
Acoustical concepts, 2–34. See also Room acoustic qualities

cavity absorption in double constructions, 16–17
ceiling attenuation class, 21
combining decibels, 10–11
composite constructions, 17–18
decibel scale, 6–7
direct structure-borne sound, control of, 22
double walls, 16
field sound transmission class, 21
flanking paths, 18–19
frequency, 3–5
frequency bands, 4, 5
frequency-weighted sound levels, 7–8
impact insulation class, 22–23
isolation of equipment, 23, 24
magnitude of sound, 5–6
noise isolation class, 21–22
noise reduction coefficient, 13
outdoor vs. indoor sound, 11–12
overview, 1–2
reverberation, indoor, 14
single homogeneous walls, 16
sound-absorbing materials, 12–13
sound and sound control, 2–3
sound leaks, 18
sound level change, relative, 11
sound level reduction, indoor, 13–14
sound transmission between rooms, 14–15
sound transmission class, 20–21
sound transmission loss, 15

field measurement of airborne, 21
laboratory measurement of airborne, 19–20

time-varying sound levels, 8–10
wavelength, 4–5

Acoustical consultant, selection of, App. C, 303–304
Acoustical design, see Design, Places for Listening
Acoustical insulation, 41
Acoustical louver, noise control methods, 114
Acoustical masonry units (AMUs), properties of, 50–51
Acoustical materials:

case studies:
Berklee College of Music, 79–81

Boston waterfront development under a flight path,
75–78

Duke University Chapel, 71–74
design and research innovations, 233–236
types of, 50–54
performance tables, 58–69

airborne sound isolation performance data, 62–66
impact and airborne sound isolation performance data,

67–69
sound absorption data for general building materials, 59
sound absorption data for acoustical materials, 60–61

Acoustical modeling, 210, 231–233
aural simulation, 233
computer modeling techniques, 232–233
computer modeling tests, 264–271
expert systems, 233
loudspeakers, 180
noise control methods, HVAC systems, 117–119
physical modeling techniques, 232
psychoacoustic models, 218–219
studies in, 231–232

Acoustical privacy, 101–107
closed-plan spaces, 101–103
open-plan spaces, 101, 104–107
speech privacy index, 236

Acoustical societies, listing of, App. B, 297–301
Acoustical Society of America, 38, 39
Acoustical thermometer, magnitude of sound, 6
Acoustic warmth, research on, 213
Active noise control systems, design and research innovations,

236
Adjustment tests, in laboratory evaluations, 223
Agganis Arena and Boston University Fitness and Recreation

Center (Boston, Massachusetts), 194–196
AIA (American Institute of Architects), 284
Airborne sound attenuation, 41–43
Airborne sound isolation performance data, performance tables,

62–66
Airflow, noise control methods, HVAC systems, 112, 116–117
Airfoil blade fans, 112
Air springs, acoustical properties of, 54
Alameda County California Waste Management Authority,

276
Ambience, concert hall design, 138
Ambient noise level, 215
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American Institute of Architects (AIA), 284
American National Standards Institute (ANSI):

background sound levels, design criteria, 26
classroom acoustics, 39
noise control criteria, 85–86, 93–96
school acoustics, 158
standards, 31
sustainable design, 281

American Society for Testing and Materials (ASTM):
ceiling attenuation class, 21
field sound transmission class, 21
impact insulation class, 22
noise control criteria, 85, 98
noise isolation class, 21–22
sound-absorbing materials, 12
sound absorption, 46
sound transmission loss, 19
standards of, 31

American Society of Heating, Refrigerating and Air
Conditioning Engineers (ASHRAE):

design and innovations, 238
noise control criteria, 85, 109–111, 113, 117, 118

American Society of Hospital Engineers (ASHE), 284
Amphitheater design:

acoustical considerations, 134–135
case studies:

Hollywood Bowl stage redesign, 169–174
Jay Pritzker Music Pavilion, 206–207

AMUs (acoustical masonry units), properties of, 50–51
Annoyance, room acoustic qualities, 218–219
ANSI, see American National Standards Institute
Apparent source width (ASW):

concert hall design, 139
lateral reflections, 216

Architectural acoustics timeline, 38–39
Architectural features, effects of, room acoustic qualities,

230–231
ASHE (American Society of Hospital Engineers), 284
ASHRAE, see American Society of Heating, Refrigerating and

Air Conditioning Engineers
Assisted resonance, 143
Assistive listening systems, sound systems, 191
ASTM, see American Society for Testing and Materials
ASW, see Apparent source width
Athletic facilities, see Sports facilities
Attenuation, see Sound attenuation
Audio Engineering Society, 39
Auditoriums:

design criteria, 28–30
multipurpose, 148
panel array, 141
sound systems, 188

Auditory spaciousness, research on, 217
Aural simulation, acoustical modeling, 210, 233
Ave Maria University Oratory (Florida), 197–198

B
Background sound levels:

design criteria, 24–27
reflection thresholds, 215

Backward-inclined fans, 112

Balanced noise criteria curve (NCB):
design criteria, 26
and 4-band SIL method, 94

Ballrooms, sound systems for, 189
Banquet halls, sound systems for, 189
Barriers, see Noise barriers
Bass Performance Hall (Fort Worth, Texas), 253–255
Bass Ratio (BR):

based on early decay time, room acoustic qualities
measurement, 229

concert halls, 139, 140
Batts, fibrous, acoustical properties of, 52
BBN, see Bolt Beranek and Newman, Inc.
Bell Telephone Laboratories, 38
Beranek, Leo, 39, 133, 136, 137, 139, 140
Berklee College of Music, 79–81
Binaural dissimilarity, research on, 216
Binaural quality index (BQI), 139, 216
Blankets, fibrous, acoustical properties of, 52
Board, fibrous, acoustical properties of, 52
BOCA (Building Officials and Code Administrators

International), 86
Boettcher Concert Hall (Denver, Colorado), 142
Bolt Beranek and Newman, Inc. (BBN), 39, 141
Boston Music Hall, 140
Boston Symphony Hall, 38, 140, 211
Boston waterfront development under a flight path, 75–78
Boxed centrifugal fans, 112
BQI, see Binaural quality index
BR, see Bass Ratio
BREEAM (Building Research Establishment Environmental

Assessment Method), 276
Brick, acoustical properties, 47
Building exterior envelope design, noise control methods, 86–91
Building floor/ceiling design, noise control methods, 98–99
Building materials and systems, sustainable design, 278–281
Building noise control, see Noise control
Building Officials and Code Administrators International

(BOCA), 86
Building partition design:

and flanking paths, 18
moveable partitions, 281
noise control methods, 97–98
for sustainable projects, 277

Building Research Establishment Environmental Assessment
Method (BREEAM), 276

C
CAC, see Ceiling attenuation class, acoustical concepts
California, green building initiatives in, 276
Carpeting:

acoustical properties of, 47
low-VOC, 279

Cathedral design, 151–152
Cavity absorption, in double constructions, acoustical concepts,

16–17
Ceiling attenuation class (CAC), acoustical concepts, 18, 21
Ceiling design:

common ceiling plenum:
airborne sound isolation ranges for rooms with, 69
flanking, 19, 43
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flanking paths:
acoustical concepts, 18–19
continuous ceiling plenums, 21, 43

noise control methods, 98–99
reflections from, 213–214

Cellulose fiber, acoustical properties of, 51
Central loudspeaker cluster sound systems, 178
Ceramic tile, acoustical properties, 47
Channels, resilient, acoustical properties of, 56
Charles Salter Associates Tenant Improvement Office (San

Francisco, California), 291–293
Choir-organ arrangement, worship spaces design, 154–155
CHPS (Collaborative for High-Performance Schools), 284
Christchurch Town Hall (New Zealand), 142
Churches, see Worship spaces
Classrooms:

design criteria, 28–30
for distance learning, 158
music, 157

Clips, resilient, acoustical properties of, 56
Closed-plan spaces, acoustical privacy, 101–103
CMUs (concrete masonry units), acoustical properties, 47–48
CNEL (community noise exposure level), health and, 274
Code organizations, noise control, 86
Collaborative for High-Performance Schools (CHPS), 284
Coloration, conference room design, 147
Column array loudspeakers, 183–184
Combined decibels, acoustical concepts, 10–11
Common ceiling plenum:

airborne sound isolation ranges for rooms with, 69
flanking, 19, 43

Common corridors, as flanking path, 43
Community noise exposure level (CNEL), health and, 274
Composite constructions, acoustical concepts, 17–18
Computer modeling techniques:

case study, 264–271
research using, 232–233

Concertgebouw (Amsterdam), 211
Concert halls, 136–144

case studies:
The Esplanade Concert Hall, Theaters on the Bay,

255–256
Evangeline Atwood Concert Hall, Alaska Center for the

Performing Arts, 249–252
Jay Pritzker Music Pavilion, 206–207
Katherine M. Elfers Concert Hall, Esther Eastman Music

Center, 165–166
McDermott Concert Hall, Morton H. Meyerson

Symphony Center, 245–248
Segerstrom Hall, Orange County Performing Arts Center,

242–244
Tokyo Opera City Concert Hall, Takemitsu Memorial,

257–259
Walt Disney Concert Hall, 260–263

design innovation, 211
electronic concert hall, 143–144
in-the-round, 142
multipurpose, 143
partially enclosed, 142–143
shoebox approach, 140
subjective attributes and objective measures, 137–140

Concrete, acoustical properties, 47
Concrete masonry units (CMUs), acoustical properties, 47–48
Condenser microphones, 181
Conference rooms:

design criteria for, 28–30
design of, 157
sound systems, 188

Continuous ceiling plenums, as flanking path, 43
Continuous floors, as flanking path, 43
Continuous roof decks, as flanking path, 43
Convention centers, sound systems, 189
Conversion factors, App. A, 295–296
Cork underlayment, 278–279
Corporate worship configurations, 152–153
Cross-linked polyethylene (PEX) supply piping, 279–280
Crossovers, signal processing equipment, 185–186
Crossover point, 185
Crosstalk, duct-borne, 43
Cultural events:

design for, 156
sports facility design, 155–156

Curtains, acoustical properties of, 51
Curtain-wall systems, as flanking path, 43

D
Daylighting, in sustainable design, 277
Day-night average sound level (DNL), noise control criteria,

90
Day-night equivalent sound level, 10
Decibels:

combined, acoustical concepts, 10–11
defined, 6

Decibel scale, acoustical concepts, 6–7
Deck:

acoustical, properties of, 50
steel, acoustical properties of, 49
wood, acoustical properties of, 49

Design criteria, architectural acoustics applications,
high noise level areas, 27–28
listening and performance rooms, 28–30
mechanical systems, 28
sound isolation between dwelling units, 28–30

Design, places for listening, 133–174
acoustic transition from outside to inside, 133–134
case studies:

Fogg Art Museum Lecture Hall, 33–38
Hitchcock Presbyterian Church, 164
Hollywood Bowl stage redesign, 169–174
Holy Cross Church, 160–161
Katherine M. Elfers Concert Hall, Esther Eastman Music

Center, 165–166
Mitchell Hall, University of Delaware, 162–163
Ozawa Hall, Tanglewood Music Center, 167–168

concert halls, 136–144
electronic, 143–144
in-the-round, 142
multipurpose, 143
partially enclosed, 142–143
shoebox approach, 140
subjective attributes and objective measures, 137–140

conference rooms, 157
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Design, places for listening (cont’d)
criteria for, 23–30

background sound levels, 24–27
rooms for listening, 28-30

cultural events, 156
historical perspective, 133
home listening rooms, 157–158
innovations in, see Design and research innovations
lecture rooms, 158
motion picture theaters, 149–151
movable stage enclosures, 149
music buildings, 156–157
opera houses, 145–146
outdoor amphitheaters, 134–135
recital halls, 144–145
reverberation goals, 135–136
sports facilities, 155–156
theaters, 147
worship spaces, 151–155

Design and research innovations, 209–271
acoustical modeling, 231–233

aural simulation, 233
computer modeling techniques, 232–233
expert systems, 233
physical modeling techniques, 232
studies in, 231–232

active noise control systems, 236
case studies, 241

Bass Performance Hall, 253–255
computer model tests, 264–271
The Esplanade Concert Hall, Theaters on the Bay,

255–256
Evangeline Atwood Concert Hall, 249–252
McDermott Concert Hall, 245–248
Segerstrom Hall, Orange County Performing Arts Center,

242–244
Tokyo Opera City Concert Hall, Takemitsu Memorial,

257–259
Walt Disney Concert Hall, 260–263

impact noise, 237–238
mechanical systems and health and energy issues, 238
overview, 209–211
plumbing system noise control, 237
room acoustic qualities, 211–231

architectural feature effects measurement, 230–231
existing rooms measurement, 230
general, 211–212
impulse response, 224–228
measurement systems, 223–224
measures derived from impulse response, 227–230
research summary, 212–218
sound perception issues, 218–219
sound quality assessment methods, 219–223
summary table, 231

sound-diffusing materials, 233–236
sound isolation testing, 236–237

Diffusers, noise control methods, 116–117
Diffusion, research on, 217
Digital delays, signal processing equipment, 186
Digital signal processors (DSPs), 185–186

DIL (dynamic insertion loss), 112–115. See also Noise control
methods

Directed-energy halls, 140
Direction:

for music sound systems, 177
perception of, 214
for speech sound systems, 176

Direct-radiator loudspeakers, 181–182
Direct sound, 214
Direct structure-borne sound, control of, acoustical concepts,

22
Discrete reflections control, sound absorption, 46
Distributed loudspeaker systems, 179
Distribution amplifiers, signal processing equipment, 186
DNL (day-night average sound level), noise control criteria, 90
Dolby Laboratories, 150
Doors, acoustical, properties of, 54
Door slams, 83
Double constructions, cavity absorption in, acoustical concepts,

16–17
Double-envelope halls, 141, 144, 145, 148
Double-sloped decays, 212–213
Double walls, sound transmission loss, acoustical concepts, 16
Dougherty Valley High School (San Ramon, California),

289–290
Dry recording, 233
DSPs (digital signal processors), 185–186
Dual-mono split loudspeaker system, 178
Duct attenuation, sound attenuation, 44
Duct-borne crosstalk, 43
Duct insulation, in sustainable design, 278
Duct lining:

acoustical properties of, 51–52
noise control, 112–113

Duct silencers:
acoustical properties of, 54–55
design and research innovations, 238
noise control methods, 112–116

Duke University Chapel, 71–74
Dwelling units, sound isolation between, design criteria,

28–30
Dynamic insertion loss (DIL), 112–115. See also Noise control

methods
Dynamic microphones, 181

E
Ear, frequency-weighted sound levels, 7–8
Early decay time (EDT):

research on, 212
room acoustic qualities measurement, 228

bass ratio based on, 229
treble ratio based on, 229

Early interaural cross-correlation coefficient, room acoustic
qualities measurement, 229

Early-late ratios:
concert hall design, 138–139
room acoustic qualities measurement, 228

Early sound reflections, 214, 215
EDT, see Early decay time
Elastomers, acoustical properties of, 55



P1: OTA/XYZ P2: ABC
ind JWBT181-Cavanaugh September 16, 2009 22:1 Printer Name: Sheridan Books

INDEX 321

Electrical systems:
isolation of equipment, acoustical concepts, 23, 24
sustainable design, 280

Electroacoustic equipment, sound systems, 181–184
loudspeakers, 181–184
microphones, 181

Electroacoustic systems, noise control design, 87, 107
Electronic acoustic enhancement, sound systems, 191
Electronic concert hall design, 143–144
Electronic equipment, sound systems, 184–186

mixers, mixing consoles, and preamplifiers, 184
new wiring/signal transmission methods, 186
power amplifiers, 186
signal-processing equipment, 185–186
sound control, 184–185

Energy-efficient mechanical systems/equipment, 280
Energy equivalent sound level, 8, 10
Energy issues, mechanical systems noise control, 238
Energy-time curve (ETC), concert hall design, 137–138
Entertainment facilities, sound systems, 190
EPA, see U.S. Environmental Protection Agency
Equalizers, signal processing equipment, 185
The Esplanade Concert Hall, Theaters on the Bay (Singapore),

255–256
Estidama (Sustainable Buildings Program for the Emirate of

Abu Dhabi), 276
ETC (energy-time curve), concert hall design, 137–138
Evangelical churches, 153–154
Evangeline Atwood Concert Hall, Alaska Center for the

Performing Arts (Anchorage, Alaska), 249–252
Exhibition halls, sound systems, 189
Expert systems, acoustical modeling, 233
Exterior noise:

in green healthcare facility design, 284
noise control design, 86–91

categorization of non-facility-produced noise, 89–91
overview, 87–89

F
FAA, see Federal Aviation Administration
Fabrics, acoustical properties of, 51
Facility Guidelines Institute (FGI), 83, 90, 284
Fans, noise control methods, 111–112
Federal Aviation Administration (FAA), 10, 89
Federal government, green building initiatives of,

276–277
Federal Highway Administration (FHWA), 10, 89
Federal Housing Administration (FHA), 28–30
Feedback suppressors, signal-processing equipment, 185
Festpielhaus (Bayreuth), 147
FGI, see Facility Guidelines Institute
FHA (Federal Housing Administration), 28–30
FHWA, see Federal Highway Administration
Fiberglass:

acoustical properties of, 52
noise control, 238

Fibrous batts and blankets, acoustical properties of, 52
Fibrous board, acoustical properties of, 52
Fibrous plank, acoustical properties of, 52
Fibrous spray, acoustical properties of, 52–53

Field impact insulation class rating measurements,
condominium floor/ceiling construction case study,
123–124

Field sound transmission class (FSTC), acoustical concepts,
21

Finish flooring, sustainable design, 279
500 Atlantic Avenue hotel/condominium building vibration

isolation, 126–131
Flanking paths:

acoustical concepts, 18–19
airborne sound attenuation, 42
sound attenuation, 43

Fletcher, Harvey, 38
Flexible connections, acoustical properties of, 55–56
Floating floors, acoustical properties of, 56
Floor design:

continuous floors, 43
floating floors, acoustical properties of, 56
noise control methods, 98–99
raised floor systems, 43

Flooring materials, sustainable design, 278–279
Foam, acoustical, properties of, 50
Fogg Art Museum Lecture Hall (Harvard University),

33–38
Footfall:

impact isolation, 28
definition and examples, 83-84

Forward-curved fans, 112
4-band speech interference level (SIL) rating method, 94
Frequency:

acoustical concepts, 3–5
concert hall design, 138
for music sound systems, 177–178
for speech sound systems, 176

Frequency bands, acoustical concepts, 4, 5
Frequency response, research on, 216–217
Frequency-weighted sound levels, acoustical concepts, 7–8
Friction, absorption through, 44
FSTC (field sound transmission class), acoustical concepts, 21
Functional absorbers, acoustical properties of, 56

G
GBI (Green Building Initiative), 275
GGHC (Green Guide for Health Care), 284
Glass:

acoustical properties, 48
laminated, acoustical properties of, 53

Glass-fiber linings, mechanical systems, design and research
innovations, 238

Global Ecology Research Center at Stanford University (Palo
Alto, California), 287–288

Grant Park (Chicago, Illinois), 144
Jay Pritzker Music Pavillion, 206-207
Gray water systems, 280
Green Building Initiative (GBI), 275
Green building rating systems, see Sustainable design
Green Globes, 275
Green Guide for Health Care (GGHC), 284
Green roofs, 280–281
Green sound-absorbing materials, 239
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Grilles:
acoustical properties of, 53–54
noise control methods, 116–117

Grosser Musikvereinsaal (Vienna), 211
GSA, see U.S. General Services Administration
Gypsum board:

acoustical properties, 48
interior partitions, 97–98
sustainable design, 279

H
Haas effect, 176
Halls for Music Performance (Acoustical Society of America), 39
Hangers:

isolation, 107
resilient, acoustical properties of, 57

Hanover Theatre (Worcester, Massachusetts), 192–193
Hard-surfaced floors, 279
HDPE (high-density polyethylene) piping, 280
Healthcare facilities:

Sound and Vibration Control Guidelines, 83
noise pollution in, 274
sustainable, 284–285

Health risks:
and indoor environmental quality, 273, 274
mechanical systems noise control, design and research

innovations, 238
Heating, ventilation, and air conditioning (HVAC) systems:

acoustical modeling of sound, 117–119
background sound levels, design criteria, 26, 27
duct attenuation, 44
isolation of equipment, 23
listening and performance rooms, design criteria, 29
mechanical systems, design criteria, 28
noise control methods, 111–119

diffusers and grilles, 116–117
fans, 111–112
silencers, 112–116

sustainable design, 277, 280
Hertz (Hz), 3
High-density polyethylene (HDPE) piping, 280
High noise level areas, design criteria, 27–28
Hitchcock Presbyterian Church (Scarsdale, New York), 164
Hollywood Bowl stage redesign (Los Angeles, California),

169–174
Holy Cross Church (Dewitt, New York), 153, 160–161
Home listening room design, 157–158
Horn loudspeaker designs, 182
Hospital-type duct silencer, noise control methods, 113
Hotels:

ballrooms and banquet halls, sound systems, 189
case studies:

500 Atlantic Avenue hotel/condominium building
vibration isolation, 126–131

noise insulation class rating measurements, hotel
guestroom door, 125

HUD, see U.S. Federal Department of Housing and Urban
Development

Hybrid sound systems, 179–180
Hz (Hertz), see Hertz

I
IACC, see Interaural cross-correlation coefficient
IBANA-Calc software, 237
IBC (International Building Code), 86
ICBO (International Conference of Building Officials), 86
IEQ, see Indoor environmental quality
IIC, see Impact insulation class
Impact attenuation, sound attenuation, 43–44
Impact insulation class (IIC):

acoustical concepts, 22–23
materials, 44
selecting ratings, 237–238
standards, 86

Impact noise, design and research innovations, 237–238
Impact sound isolation performance data, performance tables,

67–69
Impulse response:

convolving, 221
measures derived from, room acoustic qualities, 227–230
reflection thresholds, 214–215
room acoustic qualities, 224–228

Indoor environmental quality (IEQ), 273, 274
Indoor sound:

outdoor sound vs., acoustical concepts, 11–12
reduction of levels, acoustical concepts, 13–14
reverberation, acoustical concepts, 14
transition from outdoor sound, 133–134
transmission between rooms, acoustical concepts, 14–15

Industrial facilities, sound systems, 190–191
Initial time delay gaps, research on, 215
In-line centrifugal fans, 112
Institute of Noise Control Engineering, 39
Insulation:

loose, acoustical properties of, 53
in sustainable design, 278
definition, 41

Interaural cross-correlation coefficient (IACC):
binaural dissimilarity, 216
concert hall design, 139

Interior room finishes, noise control design, 87, 91–93
International Building Code (IBC), 86
International Code Council, 86
International Conference of Building Officials (ICBO), 86
International Standards Organization (ISO), 31
Interpretation systems, simultaneous, 191
In-the-round design:

concert halls, 142
theaters, 147

Intimacy, acoustical quality of, 215
ISO (International Standards Organization), 31
Isolation:

of equipment, acoustical concepts, 23, 24
definition, 41
vibration, noise control design, 87, 107–110

Isolation hangers, 107
Izenour, George, 141

J
Jay Pritzker Music Pavilion (Chicago, Illinois), 206–207
Johnson, R., 136
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Joists, acoustical properties of:
steel, 49
wood, 50

K
Katherine M. Elfers Concert Hall, Esther Eastman Music

Center (Hotchkiss School, Lakeville, Connecticut),
165–166

Kitara (Sapporo, Japan), 142
Knudsen, Vern O., 38

L
Laminated glass, acoustical properties of, 53
La Scala (Milan), 146, 147
Lateral energy fraction, room acoustic qualities measurement,

229–230
Lateral fraction (LF) ratio, concert hall design, 139
Lateral reflections, research on, 215–216
Leadership in Energy and Environmental Design (LEED R©)

Green Building Rating System, 274–275, 277,
282–285

Lead sheet, acoustical properties of, 53
Lecture halls:

design of, 158
Fogg Art Museum Lecture Hall case study, 33–38
sound systems, 188

LEED-CI, 285
LEED R© for Homes, 277
LEED for Residential, 277
LEED for Schools, 282–285
LEED R© Green Building Rating System, 274–277, 282–285
LEED-Hospitals, 285
LEV, see Listener envelopment
LF (lateral fraction) ratio, concert hall design, 139
Limiters, signal processing equipment, 186
Line array loudspeakers, 183
Listener envelopment (LEV):

concert hall design, 139
research on, 217

Listening environment, outdoor amphitheaters, 135
Listening levels, preferred, 216
Listening room design, 28–30, 157–158
Live sound, 175
Living roofs, 280–281
Localization:

of music sources, 177
of speech sources, 176

Loose insulation, acoustical properties of, 53
Loudness:

concert halls, 137
design criteria, 30
importance of, 216
for music sound systems, 177
relative, room acoustic qualities measurement, 228–229
for speech sound systems, 175–176

Loudspeaker systems:
directional, 223–224
efficiency of, 176
sound systems, 178–184, 188–190

Low-frequency absorption materials, design and research
innovations, 235

Low-VOC carpeting, 279

M
McDermott Concert Hall, Morton H. Meyerson Symphony

Center (Dallas, Texas), 39, 140, 245–248
Magnitude, of sound, acoustical concepts, 5–6
Manufactured-wood constructions, 279
Masonry, acoustical properties, 48
Masonry units, acoustical, properties of, 50–51
Materials, 41–81. See also Acoustical materials

case studies:
Berklee College of Music, 79–81
Boston waterfront development under a flight path,

75–78
Duke University Chapel, 71–74

design and research innovations, 233–236
combination sound-absorbing and sound-diffusing panels,

234–235
low-frequency absorption, 235
micro-perforated wood and metal panels, 235
stretched PVC, 235
transparent sound-absorbing materials, 235
transparent sound-diffusing materials, 235

listing of acoustical materials, 50–54
listing of common materials, 47–50
overview, 41
performance tables, 58–69

airborne sound isolation performance data, 62–66
impact and airborne sound isolation performance data,

67–69
sound absorption coefficients data for general building

materials, 59
sound absorption data for acoustical materials, 60–61

recycled, 278
sound-absorbing:

acoustical concepts, 12–13
design and research innovations
combination sound-absorbing and sound-diffusing panels,

234–235
transparent, 235
green, 239

sound absorption concepts, 44–47
attenuation improvement, 46–47
discrete reflections control, 46
noise control, 46
principles, 44–46
reverberation control, 46

sound attenuation concepts, 41–44
airborne attenuation, 41–43
duct attenuation, 44
flanking, 43
impact attenuation, 43–44
shielding, 44
vibration isolation, 44

special devices, 54–58
sustainable design, 278–280
worship spaces design, 155
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Measurement:
of airborne sound transmission loss:

field measurement, 21
laboratory measurement, 19–20

concert hall design, 137–140
room acoustic qualities, 209–210, 223–224. See also Room

acoustic qualities
architectural feature effects, 230–231
existing rooms, 230
impulse response, 227–230

Mechanical systems:
design and research innovations, 238
design criteria, 28
energy-efficient, 280
isolation of equipment, acoustical concepts, 23, 24

Mechanics Hall (Worcester, Massachusetts), 121–122
Medium-size churches, 152
Meeting rooms, see Conference rooms
Mega-churches, 153–154
Membrane structures, concert halls, 143
Metals, acoustical properties, 48
Metal pans, acoustical properties of, 53
Metal panels, micro-perforated, 235
Metric sabin, 45
Metropolitan Opera House (Lincoln Center, New York), 146,

147
Micro-perforated wood and metal panels, design and research

innovations, 235
Microphones, sound systems, 181, 187–190
Mineral fiber, acoustical properties of, 53
Minnesota Sustainable Building Guidelines (MSBG), 276
Mitchell Hall, University of Delaware (Newark, Delaware),

162–163
Mixers, sound systems, 184
Mixing consoles, sound systems, 184
Modeling, see Acoustical modeling
Modeling and room prediction software, 180
Motion picture theaters:

design of, 149–151
sound systems, 188–189

Mounts, resilient, acoustical properties of, 57–58
Moveable stage enclosure design, 149
Movie theaters:

design of, 149–151
sound systems, 188–189

MSBG (Minnesota Sustainable Building Guidelines), 276
Multichannel sound systems, 180
Multipurpose design:

auditoriums, 148
concert halls, 143
Rhodes Arts Center, Northfield Mount Hermon School case

study, 202–204
Music:

classrooms, 157
sound systems for, 177–178

Music Acoustics and Architecture (Leo L. Beranek), 39
Musical theater, 147
Music building design, 156–157

case studies:
Ozawa Hall, Tanglewood Music Center, 167–168
Tufts University Granoff Music Center, 205

electronic concert hall, 143–144
in-the-round, 142
multipurpose, 143
panel-array halls, 140–141
partially enclosed, 142–143
rectangular, 140, 141
shoebox approach, 140
sound systems, 188
subjective attributes and objective measures, 137–140

Music halls, design criteria, 28–30

N
Natatoriums, 190
National Council of Acoustical Consultants (NCAC), 39
NCB, see Balanced noise criteria curve
NC curves, see Noise criteria curves
Neurological responses, direct measurement of, 223
NIC (noise isolation class), acoustical concepts, 21–22
Noise barriers:

acoustical privacy, 104
noise control methods, 96–97

Noise control, 83–131
acoustical analysis, 84–85
acoustical privacy, 101–107

closed-plan spaces, 101–103
open-plan spaces, 101, 104–107

case studies:
500 Atlantic Avenue hotel/condominium building

vibration isolation, 126–131
field impact insulation class rating measurements,

condominium floor/ceiling construction,
123–124

Mechanics Hall, 121–122
noise insulation class rating measurements, hotel

guestroom door, 125
code organizations, 86
design, 86–110

electroacoustic systems, 87, 107
exterior noise, 86–91
interior room finishes, 87, 91–93
noise criteria curves, 93–94
room criteria curves, 95
room noise levels, 87, 93–96
sound isolation between rooms, 87, 96–107
standards and organization, 85–86
vibration isolation, 87, 107–110

in mechanical systems, energy issues with, 238
overview, 83
for plumbing systems, 237
sound absorption, 46
standards organizations, 85–86
systems approach, 84–85

Noise control methods:
active noise control systems, 236
building floor/ceiling design, 98–99
HVAC systems, 111–119

acoustical modeling, 117–119
diffusers and grilles, 116–117
fans, 111–112
silencers, 112–116
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Noise criteria (NC) curves:
background sound levels, design criteria, 24–27
room noise levels, 93–94
standards, 85

Noise floor or background sound levels:
design criteria, 24–27
exterior noise, 88

Noise insulation class, rating measurements, hotel guestroom
door case study, 125

Noise isolation class (NIC), acoustical concepts, 21–22
Noise pollution, 273
Noise reduction (NR):

airborne sound attenuation, 41–43
interior room finishes, 92–93

Noise reduction coefficient (NRC):
acoustical concepts, 13
sound absorption, 45

NR, see Noise reduction
NRC, see Noise reduction coefficient

O
Objective measures, concert hall design, 137–140
Occupational Safety and Health Administration (OSHA),

27
Office spaces:

green acoustical design, 285
sound systems, 189

Open-plan spaces:
acoustical privacy, 101, 104–107
sound reinforcement systems, 189

Opera houses:
design of, 145–146
orchestra pit design, 146–147
sound systems, 187–188

Oratories, 150
Orchestra pit, opera house design, 146–147
Organ-choir arrangement, worship spaces design, 154–155
Orthodox synagogues, 154
OSHA (Occupational Safety and Health Administration), 27
Outdoor amphitheater design, 134–135
Outdoor sound:

indoor sound vs., acoustical concepts, 11–12
time-varying sound levels, 8, 9
transition to indoor sound, 133–134

Outdoor spaces, sound systems, 190
Overall acoustical impression, research on, 217
Ozawa Hall, Tanglewood Music Center (Lenox,

Massachusetts), 167–168

P
Paging systems:

green healthcare facilities, 284–285
sound systems, 190–191
theaters and opera houses, 187–188

Paired comparison tests, in laboratory evaluations, 223
Panel-array halls, concert hall design, 140–141
Partially enclosed concert hall design, 142–143
Partition, see Building partition design
Path, source and receiver, noise control, 84–85
Perception differences, research on, 217

Performance halls:
Bass Performance Hall case study, 253–255
design criteria, 28–30

Performance rooms, design criteria, 28–30
Performance tables (materials), 58–69

airborne sound isolation performance data, 62–66
impact and airborne sound isolation performance data, 67–69
sound absorption coefficients, 59
sound absorption data for selected, 60–61

Performing environment, outdoor amphitheater, 135
PEX (cross-linked polyethylene) supply piping, 279–280
Philharmonic Hall, Lincoln Center (New York), 141
Philharmonie (Berlin), 142
Physical modeling techniques, 232
Physiological responses, direct measurement of, 223
Piping, sustainable design, 279–280
Plank, fibrous, acoustical properties of, 52
Plaster, acoustical properties, 48, 51
Plug fans, 112
Plumbing systems:

noise control, design and research innovations, 237
piping for, sustainable design, 279–280
sustainable design, 280–281
vibration control, 109

Plywood, acoustical properties, 48
Polyvinyl chloride (PVC):

piping, 280
stretched, design and research innovations, 235

Postoccupancy evaluations, sustainable design,
281

Power amplifiers, sound systems, 186
Power plants, sound systems, 190–191
Preamplifiers, sound systems, 184
Precautionary principle, 273
Precedence effect, 176
Preference tests, in laboratory evaluations, 223
Preferred listening levels, research on, 216
Preferred reverberation times, research on, 212
Privacy:

acoustical, see Acoustical privacy
in healthcare settings, 284

Proscenium theaters, 147
Psychoacoustic models, 218–219
PVC, see Polyvinyl chloride

Q
Quadratic-residue diffusors (QRDs):

acoustical properties of, 56
as design innovation, 235, 236

R
R. Fraser Elliott Hall (Toronto), 146
Radial blade fans, 111
Raised floor systems, as flanking path, 43
Rapid speech transmission index (RASTI):

concert hall design, 138
perception of sounds, 218

RC curves, see Room criteria curves
Receiver, path and source, noise control, systems approach,

84–85
Recital hall design, 144–145. See also Concert halls
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Recommended sound levels in spaces, room noise levels, 96
Recorded sound fields, 220–221
Rectangular concert halls, 140, 141
Recycled building materials, sustainable design, 278
Reduction of room sound levels, 13–14, 91–93
Reflections:

from ceiling, 213–214
discrete, sound absorption, 46
lateral, 215–216

Reflection thresholds, research on, 214–215
Regenerated noise, 112
Reinforcement systems, see Sound systems
Relative loudness or strength, room acoustic qualities

measurement, 228–229
Relative preference estimation, research on, 217
Relative sound level change, acoustical concepts, 11
Religious building design, see Worship spaces
Research, see Design and research innovations
Resilient clips and channels, acoustical properties of, 56
Resilient hangers, acoustical properties of, 57
Resilient mounts, acoustical properties of, 57–58
Resilient tile, acoustical properties, 49
Resilient underlayments:

acoustical properties of, 58
in sustainable design, 278

Resonance:
absorption through, 44–45
assisted, 143

Reuse of materials and components, sustainable design, 281
Reverberant sound field, 215
Reverberant sound level, 46
Reverberation:

cathedrals, 151
design, 30, 135–136
indoor, acoustical concepts, 14

Reverberation control, sound absorption, 46
Reverberation time (RT), 135

for acoustic warmth, 213
ideal value for, 136
motion picture theaters, 150
preferred, 212
room acoustic qualities measurement, 227–228
worship spaces, 152

Rhode Island Senate Chamber (Providence, Rhode Island),
201

Riverbank Acoustical Laboratory (Geneva, Illinois), 38
RNC curves, see Room noise criteria curves
Room acoustic qualities, 209–231

architectural feature effects measurement, 230–231
existing rooms measurement, 230
general, 211–212
impulse response, 224–228
measurement systems, 223–224
measures derived from impulse response, 227–230
research summary, 212–218
sound perception issues, 218–219
sound quality assessment methods, 219–223

actual rooms, 219–220
laboratory analysis, 220–223

summary table, 231

Room criteria (RC) curves:
background sound levels, design criteria, 26
noise control design, 95
standards, 85

Room noise criteria (RNC) curves:
noise control design, 95–96
standards, 85

Room noise levels:
in green healthcare facility design, 284
noise control design, 87, 93–96

noise criteria curves, 93–94
recommended sound levels in spaces, 96
room criteria curves, 95
room noise criteria curves, 95–96

Royal Festival Hall (London), 143
RT, see Reverberation time
Rubber sheet underlayments, 279
Rumble criterion, 94

S
Sabins, 45
Sabine, Clement, 38
Sabine, Hale, 38
Sabine, Paul, 38
Sabine, Wallace C., 38, 133, 135
Sabine equation, 46
San Francisco, California, green building initiative in, 276
SBCCI (Southern Building Code Congress International), 86
School acoustical design:

case studies:
Dougherty Valley High School, 289–290
University of Connecticut Student Union, 199–200

sustainable, 281–284
Seals, sound, 58
Sealants, acoustical properties of, 53
Segerstrom Hall, Orange County Performing Arts Center

(Orange County, California), 242–244
Self Study Guide, App. D, 305–309
Semantic differentials, in laboratory evaluations, 223
Shielding, sound attenuation, 44
Shoebox approach, concert hall design, 140
Silencers, see Duct silencers
SIL (4-band speech interference level) rating method, 94
Simulated sound fields, 221
Simultaneous interpretation systems, 191
Single homogeneous walls, sound transmission loss, 16
Slats, acoustical properties of, 53–54
Small churches, 152
Society of Motion Picture and Television Engineers (SMPTE),

150
Sound:

acoustical concepts, 2–3
components of, 214–215
magnitude of, acoustical concepts, 5–6
outdoor vs. indoor, acoustical concepts, 11–12
wavelength of, 4–5

Sound-absorbing materials:
acoustical concepts, 12–13
acoustical materials, 44-47
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design and research innovations:
combination sound-absorbing and sound-diffusing panels,

234–235
transparent, 235

green, 239
Sound absorption, 44–47

attenuation improvement, 46–47
discrete reflections control, 46
noise control, 46
principles, 44–46
reverberation control, 46
sports facility design, 156

Sound absorption coefficients:
interior room finishes, 91
performance tables (materials), 59

Sound and light churches, 153
Sound attenuation, 41–44

airborne attenuation, 41–43
duct attenuation, 44
flanking, 43
impact attenuation, 43–44
improvement in, sound absorption, 46–47
materials, 41–44
shielding, 44
vibration isolation, 44

Sound control equipment, sound systems, 184–185
Sound-diffusing materials, design and research innovations:

combination sound-absorbing and sound-diffusing panels,
234–235

transparent, 235
Sound isolation:

in acoustical privacy analysis, 101–107
closed-plan spaces, 101–103
open-plan spaces, 101, 104–107

between dwelling units, design criteria, 28–30
in green healthcare facilities, 284–285
Mechanics Hall case study, 121–122
between rooms, noise control design, 87, 96–107

acoustical privacy analysis, 101–107
composite sound transmission class rating, 99–101
floor/ceiling design, 98–99
interior partition design, 97–98
methods, 96
noise barriers, 96–97

within rooms, noise control design, 87, 93–96
Sound isolation testing, design and research innovations,

236–237
Sound leaks, acoustical concepts, 18
Sound levels:

frequency-weighted, acoustical concepts, 7–8
reduction of, indoor, acoustical concepts, 13–14
relative change in, acoustical concepts, 11
time-varying, acoustical concepts, 8–10

Sound level adequacy, research on, 216
Sound quality assessment methods, 219–223

actual rooms, 219–220
laboratory analysis, 220–223

Sound reinforcement systems, 175. See also Sound systems
Sound reproduction systems, 175. See also Sound systems
Sound seals, acoustical properties of, 58

Sound systems, 175–207
case studies:

Agganis Arena and Boston University Fitness and
Recreation Center, 194–196

Ave Maria University Oratory (Florida), 197–198
Hanover Theatre (Worcester, Massachusetts), 192–193
Jay Pritzker Music Pavilion (Chicago, Illinois), 206–207
Rhode Island Senate Chamber (Providence, Rhode Island),

201
Rhodes Arts Center, Northfield Mount Hermon School

(Massachusetts), 202–204
Tufts University Granoff Music Center (Medford,

Massachusetts), 205
University of Connecticut Student Union (Stores,

Connecticut), 199–200
equipment:

electroacoustic, 181–184
electronic, 184–186
loudspeakers, 181–184
microphones, 181
new wiring/signal transmission methods, 186
power amplifiers, 186
preamplifiers, 191–192
signal-processing equipment, 185–186

examples, 186–190
auditoriums and lecture halls, 188
concert halls, 188
convention centers, 189
entertainment facilities, 190
exhibition halls, 189
general, 186–187
hotel ballrooms and banquet halls, 189
meeting and conference rooms, 188
movie theaters, 188–189
office spaces, 189
outdoor spaces, 190
sports facilities, 190
theaters and opera houses, 187–188
transportation spaces, 190
worship spaces, 189

loudspeaker systems, 178–180
for music, 177–178
overview, 175
special installations, 190–191

assistive listening systems, 191
electronic acoustic enhancement, 191
paging and voice-alarm systems, 190–191
simultaneous interpretation systems, 191

for speech, 175–177
worship spaces, 152

Sound transmission:
noise control, systems approach, 84
between rooms:

acoustical concepts, 14–15, 19
paths of, 84

Sound transmission class (STC):
acoustical concepts, 20–21
composite rating, 99–100
field (FSTC), acoustical concepts, 21
materials, 43, 97–98
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Sound transmission class (STC) (cont’d)
noise control criteria, 98–101. See also Noise control
sound isolation testing, 237
standards, 86

Sound transmission loss. See also Sound absorption; Sound
attenuation

acoustical concepts, 15
airborne sound attenuation, 41–43
cavity absorption in double constructions, acoustical

concepts, 16–17
composite constructions, acoustical concepts, 17–18
double walls, acoustical concepts, 16
field measurement of airborne, acoustical concepts, 21
laboratory measurement of airborne, acoustical concepts,

19–20
single homogeneous walls, 16
sound isolation testing, 237

Source, path and receiver systems approach, see Systems
Approach to Acoustical Analysis

Southern Building Code Congress International (SBCCI), 86
Spaciousness, auditory, 217
Special devices, listing of, 54–58
Spectral imbalance, 94
Speech intelligibility, 175

paging and voice-alarm systems, 190–191
room acoustic qualities, 218
sound systems for, 175–177
worship spaces, 151–153

Speech privacy index (SPI), 236
Speech security, 236
Speech transmission index (STI):

concert hall design, 138
perception of sounds, 218

SPI (speech privacy index), 236
SPiRiT program, 277
Split loudspeaker cluster sound systems, 178
Sports facilities:

Agganis Arena and Boston University Fitness and Recreation
Center case study, 194–196

design, 28–30, 155–156
sound systems, 190

Spray, fibrous, acoustical properties of, 52–53
Springs, steel:

acoustical properties of, 58
vibration isolation, 107–109

Staatsoper (Vienna), 146
Stage acoustics research, 217
Stage enclosures:

acoustics of, 217
moveable, 149

Stagehouses, 148
Standards:

listing of selected, 31
noise control criteria, 85–86
sound absorption, 46

STC, see Sound transmission class
Steel decking, acoustical properties, 49
Steel joists and trusses, acoustical properties, 49
Steel springs:

acoustical properties of, 58
vibration isolation, 107–109

Steel studs, acoustical properties, 49
STI, see Speech transmission index
Stone:

acoustical properties, 49
for floors, 279

Strength, relative, room acoustic qualities measurement,
228–229

Stretched PVC, design and research innovations, 235
Structure-borne sound, direct, control of, acoustical concepts,

22
Studs, acoustical properties of:

steel, 49
wood, 50

Subjective attributes, concert hall design, 137–140
Subjective qualities of sound, studies of, 211–212
Suntory (Tokyo), 142
Supplemental sound systems, 178–179
Support (of reflected sound), room acoustic qualities

measurement, 229–230
Surround-sound loudspeakers, 180
Sustainable design, 273–293

acoustical challenges of, 277–281
building materials and systems, 278–281
overview, 277–278
reuse of materials and components, 281

case studies:
Charles Salter Associates Tenant Improvement Office,

291–293
Dougherty Valley High School, 289–290
Global Ecology Research Center at Stanford University,

287–288
cost gap between traditional design and, 273
healthcare facilities acoustical initiatives, 284–285
office acoustical design, 285
organizations leading, 274–277
overview, 273–274
postoccupancy evaluations, 281
school acoustical design, 281–284

Sway braces, acoustical properties of, 58
Synagogues, orthodox, 154
Systems Approach to Acoustical Analysis, 2, 84–85

T
Talking movies, 38
Tangency rating method, 93–94
Tanglewood (Lenox, Massachusetts):

Ozawa Hall, 167–168
structure of, 142–143

Theaters:
design of, 147
Hanover Theatre case study, 192–193
sound systems, 187–188

Thrust-stage theaters, 147
THX Division, Lucasfilm Ltd., 149–150, 158
Tile:

acoustical, properties of, 51
ceramic, acoustical properties, 47
for floors, 279
resilient, acoustical properties of, 49

Timbre, research on, 216–217
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Time factor:
for music sound systems, 178
for speech sound systems, 176–177

Timeline of architectural acoustics events, 38–39
Time-varying sound levels, acoustical concepts, 8–10
TL (transmission loss), 42–43. See also Sound transmission loss
Tokyo Opera City Concert Hall, Takemitsu Memorial (Japan),

257–259
Transmission, see Sound transmission
Transmission loss (TL), 42–43. See also Sound transmission loss
Transparent sound-absorbing materials, design and research

innovations, 235
Transparent sound-diffusing materials, design and research

innovations, 235
Transportation spaces, sound systems, 190
Treble ratio, based on early decay time, room acoustic qualities

measurement, 229
Trusses, steel, acoustical properties of, 49
Tufts University Granoff Music Center (Medford,

Massachusetts), 205

U
Under-floor air ventilation systems (UFADs), 280
Underlayments, resilient:

acoustical properties of, 58
sustainable design, 278–279

U.S. Army Corps of Engineers, 276–277
U.S. Department of Housing and Urban Development (HUD),

1, 10, 28, 89
U.S. Department of Labor, 1
U.S. Environmental Protection Agency (EPA), 6, 8, 88, 89
U.S. General Services Administration (GSA), 1–2, 101, 276, 281
U.S. Green Building Council (USGBC), 274, 275, 277
Unit symbols, App. A, 295–296
University of Connecticut Student Union (Storrs,

Connecticut), 199–200
USGBC, see U.S. Green Building Council

V
Vibration control, in green healthcare facilities, 284–285
Vibration isolation:

equipment, acoustical concepts, 23, 24
500 Atlantic Avenue hotel/condominium building, 126–131
noise control design, 87, 107–110

Vibration isolation efficiency, 108
Vineyard concept, concert halls, 142
Virtual sound fields, 233
Voice-alarm systems, sound systems, 190–191

W
Walls:

composite constructions, acoustical concepts, 17–18
double, sound transmission loss, acoustical concepts, 16
single homogeneous, sound transmission loss, acoustical

concepts, 16
sound transmission between rooms, acoustical concepts,

15
sound transmission loss, acoustical concepts, 15
STC ratings, 100

Wallace C. Sabine Silver Medal, 39
Wallace Sabine Centennial Symposium, 39
Walt Disney Concert Hall (Los Angeles, California), 142,

260–263
Waterfall, Wallace, 38
Watson, Floyd R., 38
Wavelength, acoustical concepts, 4–5
Windows:

acoustical, properties of, 54
STC ratings, 100
in sustainable design, 277

Wireless microphones, 181, 187
Wood decking, acoustical properties, 49
Wood floors, 279
Wood paneling:

acoustical properties, 49–50
micro-perforated, 235

Wood studs and joists, acoustical properties, 50
World Health Organization, 284
Worship spaces:

case studies:
Ave Maria University Oratory (Florida), 197–198
Duke University Chapel (Durham, North Carolina),

71–74
Hitchcock Presbyterian Church (Scarsdale, New York),

164
Holy Cross Church (Dewitt, New York), 160–161

cathedrals, 151–152
corporate worship configurations, 152–153
design of, 151–155
evangelical churches and mega-churches, 153–154
finishes and furnishings, 155
organ-choir arrangements, 154–155
orthodox synagogues, 154
small and medium-size churches, 152
sound and light churches, 153
sound systems, 189
undesirable acoustic characteristics, 155
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