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HEEv3ial—yavid. SERHHCEHAEINECAOY XAF L ( Computer
Aided Design System ) OFKBULEE U THEMBESF O TWEH., BER
Fm Y OEELOME. BEORROHL &, #MFEOMREED 6 < 3H5
SOBHMS . BHURTEFHEOFHRE LU TUEHOLAAETELTHRL
DHRRTH 5.

SEOLOMFMIZEL Tl TEHFPEBRESILA TV AEEFE 2 OCHEFHL
AWAHEE. AV —NEOBERL &> TESE2YIaL—bU. ThED
AL S HEOMEENS 5 M. ChdDHELRENETh—R—EDS 5,
A EOLEFESTEAACRESERES HEPERLTVE Y. @—F
EROEREELFHT SO ERBEERV, —H. YIaLb— &
BEAVAIEE. REOSHTUSVBRVELRET SRKIES. FOHRY
BHMNAL — T ORPEEL & > THAE R 3R EOMBLENS 50

DERBENPENTELST IMEORKLEE X, AMETRZTOENR
(EBOLMENRNZORVELVBRIHET IYEN T X —F O,
(DZOPENTA—Y R EBNTHRERCUET 3V A7 LAORH.

Study of correspondence
between physical and
psychological parameters

Psychological

Measurement .
experiment

Study of accuracy for measurement

Evaluation of

Study of .sound field reproduction

Study of allowance for designing

sound field
Application of design method
Sound field PP € CR°°;‘.‘
simulation — — acoustics
Decision of design items design

Study of room shapes

Fig.1.1 Relations between research themes on room acoustics.

2



QIERHFORBEBFSHUVCYENT A — Y DBA LG

KHWh. AR IOMRLVIFVIEEOSTEFEMMBOTEEIC R3S O Ml
Thb,

1.2 IO E

H2ETUH. HEREE>Ta Yy — P R— L EDEHOSELRHEITS> 2o
CHELURAIY AF LRV TiENS,
ENHFERNIAATMCRYE VS - BoMERGHL2RTILRHELTL
50, EIBTH. F2ETHENRAIVAFLEERYIaL—vayDiEE L
UTEEL. BEOEFHREREYEN T A — 9 L OWBERILE DLV TERY 3,
FABETUE. ENEFERHAORLEERYEN S A—YO—DT S 3 REHRM
WKOLT, ERIWAEEESHSO/F > WHEN REE L DEMICFEE U LRE
REAEOM[RRODVTHRET 3, 3L 0EERTHASALMBAHERERA VW,
BRRREDIOIRRVANSGWTLADREDVTHIDETIENS,

EOSETCH. ZENOFRUELTVBETITO>ORORFUVCHERLRBEY A
FTLAEDOLTC, COYRAFLADKH. #HULERT S3THEEOWEN S X — ¥ 2th
DRHENRB, | |

ECETHE. PBETENRUEY AFA2EEFHOHERLAL. QiIEXH LY
BNSGA—FRBERUVTIToREBOAHR DL THNS, COBEPS. &
CTREUVLRFHUVLVIEY AFL0EMMELHOMZT 5, FLSHEMO.L0HEY
RBOVRDODVTOLERREITL. CORBRTHHEIARLDENS I—Y LY H
NIRA—=F EDMREHBRLEODVTHHGMICT 3,



2. ERNFERTORDDOCANY A5 L[2]-[5]
2.1 CADY A5 LHHOEE

WRKO2VH— P R—LEOFER VI EAEABPIT-TER, COFE
AtoHhiclY. RAFHOFELRHW BLETY LY ALLPBEELRESE. A
FIPITOORKHOND S BHMIEEDOBREBS 2o TRRAWAZY— K-
LOEERAEHBUT-TEREREENM U T, BRBMEERLSEZT7ILTY
ALV ZhE2FEBETBRVT IV AF L — CADYAF 4 ( Computer Aid-
ed Design System) —ORFEERIT-o. MIZEALHEDLIWIE. 16y F I
Y (HP1000), 727 5L EEE U TPORTRANA L, FWEFHEE. BiEmRIO &t
DEXL2DERXURBHRIT>TCER,. COVYATLR. AVNA(TFREMRE>
TW5LEDHH->T BRI T2 72808707 5 LHRECERPPP SR
HhHohe TITY I T 4 v 2 NEHESRI2E Y b 3 =2 2 (HPI000) % ¥ A
Us ZYNASBIOBASICTY 7 bz 7OMERKITER, 2OVYT M7
MHEOCBER. SESHA2EBOZEBRAVEZATOHAMENRETFLEAL
TITH2ETCH b EENZRIAPOZRIANEALEESE. 707 58L& U THE
VWEILDO XL DDUERL, o BYUDPIZRABRFOTLITY AL EEZ RN
Bhadpolk. MERUYWMERU 2DWE.

(DHEDREFRITHO>RUTH. BEOANMSIEIE. LE. BNETEBRITAS

Z &

(DUBFEFHEUT. ERE SEEWMEOGFRENTET. HECRIROEL

Hh¥ohsbl .
HEARZ2—2EBERZZZ252 L. FRBEEEMHINIL TH 3RS

HFILOLWTOFHRESRT L.

D=E=HTH %,

AECUE, COVAFLAON=F. V7 MR, ERNFERFTFOHRRZOVLTHE

N, BRZOFOWRBG>RBITOTSLEY 2= LOFEMIIDVTHENS,

2.2 CAODY AFLDN—=F. VT MEK



CADY 7 PHIRRAVE Y AF LB BFig.2. 118FRT, COYAF L. HPHE
A=N=3I 2223000 F 5208 R0, BEAQBELUTFYY 44, MERE
REBHT 52DD640B, 2K 54 TDRA IO TOYE—F 4 AT . ROy
TITAVIRTRDEDDYT T T 497+ ¥ =3I F)L, XYTOAw T —hoHEINT
W 707 3 LFHIE. P-BASICEH > TV 3 H. COSTHEOBRILBLYS
T49 7. IMI IV AHBOGESHARLTVWAZ &, LTy 53 0 7
TEERCETH%. TRFTEVAINSTROBASICTH IR LMD ST, 7O
T30 FAMI2. NUDER. BEEREBRITA 30D, 70752
MACET SMME2RBCEECE R, 707 35 L26KI1EH10.0005 1Y 2RA
TLEP, BTOTFLPBEY a—N{LEhTVERD. ATRPTLHDER
2TW5, ‘

2.3 TEmMHAY T MY 7TOUNEBOFRL

Fig. 2. 2l ZENFERFACADOB AN RFTN 2R T, CADC & 20U, T4
BIRERR. REMBEEANT - E U, 2ORBNSA— Y 2K T 588
CHREVIZENTES, NI A~V L. BRYENKEERTDOLL
DEMY TR, BELOME (UK. BERLEKT) L0 Eh 3B TR

Graphic
terminal

CPU
/ Digitizer /L [HP9000/520] XY-plotter
(RAM2MBytes)

Floppy disk
(640KBytes X 2)

Hard disk
(10MBytes)

Fig.2.1 Configuration of CAD system for room acoustics.



hWERoR, Fh, WHOHREL2RTCEETHWSINWIEEEZF— Y RIEEL TA
BREVEYT. ~BOT 4 —F N9 IRBEBRLTVEIDD. XY AT LDEFR
TH5%

Fig. 2. 208 EREHEIWRZUVRZRTCADY 7 P OFHh £Fig.2.385R Y. =R
CCADIE. REKHBUTZEE» ORIV >TVLS, E—REBUESEEF—-Y., N
HRF =, §f BEAEEF Y RANT 5 RHODOTH 3. 2 Tll-

T4V YA EES>TFER. BHMARKIO KT — I D =R ER2ES &V
SFREBHVTVL S, FHER. HER»SOANT 32 ENTaEREL (FIXW
BHRIERERFONL I —ORER) . ERADENCANTZS LSEE
ThTWHb,

BB, ZRXXF— 923 UAAEFHEORIREVEOERITTH 3.
AV P OREFEFEELTIE. EEFE (Image Method) . HF#RiBIFE(Ray-
tracing Method) D AN FERX 2 LS R->TW3, Eh. HFREOKMEHE
(£HBE—H. H—F 144 FROBHEO_BHE) OBRY. FEOEETRS
UVhEHHETI2HEBORFTOTESLOREBERLU 2,

BERBE. AL THESOhREBERERENIAD VLT IRTTSRD
DHDTH B, OPIIE. AEBERORE. BEEDHRELC & 3 RERRRE
2EEATWVWAS,

I/

Frequehcy characteristics
of reverberation time

F

Echo time pattern

Input data Calculate
ROW

Spatial distribution
of sound pressure level

[
d

Design end

N

Modify
Directional characteristics coordinate
of receiving point data

Fig.2.2 Conceptual flow-diagram for CAD software.
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Input data

Return

Image

¥

{

Save data

Restore data

Ray tracing /

o

Ray tracing Image
Reflection of | | Sound source | | Sound source : Sound source ;| | Sound source :
single wall Omni-directional | | Directional Omni-directional | | Directional
Graphic
di‘splay
Return /" sefect output
menu

SavefRestore || Time sequence | |Spatial distribution}|  Echo-time 2:;5:{;333"1 Physical | {Reverberation
results of reflections | {of cross-points pattern of reflections| | parameters time

Return

Return/

End

Fig.2.3 Flow-diagram of CAD software.
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DRECEZBBOITOY I LV a—AID0 T, ZOEATZLITY X AL
HWAB %R

2.1 RIBFHEE2RDLZ oD Hi%

BEPOHLENREACHET 3 ETORBI ROBRPFTHRIEL. YUKOL
BERITOBOERTF—FYEUTCEETHS, XETE. CORFAEHLEERDIR
DILERET — YOk, LEFiE GERE. FREWKER) o0 Tidxs,

2.4.1 FERF — ¥ D&
 ZRROEHAERTIE. BAEEOH. BEORSTEF—5. Bl KEA
JPLBBLETSH S, THLDX,Y,ZEER. Fig. 2. 40TEMEEY 2 b (V-list)H
KHHEh TV S, $RBEHY A MEF-1isH)HRUEBAROHADEDERDY 2
RIBZSHBHEINTVLE, ZODLS5U TEEOKTMENRIENRE. F-listE
V-list2 8B U THREIN S, FLEEOMNEMEOREERIREFTEE,
125HzH 5 4kHzE TU/1A4 7 ¥ — T ORIIBTRIEY 2 b (Attribute) TN T
W3, THBDF—YDS 5. IkzOBREFEF— Y RHVTRHEFROFERIT
2 TWa,

EigiE. SREREC L > TAEILEERBON S, BEEORNEEDE
BhHoRESITORBRBERIRA Y-, THhENLFig.2.50 C-list.
Ldc-ptrei it ITh TV B, g ZaA—Y A AN —VEHOEBF -y LR
2B EHROBEMEFEL NI, BERRBIILdc-listhieEHETh TW 5,

LIEOWEFT — Y HEEOHHMIE. Fig.2.4. 2.5FRT &SR, ZhEFhODOY R
FOERVOEMIZZO) A P FORTF— Y BREBERABERER>TVWEKT
H5

2.4.2 ZOo0HKEIHET S0HE

B, SEEHFEr L EATELIHRE URAEHETHS. CORTEE
TN EOHEUEE AL THY . SOHENE. AHAEREABEVVER
HHEPBECRESAREOI ALK —5. BEORETE -BRESHIT &KV #E
US>y ¥ DARRESR - B ARB R THEST 3 LS HEERELTY
2. BEIC L ZREOM. FOL L E — I EEEROS ZRACH > TS T
5 RIEELR. 7. BVIBLORVVERFEILBEE L. ZOENPSO
K% EHEU 12,



Number of coordinates

X coordinatti/ Y coordinate|Z coordinate

0 n/

n

V-list : 3 dimensional coordinate data of vertexes.

Number of planes

X coordinatej Y coordinate|Z coordinate

0 N &~

N

Nv-list : normal vector of walls.

Number of planes
/

125 Hz/ 250Hz | 500Hz { | KHz | 2KHz | 4KHz

Area

Distance

0 N7

™ Total surface area

N

\Total volume

Attribute : Attribute data of planes; frequency characteristics,

area and distance from origin.

Number of planes
Va

First Last

N

F-list : First and last vertex number of a plane.

Fig.2.4 Format of data for calculating reflections.



Number of crosspoints

|

X coordinatj/Y coordinate|Z coordinate| Delay
0 p 4

p

C-list : 3 dimensional coordinate data of crosspoints and delay time.

Plane #

0 P -~«—5—— Number of crosspoints

p

C-plane : Plane number list.

Number of reflections

Level Delay

0 q ”

q

Ldc-list : Relative level and delay time list of reflections.

Number of reflections

/

First Last

0 q”

q

Ldc-ptr : First and last pointer list of reflections.
These pointers correspond to C-list data.

Fig.2.5 Structure of stored data.
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EHFRECHETIVHOPTEEROR. SHREBHEORAMNBHRALS 5
MEIPEWETBITLIVILTH S, COYFELHERIR. ZABOBEBELR
ZODHRERRERBALBACE>TCTEXA3NADORHEHV TV 3, [6]
Fig.2.6ll7R9 &3 RKALDOBA.

ZANSHEONADE 0. =21 (21-a)

%ﬁﬂ%ﬁ%@%ﬁ@ﬁ:%§w=o (2-1-b)

2id. LRPOO . OMBUL. 0 OHALEBL TV 3. COHHEORER .
BRU RERNT P VAL OAROTE & BEOEZNY P LOHES—HT S
MEIMEHVL. BEDAMHB—HUTWAIBAE. AEOMEL. 25 Tho
BAERE. AEDHERZIT>TQ-DREFMHU 2.

2.4.3 BB

EREE. AFCBFIHEBEEABORV AT, FHOBFHRNT S A —
YV ER) BRDAZERIVRHEBOBBRRET 3HETH 5, EBIET
REERRZRDZFNEEFIg2.TRT, £, REKK. FELITHE 554
—HEBEFCH T AEERBEHAML NL-28FE T 5, BREEEN. REKEE

TR, COFER & BT EBBEN AT 3. THUVEHDS 5 EER
Bt BELBCEERTMENSHBS - EESHRANsHUN - 2882 &b

HZUL, Th HMELANLEUTH. BERBGHEOBIRL IR > TV 5-60dB%
Auk, COER. RESOEZRELOMESEIHTWS-15~-20dBk Y +5/)
CEWVETHY. EHLEERVDOEZELS NS, [1]

KITIPBAN—UTOIEIRARGFERKE. 5RETTH 3. REXEESLT
hITH5FEBERBORVRAE I CHETES, COFERRORVRHE

Fig.2.6 Judgement whether crosspoint (c)
is within polygon or not.
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Set order of reflections
and discontinuation condition

¢

Calculate image
coordinates

!

Calculate crosspoint

Crosspoint is
within wall 7

Obstacles 7

Discontinue ?

Save crosspoint data,
delaytime and relative level

Complete all
walls ?

Complete all
reflection order ?

e D

Fig.2.7 Flow-diagram for calculatihg reflections
by image method.

12



WEFRIM EOEEN TV E MBI, BRIE EHIRETT 3RS MBLOZ R
MOHETEAEVSHHMER/F>TV S, Mo THHIRESERERRD S 2
EWRE>T. FEOHHOKEARZBRETRIZL RS, SHEXRTHEOY
HE. fIZIEERMEEREOBE. IXRHE TEETAIE—EBlEEBELC
EPBERRESH TV S, [8] BERFLEHTIRHFTOFERATIE. K
RBnEXAXNOBIRIEH L EBRP-> TV S D, ZOBRKEREL TRIFK
BhoBIERRER2TEENBTERL TV S,

AT=nX4V/($Xc) (2-2)
(2-2)XT. V, S, cliZh ThEAE. KAEM. TFEFERL. QWU TEHEG
ITEETH 3.
BBRETHERICHNT I3/ DA A -V ERDBEIEDBLEIRIRS,
Fig.2.8llRd &3, BERAMPOIBERTAVALAEREORS 2d’, BEEOSMMEH
BEESKEANT Pl enE Thid. xEBEEOE#MAE. &’ - .n)ie%U< R 3, ¥
2Ty A A—=Yx" L.

x’=x+2XdXn (2-3)
ETrB. TRy R2UTIBLEETE O AN

x”=x"+{S0/(S0-S)}(y—x") (2-4)
RE-OTHEHTES, S0, SHIFAFILX' . yERREETEU LR, BEEER
THRENI PLEOHRTH 3, [6]

2.4.4 FRBHE

FREHER. REROPLRABUATHEIOETRABRAEML. 20T
B’E—AK—KEBEPFUTITLHETH 3. COFEDHENEFIg.2.9CTRT. 6,D
FIRTERZAH U LIBE. BROBEMIXN TS AN 3,

0 (Qrigin)

Fig.2.8 Configuration of sound source (x), its image (x')
and receiving point (y).
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Set tracing time,
angular interval of rays
and discontinuation level

:

Generate sound rays

—

Search crosspoints

Crosspoint is
within wall ?

within tracing time ?

Within discontinuation
level 7

YES

Save crosspoints, delay time
and relative level

Complete all rays ?

C Ed )

Fig.2.9 Flow-diagram for calculating reflections
by ray-tracing method.
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M= IXcos (iX8o)  (2-5)

P m—m

BU. 1. #8 (REREKEREORH) 22U HHOSHRIK TS0/ 0 ,)
REULS QD 0 MROBBOBRETS 3.

AP OGRS MFIR. FREEHT 2. RESROAKRR. H8Ts
MYLANLTH S, COFEDEBREERXSRRIOUN. FHLHHK S
VTV E DR, READBSIHEE (BELY7) ER34TH2, BFTYT
EUTE. TEXERERODDOBEZ >N BN, RAUBTHALHLE UK
ZEAUTV S, BBRHREEFLT—EUREIY 7SR 30D, 25
L7 OROFErLEHRHAT. RESBRBABMEE > TRRTHREL S,

r=2cT/VH (2-6)

HREMEOREAERE7ZILITY XA — x> HMRENY b Lad HHL
%bh%ﬁﬁﬁﬁ&ﬁk6@%*&%@@@&6M@¢3Et®§ﬁwﬁém
EE O EAERAN Y P bnk Bz, yid.

y=x+{d/(a,n)}Xa  (2-7)
MORDBDJZENTES, Blz. RPFOHMERTEMNY b ILbld.
b=a—2X(a,n)Xn (2-8)
ERTIENTES,

2.4.5 —ODHED

EREGEHEDPSZENE CORNSBOMERLBIZENTEIDORAL.
EREFEIEUETSS. FLBHTHELRIOBAERET ZBRITSH
3. ~BOAVY— |} R—LOBE. EEEMSI0BEILRSZENSBL. BRL
PRERI>TH—HORHEELHORKERET I VWS 2 b FHEH
%, €I T\ BEY. REXBOSFEEWHBL L > CTHFEZOHEBEINED
EIORKEERIIMPANSZ Y I 2L —v a Y ERETF> 2o

ERETERER. RERBEENIA—YEUTEBATILX S REREFIg.2.10
(@), (bR T . ZOEM>EBEDHEIREMTEIN WAL TL 3T EnHH
B0 TRFig.2.10(b)OMBAIIET ST EICL Y. CTTHWR] MIPSDMIBLE
NEFOHEE T, SRULORHEF 2RO ZOBHEBEM»ET L TETLH
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Calculation time (sec)

Calculation time (sec)

10000

a
1000 . - Order of retlections
. ® | st order
[ }
100 N S 5 o2 nd order
o © = 3rd order
o
[0H™ 56
o ® [ ] ® L ]
[ I ®
I Le | | | ! | | | J
5 10 15 20 25 30 35 40 45
Number of walls
(b) Relation between calculation time and number of walls.
Number of walls
10000
-~ - b
x 2
X o |
1000 .
/ -~ 1
/ o 19
100 = .
-A- 24
o 3|
10 ——®
> 36
42
| ]
| st order 2 nd order 3rd order

Order of reflections

(a)

Fig.2.10 Calculation time by image method.
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VEODREN S, BEHOLRVNERBEOHRE. 520 HBEKOS VIS
BETHORPRBHP2RBEE TROWU. FEBEOHMBBELU TV R ENHS MR

2l md’%‘b&xdﬁ&’@%‘ﬁ‘éh%%E&%f@bfﬁ?&‘\@')‘51)’01%#3'(%
32EHKRVT N OEHRO—DTH 3,

2.5 HHFRFR

2.5.1 B—EEEHOBE

—EOAYY— P R=LTHAF— VMR REHE. REMEREHCTEED
WESATLYF « FOFLYFREHRBHTIIENZV, 200D, A7
—VHOBEHORHADFSEARNSZZ ENVLBERRS, SENSRU LESNE
—EEE WY > TEDEHRHZEL TV SR EF v ¥ Ukl Fig.2. 12107 9
COMIE. WEEULBEZIIXIIOAYY 22880, 22CTE2100B03F
RRODVTHEREBHER IV AT ORHASERDEDDOTH 3,

2.5.2 REIEHOREAE

Fig.2. BRERKEC K> THEOINR2RE CORMEBRTT. V53T 4 v I H
. BBRFRI20~10ms. 10~20ms. 20~50msZ T Fh Fh OREIRIR 2
EHCAHNTIRHELRR TR 3,

3500

3000 . e
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Fig.2.11 Calculation time by ray-tracing method.

17



2.5.3 T HBEQERL T
E%%ﬁtﬁﬁ&@ﬁﬁ@ﬁﬁﬁﬁglmw&5&%%3&60C@&ﬁ%\

ﬁ@ﬁ%ﬁﬁiﬁ?é%&é&ﬁo?h%oﬁ%%@ﬁ%ﬂ(l3*74LN9
—J)&%%E?hﬁ\ﬁ%mlj—ﬁﬁibfh%%ém%h&ﬂéﬁlUT
WABEARET AW EE LU TZOMERIATE S,

2.5 A=K 4L NI —2

LaA—H A4 LN -2 RESOEELALOERNERLLDLDTH S,
FhoONY =Yk, SELOBEAITOAINNLAINETHY ., MENT X

. ig.2.1 S d- th from sound
Fig.2.12 Reflection from a Fig-2.13  Sound-ray pa . .
source . to receiving point up

single wall.
to second order.

(Image method)

Fig.2.14 Spatial distribution of crosspoints
by image method.

18



—YHHOBRBERIEERDHDTH S, Fig. 2. 15HABLTRT 5. ZDOFIC
RT3 HADK” BB —RICRERVWESEHOIL TV S,

2.5.5 RE R igmES T

ZOHAE. RAENEDHEM S EDRDAZE THERU TL 3 » 2 igMy
HEUVUTRRUEDDTH S, fidORBIBMIEOHAIHI£Fig.2.16(a)~(e)lZ
Y. CORIDBE. PHOEME TR, RESHECH A SIRU. BRERE
EEBREFMM S —HRIZBEUTOLIHRTFBALD B,

2.5.6 MENFA—F

REDT 3T 4w 7 RRIESOYEHRSIZIVEAHECHFAZEHODHO
THolh. BELOMEHERELSEEG. ChdONY - oBHEL MY
UTERGIORISMRRE T3 & w3, YEBE U T, FHREEH.80mseciM
OMPERFAEHL LI LF—tb (MB) - BAUMHRKHZOWAH KA ILE
= A2 VE—AERALE. ChaD>35, NEOBHIZAERFEITS

YUY LBRORFEFOM VKWL, KX FE > TITBUY LSO HEEOER 2/
T 57iERTE> 2.

Number of reflections

0 45 -\/-38-\/ 202 \/ 166 \

dB)

Relative level

100
Delay time (ms)

Fig.2.15 Echo-time pattern(time sequence of reflections)
by ray-tracing method.

19



AEITBUVERL (T) URiOLIa—=Y L LN —VEHE GIKERY) »Eg
(at+h) TR/DZFIFEL T h L.

80ms 50ms
= €= = €n
b= —5— = A (2-9)
.. = ga+ §10t e 104
haq he() T
RIS,

EXT. et B BF 3L ALK —R KT,

AL R2LE ATV TI. BERELOSBOLHVEENET 2L
BHEPIEATETBY. [10] COMERELJERUASENERA G, 6 S
BEFHT AL oaERILDEEDNS, |

2.5.7 FRERR
Knudsen § Harris £ & SFERBIRTILRNTEREI N B,

_ 0.161 Y ]
RT= S In(l-g )+amy (2-10)

EXC.V, SRERH. £2REERRL. B TFHREFR. ndEBRBNRL2EH
FHRUTV S, E2FRVIE.

(1) Z&Rao=EMIREORDL (FiFUE) 2REL.

(2) COFLERHEMEREIEN L > TENRDHAHOEGZHIU.

Q) MEEOBEMEEH T HHHKELLY.

HHUTV 3, REFBOHECHV R ERUZOBRERMERBFEO—Fl2
Fig.2.1TW2R 7T,

2.6.%F

CADV 7 PREBRES CERE-THEVBEP S RLBBALHTRIZESR
FHEN, FRNOEV T MHIRKEVTITLLIEBLETS %, TDOCADY T M
2~3XDRHEERD B LBV ORFERHOBELLVTHATH B4, &
WHREBELFH T3 v Ialb—vaykIheAVWIRZIE. BE. dEEED
HTERHBRNLETH S, SHLENHGHET 30 TUR< . HIATEER
DBVHYBRRZES KRBT 2HE V> REMNHRSFISLE LAY 7 MEd+2F
HT&5&%2 %,

20



X
Direction of
y ) sound source
(a) Delay time 0~ 10ms \
y4
X
Direction of
y sound source
(b) Delay time 10~20 ms
yA
X
Direction of
y sound source

(c) Delay time 20~50 ms

Fig.2.16 Directional characteristics of reflections
classified with delay time.
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Fig.2.17 Frequency characteristics of reverberation time calculated
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Fig.3.2 Coordinate system utilized for simulation of sound field.
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Fig.3.3 Spatial distribution of four kinds of physical values.
Ceiling height of rectangular shaped room is varied.
(Width=20m, Length=30m)
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Fig.3.7 Spatial distribution of physical values.
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Fig.3. 13 Relation between average value and (height/width)
ratio. Volume and length of rectangular shaped room
are 9000 m3, 30m constant respectively.

Average absorption coefficient is varied from 0.18

to 0.3.

~ or 71—10

m
=z

. FC g
|m 2 D/D-——’/D 1-12

. o
© _ 2

- 2L LC :
5 O/o/o 1"
| Ll

o
m H
o -6 _ il w
- ENG 16 =
= .___./‘ =
= : o
2 2
8 -8 = —H-18 <
< A\c.-— - 2
-10 ] | | —-20
0.5 1 2
[H/W]

Fig.3.14 Relation between average physical value
and (height/width) ratio. Volume (9000m3),
ceiling height (15m) and average absorption
coefficient (0.3) are made constant.
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Fig.3.15 Relation between average physical value
and (length/width) ratio. Volume (9000 m3),
ceiling height (15m) and average absorption

coefficient (0.26) are made constant.
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Fig.3.16 Relation between average physical value
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Fig.3.17 Spatial distribution of physical value
in fan shaped room whose open angle
is varied from 15-degree to 45-degree.
Volume (9000 m3), length (30m) and
ceiling height (15m) are made constant.
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Fig.3.18 Relation between average physical value
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Fig.3.19 Spatial distribution of physical values
in three fundamentally different shaped rooms.
Volume (9000 m3) and floor surface area

(600m?) are made constant.
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Fig.3.21 ‘Spatial'distribution of L.C. in rectangular shaped room.
Position of sound source is varied.
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Fig.3.22 Relation between average physical value
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Fig.4.4 Comparison of normalized difference limen
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Table 4,1 Source signals utilized for the evaluation
of the physical characteristics and for hearing

test,
1.Speech Speech signal male voice,
2.Piano Liadov,"Orgel."
3.Violin Bach, "Unaccompanied violin sonata, gavotte."
4,Cello Bach,"Unaccompanied cello sonata, No.l,'"
5.Flute Debussy,"Syrinx." .
6.Symphony | Mozart,"Symphony No.41,Jupiter,4th movement,"
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Fig. 4 9 Physical charactemstms of the sound source signals.

(Statlstlcal values are arranged in two dimensional space.)
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Auto-correlation coefficient
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Fig.4.10 Auto-correlation coefficient of various source signals.
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Relative level (dB)
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Fig.4.11 Average power spectrum of
various source signals.
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Fig.4.12 Time pattern of test stimuli.
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Table 4.2 Reverberation time utilized for hearing test.

1 21 31 4] 5 6 7 8 9| 10f 11

Rev.time(s) 0 (0.5 1(1.311.5(1.8 212.5 3]3.5 4

1.6 |
) These numerical values are
. utilized for the digital
1.4 o reverberator
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8
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Fig.4.13 Frequency characteristics of reverberation
time of 12 halls. (Reverberation time of

various frequencies are normalized by that
of 500 Hz)
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57

(sec)



Ex WG ABERMOBMREFIg.4. 15K T, HE. LEEOHBFREW
0.88 MRV EWERRUR. ft>T. TZCHohREARERLZAVLE,. K
BRI ZKME, S, BEEFIUVVEXR5 X 3RERMOHETLIMET
3. ZOFFUVVHRERMEHTT 2BCE. BERETHETARTRIESY
DETH SN, EFEHFOFTRESRAF TSI L IREREALH55DT.
—BOMBTHEINWLERESBEORERINEELREL TV EDHANRS

Table 4.3 Statistical characteristics of various source
signals by the method of successive categories,
(Reverberation times in this table are calculated

on the basis of scale value "0" of the regression

line.)
Sound source| Gradient | Intercept| Cor.coef,}| Rev.time
1l,.Speech 1.01 -0.97 0.97 0.96
2.Piano 1.04 -1.,42 0.97 1.36
3.Violin 1,16 -1.73 0.99 1.49
4,.Cello 1.17 -1,87 0.99 1.60
5.Flute 0.99 -1.94 0.97 1.96
6 .Symphony 1.22 -2.09 0.99 1.72
- Correlation coefficient r =0.88 o Flute
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Fig.4.15 Relation between physical and
psychological values.
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(b) Early reflection sound (40 msec delay) is added to the signal (a).

Fig.4.17 Effects of speech signal waveform by adding early reflection sound.
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Fig.4.18 Effects of flute signal waveform
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Fig.4.19 Flow chart of interior finish design.
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Fig.5.1 Diagram of system for measuring directional characteristics
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Fig.5.2 Waveform of source signal for measurement.
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Fig.5.3 Geometrical arrangement and gain settings of WAM.
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Fig.5.4 WAM’s structure for improving front/back ratio.
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5.2.3 MEBENIFIA—¥H
BETHhLERETE. RERTAVROERU T ALY =N 7 2iEBBHK-
12502 S AKHzDGHE I BB Eh. 6F v 2 2 VEARIAVERE N S, Hai§iE:
HOFEFERE (RA—F A LNRNY =) . FENLOZELAE TORBEDIES
HEERUTVS, #->T. ESL2UEIIBREELRIDOE. La—¥ 4 LN
F=rHhoBEROELEHOS 2HHUBLVHARUTHET I N TH 3. 20OV
AFRRXBVTR., ZBELIGRD2E, VMEBKFERINTIEZ S 2@l &1
TRAMOLA=I AN =V RPUEL. TOHABMPILI—Y L LN =V %
DHERUTRRITEROYERELHHEL 2,
(DFREFSM (Reverberation Time)

= ei RTi

RT = =i (5-1)

(2)D(80){E (D(80)Value) :

> e
D(80) = = (5-2)

)EFRARL 2L & — (Stationary Energy)
ENG=10+l0g ( = ei) (5-3)

Fig.5.5 WAM'’s directional characteristics measured in anechoic room
(sound source = one octave band-noise)
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DPIIRHEL AL X —-EAMAMS (Lateral Component of Early Energy)

= ci*lsinfi]

LC = 10+log ( =7 ) (5-4)

G)VMIARFFL AL F—wiiklt (Front Back Ratio of Early Energy)

= ci*lcos@i]

FBR = 10+log ( FE €i*icos@il ) (5-5)

O)EFHRRE (KEH/ 58 3 L¥ -tk
(Stationary Low/Mid Frequency Energy Ratio)

= (ei(125)+ei(250))
LR = 104108 =750y +ercin)

(5-6)

(MEFPRE (F88/$EE) T 2L¥-lk
(Stationary High/Mid Frequency Energy Ratio) :
= (ei(Zk)+ei(dk))

ik = 10+log (:2 GO Fei (IR -1

BIFHOAMOEERpITRT L. EEFHXRKSNsE TOMHRHEL 2L
¥—ci. EBEHBI 2L —eildZn TN,

anNms

gi(f)= .f) pi<(f.t)dt (5-8)

ei(f)= 5‘0’°pi2(f.t>dt (5-9)

TH%5o (5-D~G-3)RP. = . FE = WBEATH. 120 REEDS

B

HHEE2RTHIASAHN. RASHMOFIRKT . RTIBEIZEHOA MO LI —F 4
LN Y — b SchroderiEZ[561 & U A I5ABEERA AL TKD 2o
5Ty (5-DRNORTIE B FH R OFHERFBRTI 2 ZOHHOEFREL LI X —ei T
BHOTUREHERZRLU TV S, DEOBMIRHEL X LF —DEFRREL X
LE-RZHNTZEHNETHY. BAMITERXRLR2EAMUTRETELER. 2O
EEREROERMEI A VAR 2E > THRBEEERMZ—HT 5. (-1
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S5)NHFD 8 I IVAND 7 L 4 B2 FIRICH U TEA WL EY R RIEHHOE S
USOEB I AMICH -2 B i ZHEOAETH S, MIIIRHST LI LE —OMA
MR (L0 1. BRETFRARFALEACEERA N (HEAHM) CHHK
HELINE—-RHYUTCERUE, COYUENSI A—YU. FEOLH IR
HERPEAZIEHBEREINATVS, TRLZOLCREMUZMENS X -
E U TlordanDiRE U /2 Lateral Efficiency®H 3. [57] HIE I DONF A —
YOHERTIEEER A7 Oh2HVWTWA ED. BarronBEHIERU L
HAMAOHMRAE LI LY —OHRENIERERI DD (FEOHE) &2
TV, MRS 2L E—fiRILFBRIE. ELA» > HTHFHEM F7H) &
Ry (%H) OTRUE—TH %o LC,FBRIZVAMIZ K AR T & > TH
HTHHBEINLYENIA—FYTHD, EERBLIILFX— (ei) WAL =N
T—TCTEHRLIHh TV ERD. EHHROTOREIEUKTZICEDTETH S,
Table 5. 1R Zh STEHOVEEL ZOFMTAEUARARETT, THAOYIEE
GIEKD S OFRERRK. 0(80)0fth, HELE EZOEEESERHS A T ST
RAEOHTMEREER. ERRTHA2BEOYENBFHREBHEMCHELTCL
%o FRWVMEE S TZhOTREOMENS X —-YRAUET I LRLY. T
DBERFE. EERRHE. B2 HE—CBET 32 &N TE S,

Table5.1 Classification of 7 physical parameters
based upon physical characteristics.,

Transient Stationary
Non D(80)value Rev.time
-directional Stationary
energy
Low/mid freq.
energy ratio
High/mid freq.
energy ratio
Lateral
"I Directional component
Front back
ratio
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2EMEOWENI A - 05 BRERBEOBOEAE LY B, WAMILKLSC
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EEREBRUE. COEROEME. HERBAVIZEFROENFEOEVNIH
SOPMENIA—IREDEIIRXRRT ZMRFTE2DTHS. UELLRES
B EAM2ATG . REHE28DNERETH S, Fig.5.6(a), (DICHEGERR
Tde ZORMOLKAEOWEBNIA—IDBHFER TR —BLTVWAEZL
BHRMBe > T VBB ERLBLETI3EEEMEELLIARILTHAZ L
MR I Nz,

It

5.3 §

bali

RPEOHKMELEBSELU LHFULERANTELEAT I LWL . A&
MNORZIZEAMOZEPERIEBRIOZELE —MIBETEZ AL 5ok,
FEHOBHRERERTIPENIA—YELTE. BEOLEERBROPFTMR % L
FAXACTHEEEIEA UL, AIBOIIA—Y A LN =B ERL TTHEEOY
BASX—Y 2L, 2EMEOVENS I -y, EREZECL>TH
DTREALEPMRHET I 2 LE —OEAMKS . diktbofE»ERFETITA
5L5Whok. CHOOYWENS X—FiE. FHOBEFE. EFERHE. BK
HEBL2HABLRDOER > TV S, FRAFIEEN. XD S5 32iEMED
MEN T A=Y OHFRLTHRBECHATES 2B NMZU L,

RT
(sec) By WAM
8 .
~ D (18003 By omni-directional
microphone
” By omni-directional | (%) D/O\QTN_'/D‘O
6 - microphone 80 / = _
50l By WAM
A - ]
40— —
2 - - (b) D(80) value
(a) Reverberation time 20 -
0 | | 1 | | | 0 l | I ] | I
125 250 500 1k 2k 4k 125 250 500 1k 2k 4k
Frequency (Hz) Frequency (Hz)

Fig.5.6 Corhparison of omni-directional physical parameters, measured
with omni-directional microphone and WAM.

72



6. EFEHUBTIMENSI—Y, LDENS X—YOHH
6.1 FENZOZH

Fig. 6. ICMENMRE R > R FHOFEFEMERT . < DT EAMHEE00n.
REE660. TRERRIR .80 (R&HHE) »o1.28 (REH) * TEILT % 355
EHEBLRBULAVY— P R—LTH 3. SHEOXALMERE —H it EL R
1.5MDOEXIEE, BESUELL.MTFig.6. IRTIABBAL, BEE=-
DEH (R, BEM) 22O TURTZL3RUELD. 2EAETI~)
WAREE. 10~BIIRHMOFBREFLEARNE LTV S,

6.2 MENTIA—-YOLSETERIT

Fig. 8.2l MENS A - Y DIEF— Y RE SV ERAFA/FROENETRT. 22
TUESETIHENRLWENS A=Y 2 ITXTERAUVLEN,. 205 BEHEKSE

3(12) 4(13)
®
9(18) 7016) 5(14)
SOUND e ® o
SOURCE 5(15)
ﬂ ) . 8(172 ®
STAGE SEATING
AREA

Fig.6.1 Plan of sound field, with arrangement of sound source and receiving points.
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Start

Measurement of echodiagram
of 12 directions

Y

Calculation of 7 physical
parameters from echodiagram

All measuring

points 7

Factor analysis with
principal axis method

Y

Orthogonal varimax rotation

Y

Arrangement of physical
parameters and seat points

Fig.6.2 Flow diagram for evaluating sound fields, based on
physical parameters.
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(b) Latent factors 1 and 3

Fig.6.3 Two-dimensional arrangement of physical parameters after
factor analysis.
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Reflective
1 sound field

Absorptive
sound field
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Reflective
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Fig.6.4 Arrangement of receicing positions after processing
multi-dimensional scaling.
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Fig.6.5 Changes in both factor loading and accumulated factor loading
in relation to the number of latent factors.
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