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ABSTRACT: TI'e fi rst step of archilttlU ral and acou, tical design of a conccrt-hallitbcatre is to choose the fundamental room shape
S.:co ndari ly, the shapcsofwallsand ce iling are des igned .., as to realize proper rellections and diffu sed (b1cnde<l) sound field. As a basic
sludy to investigate thes e po ints, 2-<limensional Jlumerica l analyses by Ihe fin ite difference time domain (l'Il TD) method weI"<' perfo rmed
for lypical room shap es, rectangular, fan-, haped, ellipt ;c, cl<:,. with and w; thoutditfilSivc ro()lllooundaries.ln thi, presentation,lhe
dilTc,cnce. ofw und waycp" "",s.. ion and ..,.,nd difY",;"',y in the rooms with different shapesand difTu,;on treatments arevisualizedby
comput<,.... animalion and the rol1ffi ' lIIJ"lbc m.p<>fl>a . '" C'lf1'l'"mJbyaurali,.alion technique. A new idea to simulate a sc>und f,eld by
c"",bining the HH D cak ul"tion. nd 4·c";",n.-ln:p!,'<lU<:lioo .»trotis also inTroduced

where p is the sound pressure, II , and ", are the pan icle
velocities mx- andy-d irections, respecnv ely.p is the density
of the "ir and K is the volume elastic modulus of the air

By expressing these equations in the cent ral f inite
difference forms by applying a staggered grid system with
square-g rids (Ll., .Ll." see FiS' I) , the followin g equations are
obtained

reflect ion, diff raction and scattering. To overcome this
problem . the "Finite Difference Time Dnmai n (FDTD)
method" [1,2] to transient acoustic phenomena has been
investigating in the author's !aboratory [4-11]. The outline of
this calculation method for 2-dimensionJ I space is as follows

In a 2-dimensional sound fid d, the sound w"ve is
expressed by the following partia l differe ntia l equations
F.quations (l)and (2) arc the momentum equations in x-and
y.d itectin n, . respect ively, and F.q. (3) i~ the continuity
equat ion

1. I NTRODUCTI ON
The firs t step of' architectural design of concert halls and
theatres is to decide the basic room shape. As the basic room
shapes, rectangular, horseshoe-shaped, fan-shap ed, hexagonal,
c i", ular,~mi-ci",ular,and e1hptic shapes aregenendlytaken

Among them, rectangular shape is often used for classical
concert haHs represented by Musikvereinssaal in Vienna
Horseshoe-shaped, circular, semi-circular and fan-shaped
typcs are often uscd for theatres. Elhptic shape is also often
used for various kinds of halls. By the differences of such
~m shapes, the sound p ropagati on cha racterislicsshould be

much different.
As the sc<;vnd step, the shape o f the w,,11 and ceiling is

considered. Usuallythey arc designed irregular 10 make the
sound in the rooms diffused (blended). These room shape
design ", orksare very c~nti"l in architecturallksign not

only from aesthetic viewpoint but also acoustical viewpoint
In the author '!; laboratory, such fund"mental studies on

acoustical design uf halls have been performed usingscale
modeling and computer simulation techniques. lnihis paper,
some exampk s of basic investigations made by visual and
aura l simulation techniques usinl'; Finite diffcrcnee time
dvma in (FOTD) methO<\ are presente d. (In the aural
presentation, these results are demonstrated by computer
"n irnation and auraliz.1tion teehniques.)

2. NUM ERI CA L SIMUL.ATION BY FDT D
M I<:TlIOn

Calculation by FDT I> Method,
for the purposes of sound field analysis and visualizat inn of
room acoustics, such computer simulation techniques as ray­
tracing and image-source methods have been devejopcd and
being widely used . This kind of tech niques based on
geometrical acous tics are ettcc nvc for rough estimatiOll nf
sound rclk-et ion and absorp tion in a room but it is impo~,i b1c

to exaetlydcal "iithsuehcomplicatcd phennmena as sound

CP(X,y,I)+pim, (x,y ,I)=O
ax at

iJp(x, y,J)+pDuy(x.y ,t) =0
0' ill

Op(X.J',I)+K(eu,(X,y,I)+ DII. (x,y,t)) o o
ill ax 0'
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P~h {P••I/' (i, ) + 1)- p .+l/1(i,j)}
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p """,, l (i,j ) "'p"' ll (i,j) _

'''I'': (it ~'2.j)- II: (i - l'2.j) + !?,(i.i+ llll - II;{i.J-1,i2))(6)

.V, M

whc1"e M is the . it t of lhe ""Iuare-grid md irKIicn II. li t 112,
11-112 and 11+\ .,knolc lime s' cps. In fhe ultulalion s
mCl1litl~hel...... l!."'·1 em for lhe spaliaJ @:rid sizc Pd
M"O,02msf"r l hedi'iCll'lc limcsto:p~sct

As lilt initial condiTion u Sllming an iml"' l.c ","11m;. a
smoot hly co ntinuous distribUlion o f sou nd pres. un: described
by thc follo\1iinllC<lWl, i,m"'1L' ~I (~~Fig . 2).

p(r)-1,H.....JrI2~ (,.<12411) (7 )

o (r >12M)

..1In'c ,. is the diaancc ('Ira grid po in! fnxn lhe wurcc position .
fbiit'd ..... the ...........ion IN I thr boundary is klally

rncti\'C.theoormal~orlhe particlevdocityoorbc

boondary i,npnsoedufol~

("

...tM:re uol-,. i. lhe Il<Jm\iiI compono.-nl of lhe panick
\ c\<w;lly oolhe lw>ul'l1lry.lSthc ""'\lnd pr~cand z" lSthe

IIOrmIIl .,UII5"C: impcdallCc on the bl... ndary_ /l en: . by
asswnin@. lhaI. par1 orthe boundaryi.:approx~h:,dby th<o

rv.osides of • oq~-grid :h shown in Fig,) and P can be
~ by the sound prnwre at the center point of !he
squa~rid p(-'I. N). lhe folJowins ex~iomM'e den. cd for
1hc -,,-.nd~b or thc par1Kk ~luo;iry onthc

""""""".
1I ~ · I("' +1 /2. N) .. P,o"i~ ,N )n . {9}

u;OI(M oNt 1/ 2) .. p.'l/i:' o,"" )", (10)

whercn.andn,a'C IM ,l -and y-comronen t,of tM un l t\l~tor

llorlllli l 10 lilc h", mdary undc r cun:;ilkralioll
To ) imr hl'y 1M prob....rn. il was assume d tlldt the no nn al

aruu)1it:: illlpC'l.laocc 00 the bUllooary consist s onty of real rart
inthj ~ lIooy In tllil case , 1M relallORship between 1M nonn al

3('I1tJ~lic im!"C'dan<:e Z. and the normal SOllrnl arn.orrt iun

coc:lftc ient a . i5c~ pn.'SlIl'd as follow5.

(I I)

In the ca lcu lnti,m mcn,i ' Mlcd below. it is assum ed that a .'i}.2·

(co rres ro ml inll 'o/..=7J 57 Nsim ') for ove r all Ireqc cncses re

,i mplify tbe IlVunda ry con dition. Unde r thcse initial and
boun da ry condition., the so und pressure and particle
vel"" ilie.. a t eaell grid perm were calcu lated ,,-ucc(8 sively

u\in gF"ls ,( 4) ,( 5l,and{6)
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FiJ.2 Sound l'fC'"W'1' dislnbutlOflaruwld'he ....n:eI" ... ......,ll$
lheillili a!C\"IfId"io"'u fca ......lal;""

Vi~ua l izarion of Sound Propagation in Room s.

As lhe: Iyp icat room wJ"C"for cunce n hall s and IM;lTreI.

rectan gle (so ca lled ~shoe-ho...style'. fan-s hape and ellipse
.......'TC C~ ..ndlhe: .......ndprop.i'atlOn characlCri)1i~in

lhese: 2-d imc:nsiooa l rooms Wllh the: "'me ;I.ea o f S lll A m'
were examined by the FDT D ITtt'thod TI1cle n hand .i<Jcso f
fig.sshow lhe ca[culationre,u llsinthefurmof Msnap shol~

in thetime lapse: at'te r ille emin ion <lf lhe: impul '<CSOIIrce.
( When demonsteaun g Ihe re, ult , by cnmputer animalion , tM
.uccc'\sive prupaga linnof lhe wave fro nl o f the impulse ca n

be clearly visuahzcd.] In each f igure, the black circ le
indicales t hc sou rce p,,~i'ion and the white one indiealc5,he

receiv ing position for the calc u l~til'" of impulse respo nse
mcndo ncdlater

Co mpou isu nofthe"C fil:urc s re""eals tha' Illc propagat ion
otne wave from is mllCh dirrcr cnl in eac h roo m shape. In thc
recta ngu lar room , il i~ clea rly .......n llull ihe nllmbcr or wave

frun t i"",n-"-~~ with the pn'l!~"" "f hme, wherea s in the fan­
shaped and elliptic I'O<,,,"~ a lendenc y lhat the "'-a~ rronl

dc n""''lSa ndconcentralcs is _n.ElflCCiall y. intheclhpt:ic
""",'m , it is clearly see n thcwl\'e fronl focuses at arou nd the

source po.i tion aml its synllllClrica l p" int all''T1Ullely.
T he impulse respo nses al,he rceclv inll po int in eKlt room

are shown in Fig.6 (II). In these resuns, it is SCClI Ihal the

AcouslicsAu$tfai ia
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n: f1O:Cll(....S are <J~nse and smoo lhly d iminishing in l ite
m:tangu larroom. ...-ltelus thryarescano:redandulIe\·eninthe

r"''''''WiM:d ....oJ.lh~ " lIil" i.: .VUI.....

Ba sic Slud)· on the [ ffeel of Soun d "Can t'f"ing b)
dlffu sers,

In COJ"ICert halls and tbcarrcs. wall and ..ci ting are gcru:rally
made irregular to Increase "' lUnd di ffu~j"ity. To c~aminc the
etlccr ofl.u ch diffusion lRalmcnt~.lhe RHD calcula tion wa.~

again performe d for the three types ofroo;>msby maki ng their
walls inq;ular. As tbe shape of irregular walt. BziWag shape
(Type-2 in FigA) wa~ a~StJmed The snap shots of the
calcu lation results are shownin thc right band sides of Fig. 5
Ry compar ing the results with thosein the case of no dilTusion
treatment shown in the left hand sid~'!I "f Fig. 5. it is clea rly
~ccn that the distinct wave f"m ls have heen much <J im i ni ~hcd

and scattered in all ofthe three rooms
The impu tsc res ponses at Ihc receiving points in the three

mom s werc calc ulated in this case, too. The results arc sh" wn
in f ig, 6(b) in c(lmparison with thuS!: without diffusion
treatmentshow n in ri g. 6(a) . In Ihe-,crcsullS, il is obviously
seenthatth e impulse response . hu vc h~"l:"memuch denser llnd

smoother than the case of without diffusion treatment. When
hearing these impulse responses through a loud~peakers or
headphones. it can be clearly j udged that the reverberation
decays have much improved 10 be natural and smuoth by the
d i lTu~i un trea tment . although Ihe early flutteri ng sound s
caused by the SOIlnde',"c(ntratioll are slill stigh tl) remainillg

sccostcs Australia

W E......
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Flit- 5 Sound J'll'OI'I'I.oIJOlII/II ~~ar (I), f",,·Wped (bl
...... .-I11f"'" «oj ff" . ;". ~ (k-n ""n<!
, idcj and ...ith lhal (nghtha nd sidel

in lh<:cases of the fan-shapcd and clhpnc rooms. Th il;;fact
illdicates that the general tcnde nc) of sound eOl"lCClltl'lltion
caused h}. the funda mental room shal'C' can not be prevented
comp let ely by this kind of difTu.~lon fT('atmcnt on the room
boundaries.

In order to examine ec d Te<:1 nf SllUOO s<:al\~'Tinll: by
diffusers in more detail. a rurth<..,. ~tud) wa.~ performed un the
n:etangularroom. lnthi,study. four kind, of 1igng shaI'C'S
shown in Fig. 4 wen: assume d, Amon g them. Type-I, Typ<.;-2
and Typc-3 are similar in shape but the site was varied in three
steps . The ratio of the heigh t of thc apex to the wid th ofa
tr iangle wa~ ~e l 0. 15. Typc-4 is a "two-way" diffuser
compos ed of Type-J and lYpc -l .

Figurc 7 shows theca1culatillll results . To cun'rmrc the,;c
rcsult~ w ith those i n thc casc of n" d i llil, i "ll t relltmellt sh<lwn

in the left hand sides of Fig. S. it i ~ clearly S\....," that the sound
is scattered afte r the firs t refle ction on Ihe diffusive
boundari es and the space is filled with "l und pre"ure
fluctuat ion , In Ihc ",s u1ts for Type-I . Type-2andT)pe -3.it is
sccnlhat thescauering elTecti sdependcnlon the size of lhe
di lflL~ers_ That is. in the case of Type-I, relatively strung and
continuous "' " IC fronts arc still remainin g. whereas they are
much diminished in the case o f 1)"1lC·3. In the result for T)~·

4. lhe effcctivcllCss of ·'fwo. ...lly.. diffu ser can be observed
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Fi&.6 Calcliialion rcsuIL, ,, f impul,,, ""1"'''''''' al Ihc rcc. iving
p"i"h >h()wninF;~5

In Ihe calculation by the FOTO mcth"d, in,Tan lan. OIlS

sound prcssurc at every mesh point isohtaincd. By squar ing

Ihc~nd pr.ssure, installlan.ousJl"tcnl ial cn.rgy distribution

in the room can be obtained and consequent ly the time
~"3rial ,,,n o facCM.L"'ic diffu , jvity in the I'''om can be eva tuated

qWlnl itativd y from a , ie·....poilll of the s(Mlia! uniform ity of

sound energy( I I ).

The Effect of Sound DiITu sin~ Trea t ment in a n
[lliptic Ha ll.
In thc acou,t ic design ofl hc Srnall lI all in the Kiryu City Iiall,
in Japan, wc ha<Ja chan''C lo upplylhc numerical simulatiun
IcclU'liqueusingt hc FDTDm <:thoo[5].Allhcfirst stage of thc
dei ign of this hall , thc arch iteclproposc del liptie room shape
Th is shape is very da ngerous and we propose d to make the
walls zigzag -shep•.'d with forwa rd -bern surfaces in order t"
pre'o=l aco ustic defects ceused hy tile bas ic room shape. , ,,
examine the effec t of suc h diffllsio n trea tment (and to make
the archilecl be co nvince d), numerica l s imulation was
performed

In the calc ulatio n. spatia l grid sizc of S em and di",r clc
lime step <If 0.08 ms were set and the sound ab~mJltion

coe fficie nts o f the wall , forward-bent surface s and floor wcrc
assu med O.IJ .O ,50 ao(IO, 12,rcspcctiv ely. The surface ofthe
ceiling was treate d as pcrf.octly abso rptive beca use high
ab....,rpti ve fi nishinll II;,l.s designed on the ceilin g.

Figure 1\ shows Ihe calcu lal ion results for the two
co ndition s. wilhandwith<lllt dilTusingtreatmc:nt,in l he funn
of " snar shoe" in the time lapse afte r the emission o f me
impu lse source. In the C'olSC of with out di/ru, ing treatment.
successive sound fccusmg is clearly see n. whereas SOllllll is
much scancr cd and blended in the case of " ith diffusing
treat mcfltby lne e llix t of lhe agag ""lls.

(ajType- ! (b) Type·2 --­(c ) Type-S ­(d) Type·4

0 2 5 10 lO[ m]

Fig.7 Comparison of sound pn~lt"t iun in uie Ul:t:lngular room with four types of dilT", ;ng t"' .'mcnll;
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Fig.9 Cump;uison of imruhe ""['<lOse bctwcen"akulat ;on and
n"'asu!c"", ,,t

3, T\ \ '()· D1:\IF:NSIONAL AURALIZ ATION
OF ROOM Ir.1PULSE RESPO:\ SE

As a further application of the mJJ1~rical simulation by the
FDTDrtll1hod"care oov.'deveiopinga techniquc toauralilx
the calculated impulse responseswnh spatial informat inn l~, l O]

FiSUl'l:lOshows toc principlc of the "4-channcl numerical sound
field simulation system". In this systcm, the uni-directional
imru lse resP.ffiSCS for four orthogonal directions are firstly
calculated by the FDTD method as foll",, 's

(12 )

Fig.S Compari",," of ,",uod pO'fUsal"'" in ~ J.dunen"cmal
cIliplich ali withan dw ithnUldilJu,ingt""'tmcot

1(0) == I+ ~OS O
(13 )

Afler the construc t ion of this hall, room impulse responses
were measured and they were compared Wilh those calcolated

by the FD1D method. 1"' 0 example s of the eom p:lri'l m are
shown in Fig. 9 and v."CCan see a fairly good agrec illent
betwee n the ca lculation (upper figu res) and the real

measun:ment(IOVr"Crfi;::ure s)

whereO is thesoutKIincident anglctuthereceivingpoinl. The
incide nt angle is ca lculated usin g the sound intensity
components inx- andy- dircctionsal the r«eiving pllint , In the
staggered grid system, the sound imens ity at the grid point (i .

j ) is ea1culaled as fo l1o,,"s and the incident angle II can he

calculate<Jby Eq. 16 .

Fig,l ll Ollliine of the 4-<h,numerical «>undfick!,inl ulatio" .y'tem

Vol. 32 December (2004) No. 3 - 93



!'4e..1, 11M: fou, di,eclion~l i",,,,,,I,,, n.-..pon:on are
rcpmdlln'd from four k""'*'p:aL,=" M:I in ~n__hoK ",o m ti

s/kN."lIin t"i" .9. AI the~ point or the .imu~ toUnd
fie ld.. .. e u n hear lhe impulloC ,~ .. lIh sp;!lia l
ilT1f'l'""..ion.(AIprncnl. lhe~em is f0f2-dunensionbuill

is euily up;!ndcd 10 3.d imc:ntioul. in pnnelp le.) By
applying Ihis a lll1llli1~I)oo system. "'1' ere _ mali ng
~uhjc<;l i\ c: hc:lLnn~ lC:Sts on !he effcct of .. >uno.! diffusing
l1calmenh on lhe: ....all~ of wr>cc:I1 h..Us (10). Of a>ur..c:,by
oonvoh 'ingNl arhllnlrydry """,n:c Wilhl he 4-chanoel impul-e
responses. we can hear the sound wilh 2-dimen. ional
. paciousness, In principle. At prcscnl,hO'Nl:\'\:r, u is di ffk ull
to calculate the impulse rc"fJ'Onseup 10 hi]lh frequencies
Cflllullh f"rlish'ni nll music.

4. CO NC U JSIO :\S
As 8 basic study 0" ~ isua li lat i<ln or ro om ao:nu, ti, . "s inll
nunll:,i" d simulat ion leehnique. the . ound pn 'pallation in
rooms l)fd i ITerenl ,ll:1pCsarld lh" ilCanc,inH C IT~'<:l o fBeoust ie

di fTu~ have hc<'n im to;l igaled by applying the fOl D
melhlld.A sa n."Ml Il. ilha s be<mfound thal this kindo fwund
rlc:ld .imubl i.," I~niqllc:is vn')l ..IT~'C l ive:I0 ll'-1 intuilive
comrrclt en,ionofllCOU'I lic phenort":nainro,,,m . II will bf a
u<oorfultoot foracou\lic al U<.'I livn nul only for Sludcn tsand
acouulCeRlJln..-.:noot aI", rocarch itects "' 00 dn. il1" ccec ert
halls andlhe.mn.
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