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SUNEMARY

Methods for modelling acoustic behaviour in enclosed spaces, open and ‘mixed‘ situations, have'boen
WEWWMm-mgmcmods,1hemahodsmBHeWMflimnfmwh
intdlig‘hility of coherent sources, mixed with coherent and/or incoherent mute-rations and incoherent
WWW Themalmeammofspeechhmflig’hifiqissmhmissimhdagwhich
ummmmuufmmwmtmgammmMmmMmmm
Thne-dimensionalsoundyopagntion,hanierefl‘ectsandnoiseuanmissionflumrghpmitionsfintoornutof
hiildingskanalsohemodelled.
TheWmammletommmsofmmmmpubfiommdmnmmfimm
mnspumfimhfimmmhasmflwayudmdngmundmfinngmwhficufldingmfl
mmmmmaudimflweuummmfimwmmmmm
intotheenvilonment.
Aswellnsthequantilztivemamncsmdinniemssmemofadzsimametlmdforwmlizmionofspeechor
othasiylakmmepredkmdsimafimisprmmwflngammwhjediwm.
mmmmmmm,mmngwhammwmmqmm Someexamples
mummtypicalphmommenwmwredmmodemmepeflomnneofPAahdmm.

1. INTRODUCTION

'l'heintelligrhilityofspeochisofincteasingintereslandoancernintheamusticdesignofmnsponinfimeture,
suchasstafimsandahpmmaswellasinotherpuhlicplaoes,suchasshoppingmafls,sponsstadiaand
enteminmentwmiea Asweuasmeinulflgibflnyofwbficmounoementsmhwdwstmummmdedto
oontribmepositivelytntheomupants'amerienoeortoinfomthmthereisnmnhysofienaveryimptmanl
spou'fitztionroquirementforsafetyundevamtioninstrucfiotnbepmvidedverhally.andposstblywbe
onntrolledtospeoificzoneswithinalargerspaoeorseriesofspaoes 'I‘heinherenllyreverhuantnamleofmany
oftheMunsthatthedesignofapubfic-addxesssoundsystemoanbedimumespeciallyvihenitoflen
oonfliuswithamhitecturaloraeslhuicdemands,

lehofthephysiurllayoutofa design (and indeedfinishes andotherdetnils) maybefixedataneaflymge ina
pmjca, somditionallytheawusticiansnnive lateintheday,withmanyoonmimsontheixinstallntionand
little chance to influence other design {matures to improve the amustics. However, there is now the possibility to
design-in better acoustics, by making medictiw mlculations at an earlier stage. Numerial models. using
geomeuiuilaooustimcanheintegratodwim otherCADwolsandranbeupdated atinlemlsaslhedsign
programs. 'l'hispaperisconwrnedwithsomeofthemahodsllsaiinsnchmodelanpaniculartheheam-
tracing method and procedures for calculation of Speech Transmission Index. and the oration ofauralizations of
the actual environment to enable subjective assessment as well as objective rating
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2. RAY- AND BEAM-TRACE“; METHODS FOR GEORIETRICAL ACOUSTICS

1.1 Gwen] Features

Ray-mbeam-uadnguseslhehasicmmpfionnfgeummwmusfim namelyvhatlhcmlinnufmund

unbemsidaeduthedispetsiunofenergy.spxadingspheficaflymumapoimmwflnmnigmlinesand

rdlecfingspeuflmlywhmitmikzsam. (Refinemensmlaknmumofdiflilsionmdmon

phmmawdflbedimlssedlam). 'I'hcbasicoonditionforlhisassnmpfimisthaflhaobjeusinlhzsmmdficld

havelypiulsizsanomlargenhanthemzsficmvalmgh. orthaxthednsityufamusficmodswflhin

(parlially):nclosedspauesishigh. Anmherwayofsayingthigisthmthefiequancymgcismndiummhigh

FmMMmflaudiblefiemmncymgeJhisplautsmnymmmmandmwhid:inmimswilhinme

swpeofmamy-orbeammdngmethfiuwptpeflupsfotsmaflspacesmhasmymllmorvchicle

ubinsatlow(‘buam‘,mode)frequzncics.

mmmMmkpmfinedmmemy-umgmflhndmmmhmm

Wammdmhgmmofwhnamdisdm,mfummywflwda§imlmlcsfm'eclw—

arrivuldcnmy(m1mberofechoespetunimme)vcrsusfimcfium§mplflse,withnuthlvinganysiglifianlpmany

inalmlafionfime. Thcpmmgnfimofabeamaypimflyauiangdarpynmidmamflkshminfigml.

Theinitialmlhofuuheam-mclng,inlayvmmoeiverposifimisasdafechmmhafwhichhasananival

fimc(duémmemmpmhlengmfinmsoumtoreeeivu)andmampfimd:(dmmmehiflflwhen»me

mmmmmmmhMMnMammWflmmewh). Thcseechnesm

mdqdinanechnym: foxmunwmpfldamsomgahzyepaflofmammdaucaxfmechoswm

monthansmlecflnraions)mnbemmIflmedimoahimgmm,whmudl‘hin‘mminsalhheechoes

arrivingwhhinashontjmcinmal.

inmalsafienhcfixstanival(egOmfiOmsec,80mmcmw,IorC§0)vmidussnundqmlflymmcanbe

dafivedgivingmdimfionsofthcchdtyofspwchmuiqzlc. By'fingxhedimuioulinfimmfiononbeam

anivalslamnlfificicncymmmxcofspaciouSJmNanalmbefound. Thedfletminafionofmmbatfl

Wufwdaimelfigflimyjsdiscussedlm. Thesleady-szawnoisctmflxsmfiambyanimeyafionof

tbechulhistagmm:
1: N1 1: Ni

p. = 22A; = 2 lg Ila-a.) (1)
HM H! Hafiz II

when: .

p.=p!cssmnlrecziva,At=nmpfimdeofrefleofionik,n=l=flncfion(image)om,Ni=numherofimage

mfimlfia=dimnwbetwaenimagemikandweaver,pc=impedameoflheair,w=powerof

tumun=absarpfionmmgmfiwallreflecfim

2.2 Phase Ray-crating

lntlwpxewdingdiswssion,Ikesoume(s)andechocsoombiningmythumyveth£predimdSPLandother

daivafivcsufthcechnlhislqmwmassumndmbemnelawdmmm. mmmbufimofeach

dthccompmndechoesolmy—pamsisiddedjustinwmsofmgy. Humanifwewnsiderlhatthepam

lengmfivmmoemmaeiverislcnnwn,foranygivenfiequcncymcanxeadflyfinda‘phase'ofmhaniving

etho,xakingphas:shifisatlhcmme(dependenlonfieqncnqandlorinilialdixwfionoflhcmynndalwau

mfleuimmusfiflymdependcmonangleufimidcmfinmammtflw. Addingtheprsmmsfxom

achlcflectiun veaarially (mayIiIudeandphase)Equaliou (I) Inseam:
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n N1

A. = 2 EM mm mm» (2)
1-0 1—0

when: vi = phase skillet wall reflections, plus initial phase at source; k = wavmumha (Wu/C)

Thisso-ailledphasemy-mdngmuhodallowsmcfiequmqmngcnfamuufienufhmm-mdngmbemended
downwardsthmughthe‘mnsifionregiun' (usuallyddinedhytheSchmederm-ofl'flequmcyfianleJand
enehkssmnding-wavepaflemsandthefllmmbedeteminedinmnflmhryspaees. Veryguodennclan'ons
withmeresukenfbumtmydementannfimmdemcmmusflcsnmddsmheafwnd

2.3 Cohennt Ind Incoherent Strum:

UsingEqnnn‘on(2).oneamnddtngethzrnmnnlytheefl'eetsoftheechosfinmenemmalsamany
milligrme thatistnsay,th=yhaveaknnwnphaserelaflnnship(eqxfiwlem, tornnygiven
fiequency,tnnknnwntimedelnyvermsomer=fcrenee). Thus, forinstnnee. onetaneonsiderthcimemcfion of
multiple loudspakasinapubllc address system, takingtheelecflnniully-intmdueedtimedelnysimoaeeuunl.

Ifsomesnureesinamodelareincoherent(is.theixphaseisatanytimemnnmwitluspectlnlhelefcrenne)
theirfiemsmnalsoheincludedhyaeombimtinnnflheexprmonsoffiqmfiens(l)and(1).Thiscnahlesthe
degmdaflmnfmnfieqmfltypammaemmmmnmdnoisecmjmhedm

7.4 Diflnse Reflections

Semeaennsticpmbienu.mhasfluturechoesorlackni'dispersionnlsoundinpnt,mnybeaddressedbyusing
difiusers. fichehnviawofadifi'tuermnbemnt‘kuedinlhem-mcingpmeefibythegenerationnfnew
hammrryingapnnnftheeneryincidzntonlhedifl’nsa. hedifittsepvwerfrnmay'venincidenlheamcan
befoundas:

Pdifin- = d-Pno-ma = d(1'a)Pin—'hu (3)

where: dislhedifl'usinnwefident.
Thedifi'usion coeflicientennoflmbevayfieqtmncy—dependengtlmsthepmpofllon oflncident powern-mdiated
difiilselycanvnrygleatlymthefieqwnqimngenfinluest. Themlwlatinnofthediflusersdiatienmbe
madhygemnflngmbamsmdiaflnghmmfimdimhmmhemispmmmediflming
surface. Thescmwhnmmthmkmcedhmesamwayas‘ndginfl‘spewhrhumwmuhcmplew
Wefwum,mmm,fiwmmfimmflmwmenmumd
However,theslncisticalnameftheprwedumgivesthedifluere-ndlafimmmemmimymriuphase.so
it should only he am to the wheel histognm for is arrivalvlime, and not considered as a distinct echo.
Thereisalsaaeenainpmnltyinlermsofincreasedmlaflafinn time,

2.4 Sound Trlnsmiulnn

The transmission ot‘snumlm surfaces of: beam—tracing model an be handled by computing the incident
intensity an one face of a surface (‘panel’) from the sound level at a nearby receiver, taln‘ng into account whether
it is free-field or dlfl'use (or usually, some pmponlnn nf ballt) based on the echo/histon data This intensity,
me‘med with a defined, [requency-dqaendem, transmission loss of the pawl. and its area. is used to compute
the pawer of the re-radiating source on the opposite face. Such sources an themselves be made coherent or
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inmhmmmlefleclthenammoflhaincidcmfield flusiIisposdblelnasscssthcimdliglfilityandother

mmmmammmwhmmbemwmmugmmmmy

bumm)orincuhaent'nnise(egbreak-inofenvimnmcnmlmisedegmdingmcsninahdmingor

vchicle).

3. SPEECH INTELLIGIBILITY

llncfinifinns

mlmdmfligibifiqupwchkmmlymwmfimmmmumm. Speech

imelliy'bilityflndthcdariryofolhflsignalsawhasmuslc)mbea$essedbysimplemfiosofimeyalsofechn
Ham,the§pmchTmusmi£ionInd=x(STI)[l]

[Zlisabamrobjefliveu'herim (RapidSTLRaSTLwhichismmufienfuundinacpedmgmalmrkmit

mummumymmmdmsnmmsmmzmm).

Speechisnnmdifivefluxafwhichlhespmlmvaricsconfimflyinfimgandthsindivimlsinnsoidal

deemfimmwmmummmwmmmwy. The

anmFMuMmtammmmwwmmmdmwh-dm

envdopu,dncmthcmom(onhsenvimnmcmingmual). Themubanmuamisinnfmmthesoumuma

stufeohaunmces)mathedeyadafiwmmanymnofbamndmimmmminwm

3.2 Formal-e

Ifwemmuhauhcmvubuafionwminthespaoefollowsnpmeexponmfialdemy,themisgvenby:

MTFO’) = [1+(ZIFL )zl"fl-l1+10w°l'm (4)

when: T=mubuaflonfim(mc);13é;1=mfinofmmmdm(dh); FEmoaflafionfiequenLymz).

Hm,ammfmmmmmmemmmpdunnsinhepmtmwmhyvesmmu
themmafisedFmflermnsfimmoflheimpflsensponse,inmfieq|mcynnge025w 32Hz(whcminth:

infomaficnconwmuflhespeechiscarmdbywavcsofhighflfiequencia):

.

'Iehmy‘fl) d1 1
Mm?) = c .[1+10W°1"” (5)
-

In’m dz

mmklhmummMnumaliseivalueofmcMTF.

3.3 Enoch fnnn manhunt Sunni: and Bukgmund Noise

WmmhckyvummmbommtudamszTLbyadding-MWndm rmdnln,

mmwsmmmemmem. Themindifl'mbflweeninwhaunmmand

Wmislhfllhelmuisapoddon-mdzpendentspecuumwhemasinmhemumhavelocaused

efi'edswhich shouldheaompmadbylhchuwnbeam-uacing sequences.
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1.4 Mzflullll Ind Cllcnlltiflll

Thuluflnflmofmnquixmthe echo/hismyamdalawhich result finmunomal ham-mm; calculation.
mmdmmmmmangflaMMOMQfmflecfimmmmmufm
MmemquuflgmmchuDéfimfimhnmmmwmfim
m(WhidIi-5‘IIIISW). Caludafionfimanddau-flmagcnqfilmmmalsoafl‘euedbym
dunineorthzwmu‘mormemrormula (4) 01-15). Anintelfigmdan—stmgemhasbeenbum
mammfllinwmmwodsmhdied: lhisanmthewwulmlanlafivephascs
(limedelaynndahammflusofmulfiplgwumcsmbeadjnsted.mermnuinbam—undngmlnflmonhas
beenmmflddhnbefmdmivingthevaflmmsums. Thismcansthmmfimwnsnmingpanafthepmcess
mlyhmmhemmwfllm(forhmm)wflmdngmncfl‘ausofmfiufingmmmmdehys
baweeulmflquugmmmiuWDE(mufldawn)aemhsomoflumndmise.

t AURALIZATION

4.1 Thelinmnllmpnlaeflapome

Theuimfimmfimhmdmwmmmmanflm-mmmmmfimhmemodd.

mimlsmmae,hwholfimyamfimmpueduingmhamfluingmahodmmomum.
mmwmhmmWG-chmnfljdaumlatedmlheoriemafionafalistcmandlhe
bdlavimofmdmnndlhehm misdoneusmgHfldMMWHWWhichmybeynefic
(finquWwainnae,uc)althnughpombilitiesformpidmliingofanypuson’sheadandthe
gnmfiun nfinfividnal imfis'wunderinvesdgaflonbysomemmhmfll

Fmthpedw/himgnmdata.ncsnsalfilmisgencmedfnreachechnmsingiumsferfilnainn, thereby
mhngimnmmmdhecfifiu,wuabsomfiomahabsarpfiomnnddiflnmpamkngths. Thisis
mflfipfledbylheHR'IF wruspcndingwdwanyeofincidmw. Animptdselesponscisderivedllsinginwme
finmwimpflumsponsammmmmhngmwmmfimeddmmmmhkngthm
mmmummmmwmmm). Ifechmhavebecnmminthehismymnmenhan
Wy(MthmemMWmM)kW-MWMM&
{ImmanueanwwlmfismusedmmhiswgmmissampledMHflymgmnmethe
causnlfilmx

4.2 Convolution Ind Aneclmlc Signals

Whmthehmiseslablished. itcanbeaonvolvedwilhflgumdasafilmaflamblemmsigul wchasén
Imhoicmwrdhgmgdig‘mlsiyalpmsing TMsisdonewimnFFrmelhodsothalendeflemm
madwithng [5] [6] '
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5. APPLICATIONS AND EXAMPLES

5.1 Mmfilunpfluflnm

mmmwmbunudnmmmm

mmwmdwfimhnflmmmmm

Mm,mmmfivemm)nfhmmmPAmfirmm.

mummmmm-mmmmmm.

mmmmmdmmmmmmhmm

5.1 Tam

Amwmyhmmmmfimmsmmwm. mmmmmda

Wmflmxlimx7.5m(s¢Figne4)whhnilat20°Cnd50%rdafivehmfidily. (Aith

Ilmgfllcbampthsilalminduded). Anomniditecfinnfll(m1ul)whflufiswmllpnsifiumdlminx~y-

Mdz-finuimfiummmm‘ anwmmayiddmmim(‘fifldmmh')ul.5m

Wmmm MWmewmmdmmmaammm.

szlmmmw‘W'mmmm-mmnmmoz 0.02,0.03,0.04,

0.05,0.0’l,0,06,xspeuivdy)mmcndwaflbzhindlh:somch fiymlolmldbshma

mustangs-n Wemmnmbemhmmflmumnmmm

mum-mmummmmummwmmummdm

mmhmawmmmmmmzmmmfinwmumm

ummwma,4)mm m:

wihhumflflflnyflm‘lim‘fmlafiflmflnflionsmmmm thereismfiflizsionhmism).

5.11M“ din-dun (wdficim 0.5.0.5. 0.5.0.6, 0.7, 0.65, 0‘6, 0.5)onlhea‘de walls dispuses a lumepan

nftheennyaswdluhmmmynt mummmmmhmsjmmmm

mmmmzwum

5.1.:MM Inn-pun (cadmium magnate 024, 028, 01, 0‘18, 0.9:, 0.96, cm, 0.8) ave: me wInI: floor
mmmmmzme)mmsomuyumm mmuumm

Wmmmmmm.,,). quy,macombimfimufmmhflmt

mmwmmmmgmmmmmmzmm).

5-L4Amdminthcmhammmoflhcmnwiupnbaflydeyndeme5flifitisinnohcmnwiunhe

madman-swimme mchismlhcpmhlmisimamae(m‘mshn5’)su

Wmhdlelafivdylhflevalu(mpanfipm6nmmlnwplm). Figueéflfl)flsosluwsmanhe

mmhmmmhmlouuwflcflofmmmwmmmfls)

whammammmismdmmwmgmswmmlmmmmdmm

SMAwndmmtmmg‘vcsnnimpmvedsnfwfl«mmcffigunzmywafigmwimgme

wullcundiflms: mlmuummmlesmdifiuem)whmhisinphasewimmofiymlsam “also

mmwflmfihflgwndwimmme‘mgc‘dmmmlemmc/

Fiynlfivauliyn; ammmsula). However,ifmemndsawuehasa(wmng)fimed:lay.inlhis

waloomllimcmhasadsuuflivcdfefl: WnlhcrigM-handnndlm-handplmsoffigmi
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6. CONCLUSIONS

mmmmmgmmgmufimawwmmtfmwemlof
acausficperfomameafamhitmum, strummixnd vehicle designs, nthcdcvelopmcmmgaafapmjm, Nat

anlywnndlcvdshntaimqualitypummaerscanbepmdicled. Phaseuy-mciagnliuwsthefieqnencyrangeaad
DMWflwmflmfifiwofmmwkethWfiWMmfiysafwmm,
Prom algorithms for tin derivation of magmas of spank intelligibility. melt as 5T1, give a robust design

analysiswoiinwhichailpusifiwandnegaflveinflumwsmbetaheninWmummmmflumcanbe
quantified. Anmflzinsthesmmdmxivndinme ‘v'mmi spam‘ addsausefiaisuijecfivemolmthcnhjcaive
results. .
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mums: - mammalgmu nquLwn mnuwrmcunsu ML HOMCI. mummm nlmilmn
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