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Im pr o v ing R oo m A CO us t ics through Timc -Va ri:1nr Synthet ic R c ve rberati o n 

AbstrJC I' 

Thi s p:lpt:r pres e nt s a practical meth od nf predi c ting rhe st:lbility and e f fec t iv en ess o f an y 
c1cc tr oa co u stic re \·c rb c rati o n sys tem . II uses [he method ro ex plain a nt:'w digital sys tem 
which u ses co mpletel y lim e varinnl re ve rb erato rs. Th e unique sy s tem design products high 
rcve rber;)nl !e vc l while 311uwing t he pick up mi c roph ones to be 3S mu c h [ts 50 f ce l from 
sn und !JO urces with o ut cnlo ra[ion fr o m acoustic fecdbJck . 

Inlr od uc ti o n 

Th is projc( ( Sl3rted when we wer C as ked to help im pro vc the acouS li cs of th e Elgi n TheatCT 
i n T oro nto withou l eh:. ngin g t he 3ppe3. r3n CC o f [h e theater i n any way . The au(hn r WJS 

J ske d h ~' R o ber! Tanner :1 nd Neil Mun c y 10 d esig n a n electro3 co ustic sys lem whi c h wo uld 
:.chieve Ih e go al. In t h is D:1Pcr we present t he desig n Jn alys is whic h le d 10 thc s uccessfu l 
clcc tr o :.leous lic sys (eln in the Elgin . Th e pholO shows rht: sy s te m afrer in Slal lati on. 
Appr o xi m3 tcly::'6 or t he 116 10 udSpc.1kcr s 3re in ~l udcd in [he portion o f the ceilI ng vi SIb le 
i n [h e phnlo. The two mi c ro phones ore o n the b31co n y edgc . We ha ve 31 50 inst3l1cc1 3n 
cxpe rimcnt31 vc r sio n o f thi s sys (em with fou r microp hones and 24 io ud spc.1ke rs i n:1. 450 se:1.t 
t h e:1 ter i n Conco rd Ma ss. With e:\(ellen 1 re su lt s. 

,..,hn y rno m s :1nd h:1l1 s In(cndcd r o r mu sic:1. ) pe rforman c es suffer from inadequate 
re verbe rati o n t i mc Or level. insufficient la te r31 en e rgy. e.\cessive initial lime.: d e llY. o r othcr 
3cou ,;tic3 1 probl e ms. Fk ...: troa co u s tic ~ys tem s devised to h elp with the se pr obkm s. suc h :1S 
C lose l , Miked S YSle m s (C'MS), Assis led Res o noncc (AR ), Mulli Chann e l Re ve rb e rOlion 
(MCR l. ,nd mo r e re cc nll y Acouvlic Co nlrol Syslems (ACS). all share various difficullies. 
inCluding co mpl cx sys tem de sig n . high expe nse. margin a l stab ility . a.nd sound colo r3li o n. 
We dc\'elopcd so me s impl c m3Ih em:)[i ca i t ec hnique s fo r anal yzing e nhan ce ment sys lem s. :lnd 
used it a lo ng with m:1n )' re ce n t ad vJnces i n the field o f electronic rcverbera ti o n to design 
a sys tem of o ur ow n . Th e new sys te m (p:lten r pe nd i n g) use s twO o r more mi c ro ph o nes 25 
to 50 feC I from Ih e sou nd so urce, a l~rge Jrray of loudspe3ke rs ar r3ng ed in four Or morc 
inte rle a ve d bank s. :1 nd dig ilJ J electronics with 16 (o r at le:lsl e ig h t) ind e pendent lim e 
Y:1riJnt rever Qe ralO r s. Th e t ime-ene rgy Cu r ve of Ihe reye rbe r310rs h J S bee n tai lo red to 
p rov idc re lali vcly h igh RTcO vs RT 60 , high diff usio n , freedom f ro m ccho. n on c rili col 
spe3kc r pl :'lCC me nl . J nd h igh inl e lJigibilit y. A sys tem with t wo input ch:ln nels. eig ht o utput 
c hJnn cls, an d 16 rcvcrbe r Jtors has si mil :lr sta bilil y JS an !vl('R system w ith 64 ch:1. nnels . 
Whc n th e Olic rv ph o nes C3n be placed within 40 fe el o( the s l:1ge Ihe system o ff e rs h igh 
s(a\)il i[y Jn d independent co ntr o l Ove r re ve rb time and reverb level. 

Pri o r Wo rk : 

All br o3d band acous ti c enhancemenl sys lem s se ek 10 overcome t he basic pr o blems of 
spcake r pl:1cemen t , mi c ro ph o ne pla ce ment , and ac o ustic feedback . In ne3r1 y a ll the sys tems 
IhJt we h3ve studied the col o rati o n induced b y J co usti e fe edback is the limiting faclor in 
th e design . Acousti c fc edbac k is influcnccd b y 011 the othcr p 3 r3 m etcrs in th e system, lnd 
...... ill ul tim31 ely det e rmin e h o ...... mu c h reve rb era nl le ytl the sys tem will be able to produce . 

F o rtunatel y !he problem of feedback in rOom s has been extensi yel y studied mathemati cally. 
and we can d<:yc) o p so me s imple (Ools for a nal yzi ng it. 

C o lo rJ,ion due 10 feedback can be redu ced by : 

I . Mov in g Ihe mi c rop h o nes c lose r to the so ur ce 
2. Reducing the s ys tem le vel b y red uci ng the system gain 
3. Increa sing the number of independe nt channel s 
4. Adding so me f o rm of t i m e va riance . 

We C3 n examine acoustic feedba c k mathemat ically. First cons ider a sys tem co mpose d o f a 
si ngle microphone and loudspeaker. 

Average Loop Gain 

We con quanlif y Ihe amo unl o f acou s lic feedback b y dcfining Ihe "ave rage loo p gain" ",hich 
is Ihe tola l e ner gy pi c ked up by Ihe mi c rop hone from Ihe loudspeaker, divided by Ihe IOlal 
ene r gy pickc:d up b y the mi crophone from the so urce . Figure I 

Av Loop G3in = {A v mike output fr o m s peaker / Av mike o utput f ro m so urce) 

In 3. br oadb3nd sys te m the loop gain is a n average oyer man y f req u encies. The transfer 
fun c tio n betwee n the spea ke r and the mi c rophone has ma.n y pea ks a nd valleys as a function 
o f fr cQ u e nc y due to interference bet ween (h e man y reflections in the sound path. T he loo p 
gain al so me frequencies is much higher than the average. As gain in the system is 
increa se d the sys lem rin gs a ( t he f requen cy of the h ig he st pea k. If we ass ume the 
m ic rop h o ne and [he loudspeaker are sepa rated by at le a s t (he c riti cal distance of the room, 
Ihe 3 y erage loop gain ",here ringing begin s has been predic led b y Sc hroeder (here Ihe 
drJ ",ing ha s been laken from a paper b y So resdal.) See figure 2. The maximum gain 
depends on Ihe reve rb time of Ihe room and the band width o f the sys tem, and is alwa ys 
much less than unil Y. For a broadband system and a rc v<: rb time of two seco nds the 
ma :~ imum loop gain is abo ut -t 2dB. In a dditi o n to avoid obvio us co lo rati on in a broadband 
sys lem Ihe lo op gain sho uld be al lea sl 8d8 less Ihan Ihe gain 31 which ringing begins (sec 
Krok s lad). Thi s mean s Ih3t for a high Qua.lity reinforce ment or acoustic enhance ment 
sys lcm the average loop gain mu SI be -20dB or le ss! T he malhem a t ics of this problem is 
identical to the math en co unter ed in so und re inforcem e nt , and this fi gure ma y be familia r 
to ma n y of yo u . 

Sysle ms ",ilh vc r y close microphones, (CMS) 

So und re inforcement systems meet this requirement by pl:lcing the m icrop h o ne very cl ose 
1O the so u rce . When the pickup micr ophone is c lose 10 the sou rce u se ful ac o ustic energ y can 
be gene rat ed at a lo w va lue o f loo p gain . We ca n m:lke an acoustic enhan ce men t system out 
o f a conve ntio nal reinfo r cemenl sys tem by placing an artifi c ial re verberalor in the sys te m 
palh. and using a di s tributed louds pea ke r a rra y . Success depend s partl y on the loudspeaker 
pla c ement and the Qualit y o f the reverberator, b UI it depend s mostl y o n how close the 
mi c roph o ne can be placed to the so urce o f sound. Designing a sys tem o f this type is reall y 
3 prob lem in mik e pl acc.:ment, a s is frequently th e case in so und re info rce ment. 

Crifical Dis tance and Enhancement Critical Di stance 

We ca n pr edict how close we need to place o ur microphone Ihroug h the concept o f c riti cal 
distance . In class ical aco u sti cs the c riti ca l distance of a hall is th e di s tan ce from an 
omnidi recti o nal sound so ur ce to a point where Ihe to tal re ve r be ranl energ y and Ihe direc t 
e ne r gy are equal. The c riti ca l di s (a n cc is realty a meas ur e of the reverberanl le ve l in the 



hall. When we add an enhancement sys tem we wil l in c rease the reverberant energy in the 
rOOm Jnd lower thc critica l di s tan ce . Lets dcrine [he enhancement critical di s tance (E C O) 
as the di s lance where the direct sound rrom a SO urce and the acoustic reedbaek rrom J 
loudspeJ ker system hJve equal energ y. Sec rigure J. 4 . With an omnidirectional mi c rophone 
the Jvero.ge loop gain is (hen simply the sou rce to mi c ro ph o ne distan ce divided by the 
enhancement cr itiCJI di s tan ce. 

Av Loop GJin (omni mike) = (so ur ce distJnce/enh . eri li ca l distJnee ) 

Ir th e cn hJn Ce menl c r itical distance is sma ller IhJn th e naturo.l c riti cJI dis tan ce most or t hc 
reve r be ro.n t c ne rg y co m cs rr o m th e sys te m. Ir Ih e cnhJncement dist;)nce is IJrge r than the 
natural dist:l nee a dUJI slope de ca y will us uall y res ult. In either CJse il is th e enhancement 
c ri riCJ I distance which \\' ill dctermine s ta bi lit y. Figure 4. 

To eal cu lJ tc s lJbilit y we simply keep tra c k of the loop gain. which is th e same as th e rat io 
or th e so urce to mi c ro phone dislanee and the cnhancement critical distancc. Fo r a sing le 
c hJnnel sys tem with o ne omnidirectional microphone ir wc want the loop glin less than 
· 20dB ror h ig h qualil)': 

Figure 5 

( I ) (source di s<a nee/e nh . erilicJI dislJnee) <: 1/ 10 

Many good hall s ha ve a natural c riti ca l dislancc or about 7 met e rs . Ir we WJnt th e 
enhancement c riti cJI distJncc 10 be Jbou t 7 melers. In omni m ic ro ph o ne mu s t be wi th in 
7Qcm o r t h e SO ur ce . 

C ard io id Mi c ro ph o nes 

I r t he reedbaek e ncrgy rrom the sys te m is the SJ m e in all direct io n s a cJ rdioid micro ph o ne 
poinled ill Ih e sound so urce is 3 tim es m o re se n sit i \' c to d i rcct L: ne r gJ ror 3 g i ven amount 
or reedbJek . so it CJn be J rJctOr o r SQ rt (3) ru rth e r a"'a), rro m the so ur cc . (A 
h y pe rcl rd io id g ive s J rJ c tor or two in distan ce .) Fig u re 6 

F o r J Cl rdi o id mi cro phone: 

(2) (so urce dLstJnce/enh. critico.l distJnc c) <= . 17 3 

r o r an ECD o r 7 mc ters we nced to be within 1.2 met e rs or th e so ur ce. a distan ce which I ~ 
problbly fJOliliJr to :lnyone who ha s worked with sou nd rcinl o rcemenr. With care we can 
mike l s in gle stJ ti Onlr y so urce, say J so lo v io lin Or;} singer. Wh a t do we do with an 
orc h c s trJ ? 

Mi c r ophone Mixing In c rca scs F ecdb l ck 

Let s attempt to mike In o re he s tr J wi th an arra y o r 12 ca rdioid m ie roph o n eJ . hung abo ut 2 
meters above the rloor. The s ign l ls arc all m ixed togelhe r to m ono bero re be i ng sen t 10 th e 
rcverbe rJlO r. UnrOrlunJlcly coch mi c roph one picks up r cedbJck hom (he hJ 11. To 
d ete rm i ne the sIab i li t y or th c syste m we mu s t co n side r th e SOur Ce or so und JS be in g pi cked 
up on only o ne mi cro phone. lnd th e hJIl by JII or them . I r th e microp h o ne s a rc rJ r eno ugh 
J pan th :ll [h e reedbJck is un co rre lJted w e co.n rind th e t o t a l hJII p ic kup by adding the 
energy rr o m cJe h microph o ne . (Any co rrel J ti o n mJkes matter s w o rse .l Thu c; (V.' o 
mi c ro ph one s mixed hJ ve 3dB mOre ho ll l hJn jusl o ne , Jnd lhe gJin be ra re rcedb3ek is 3dO 
le ss. An orrJY or 12 microphones will redu ce [he gJin berorc recdbJek b y [he sqr1(12), o r 
about I Ide. Thi s is cQuivalent to a r:.lct Or or 3.5 in di s to.n ce. Figure 7 

With a si ngle c hannel systcm Jnd mix e d cardioid microphones. 

(3) (so ur ce distanccicnh. critical di s t n n ce) . 17J /(sQ r1(umicr o ph o ne s))0( 30 

T O m(tint3in ~2QdB loo p gain e a e h cJrdioid mikc in a I~ mlcro ph o nc Jrr;)y ne ed " t u be 
within :1 bou[ 30e m of eJch SO ur Ce:. This is exceedi ngl y d if ficult. :1 S Jn y 50 und engineer 
know s. 

In spitc or th ese d ir ficultie s s in gle ehJnncl a cous t ic e nhJn ("e ment sy s tem s or thi s ( \PC h l ve 
been budl. ( re r . F ig wcr ) In ~eneral they a chieve s IJt"l i lil )' '"' ~ runnin g w ith ver y low 
aco us lic OU lp ut le ve l. and eor rc: ... po ndingl y large ECDs. In o lher ""o rd s. ~ou t.~ Jn· I hear th e m 
while the mu s ic is plJ yi ng . 

Lets summariz e: Single c hJnn ei enhancement s ys te ms arc e:-;ecedingly di(f lc ul l to mil-. e . lnd 
[h e microphone arrJ Y is l ikely 10 be obtru s ive , Fo r broJd sources such s ys lem s :H e lik e l y 
t o pr ov ide linlc o r no in c rt.:a se in level Or lat e r al e n e rgy during sy mph o ni c mu s ic. ~lt h ough 
a pl Ca SJnl clfec ! c an be mJde during gaps in the so und . 

Multi C h :l nn c l Reverberation ( M e R) 

We ca n also redu ce Jcou s ti c reedback by increasing (h e number or in dc ['e nd en l (" ha n nels. 
eac h w ilh " sc parlle microphone, amplifier. pos~ ibly J dclJy o r re verbc r:ltio n u ni t. Jn o 
louds pea Ke r(s). S ys t e ms or this t ype ha ve been nl.1 rl-.e(cO (o r so mc tim e b v Phill ipc; . If th e 
microphoncs CJn be p la c e d so the i nd iv idu a l c hl nn e ls are s tJt l S" li olly indcrc n de nl Ihe lo t a l 
Jcousli c pov.' t..:r v.· ill be the s um o r the powers pr u vl Je d b y eJch ~ hJnn cl. 

If \\e requ ire that the gain or c:lc h c hann e l be oc lo v.' · ~OdB (his m l":l ns" SIngl e.: hr pa d ba nd 
chJn nel without an Inter na l rcv erber:ltor ('an incrc J ", c th e rc \cro li me tlr a r p\J n1 p\ aho ul 
1''0. (Sec Krol.;tJo l 

Th e nh )\ 1 imporlJ nt point ab o ut Ihe ..:; e s yst e ms is tli :"! t (h e pCrf fl rmJ nC C PI" th e s\·<; te lll . Ih e 
re ver bc l a n t le\·el o r the 50urce to microphone di ~ Lln("c is propo rt io nJ I to t he "' Qu :lre rnt't 
o r the number or ehJnnel s. In prJ CII t.· C 50 lO 100 c h:lnn c l ... Jrc de SIrable . With s u\.' h a lar~~ 
numbe r or mi c ro ph o ne s it IS no t l1os ~ i h lc to ~o n ce lltrate th t: 11l n c~r th(.' ... dU lc e . Th e\' ar c 
t y pi ":J ll y distributed thr o ug h th e h all. Fi g ure 8 . 

Id ellly c3(h channel o f a Me R s~'S ten1 s h0 11 1d in ~ l lI d e :l del.:lY \\·hi t.' h i ~ gr C:lIer than n r c ~u ~l l 
to the m ean rree path ;n the roo m. Olhcrwi ~c Ih e re \ c rb In c l a c;, 'wc l3 lCd with a f.l, l v e n 
re\ c r b time w i ll be 100 high . th e roo m will ':·H; t :1S i f it s .... o lum e v.. 3~ d c ~· r c~ s cd . 

Acou s ti c Cont ro l S ys te mS (ACS) 

Reeent\}' .:1 s ys te m called A co u5ti c Cont rOl S\ ~ (cms u r ACS h;lS apPc3n:d v.h ll.: h u ses ;) 1 . l r ~ e 
num be r o r mi c ro ph o ne s placed nCar the sourc e ;lnd a lar ge num he r t r II 'ulispc:lhc rS 
con nected to th e m ic rop ho ne s by J m Jlri .\ o r de b y~ . At.·co rdi n g 10 J pJDCr 1· \ Be r h. h lJI1I th l'i 
m:1 tri, is calcu lat ed r o r eJch in ~ tJII:ll i un ha <: eonn th e dcl3~ p ;\l h ~ and inl Jgc ~uu r (" c s whi l"h 
v. o uld exi s t in l IJ rgc r ide al h:l ll OrJu,n around th e e,;,isllng hJ11. A p rn hl c m ""· lIh Ih lS 
pr oc edu re IS that it i5 deri ved f o r th e r ir st \':;l\ c fr ll nt fro m th e SI:Jgc, l n ll ch IC !>. n f'( fJ ke int n 
a cc o u nt t he r cc d u :l (' k whi c h n cc ur " :lnwng th e m i ': fo phone~ ano 1 0 Uds pl'a~ c r ". ;\ \ pre-.c n tcd 
in Be r k ho ul 's paper (he S" it CIll is n" t Jes ig ned 10 p ru v id e maxi m um 'i tJ hiIHY . .\ d lli n )l. lime 
vJ rl J li o n 10 th e ma(ri~ co nn ectI o n s 3 '" c;u ggcs ted III Ih e r:1per w ill he lp , hU I I h e I~ CS ')\'i tC11l 
is Quite: co mplex to dC 'i ig n J nd e ;q "..: ns l .... e to Cfl n Str ue l. The :l UI)ltJr h:I 'i n iH h ("~lrd 3n \ qf the 
e ,xisting s ~ st em s , but oth e rs hJve desnd) ed t hem :1S s uC"cc s;; ful ' · ig ure q 

http:reverbero.nt
http:Jvero.ge


RODS 

The R O DS system wa s d ev e lo ped by Pete r Ba rnet of Ac o ustic Management S yst e ms, and has 
bee n used in severa l in s [;::IlI :lI io ns by Jaffe Acou s tics. As I under s tand it. thi s is a non-linear 
sys tem, wh er e auto mati c g :l ICS arc used to connect the micr oph one to th e input of :1 dela y 
l in e onl y when the aco us ti c (evel is r is ing Or const a nt, and to co nn ec t th e o utput of th e 
dela y line to [he speaker s w hen the le vel i s railing. Thu s acoustic r eed ba ck is eliminated. 
Th e idea is cl ev er , and ma y be useful in s ituat io ns wher e it is n o t de s ired to enh a nce the 
leve l o f co ntinu o us mu s ic . Th e R O DS sys tem b y de s ign d ocs no t co ntri b ute to la teral energ y 
o r so und le ve l durin g co ntinuou s o rc he stra l mu s ic , ailh o ugh it is c3.p a bl e of in c rea s i ng the 
:lpparent rev erb time. Figure 10 

Desc ription o f the ne w sy stem 

Th e new s ys tem is b3. sed on time v3.ri3.nt reverberators, wh ich have be e n de vel o ped by the 
auth or o ve r man y years a s a ( 00 1 f o r the reco rding indu str y. 

As yo u c an sec fr o m the bl oc k d i:lg r ::am ( f igure 12) the sys tem depends o n a s mall number 
of mi c ro ph o ne s located a s c lo se a s is convenientl y poss ib le to th e sour ce, ::at lea s t 4 speak e r 
bank s, and :l lar ge num be r o f i ndep e ndent t ime var y ing re v erbera to rs, wh ic h f o rm the 
con nec ti o n s between the mi c ro ph o nes and the speaker bank s. In t he eX:lmplt: s h o wn. there 
a rc 2 mi c rophones :lnd 8 spea ker ba nk s. There arc 2-8=1 6 poss ibl e co nnec t io n p3.th s be twee n 
ea c h mi c r oph o n e and each loud speak e r , a nd each one of the se co nnec ti ons is mad e with a 
revcr be r :J to r . 

T hc t im ~ vl r yi ng r evcr bc rat o rs ha ve some un iQue propert ie s, a s you can see fr o m f igure 12. 
The [0p i mpul se r espo nse was made a bo ut onc minute earli e r thln the bo tt o m one . A s yo u 
CJ n st e , the pJtt e rn s :lre co mpletel y different. Th e trallsCc r func t ions al so h a ve 3 relat i vel y 
fl ~ll time-c nerg y curve for t h e fir s t few hundred milli sec ond s. 

Fr o m pr t vi o us e :<perien ces with hall s imul3ti o ll it wa s known that we need not sy nth es ize 
:l parti c ul a r paltern or refle c ti o ns . The reverncrators can all be identicli in design as long 
:l S at an y tim e th e co rr e la tion bc tween them is zero. The time v 3.r iation mu s t be s ufCiciently 
f a 's t th a t the autoco rrelation of an y re verberat o r with itself is al so zer o after a dela y of 
Jbou t I second . 

Fr o m th e s tandpo int of s l:l b ilit y the time var y ing re ver ber a to rs ser ve two f u nc ti o ns: 

I. Th cy r:lnd o mize the m ic ro ph o ne si gnal s - al lo wing a s ingle mi cro phone to beh ave from 
t h e s tandpo int of s tab i lit y a s if i t wer e a n u mbe r o f independent mi c ro phone s. We can 
the re for e mi x th e m ic r o ph o n e s ignll s toge ther AFTER the re ver berat o rs wi t ho ut pa yi ng 
t h e penalt y in s ta bi lit y we sa w in th e e MS sy sl c m . The sys tc m beh3 ves rr o m a s t a nd point 
oC s tab il ity lS if i t had a num be r oC ch:lnn e ls equal to the number o f re ve rberators, whi c h 
is idca ll y th e produ c t of the numbe r o f mi c rophones and the num b er o f s peaker bank s. Thi s 
prod u (' t is e xceedingl y impo rlant . Mi c roph o nes arc expensi ve and un s ighrl y. By using a 
s mJIJ n u mbe r o f them and a larg e n u mber o f r e lati vel y ine xpen si ve el ec troni c rc ve rb e r3.t o rs 
th e sys te m CJn be made mu c h mOre pra c tical. 

2. T i me va:-ying rc vcrbc:ral o rs dire c tl y add at least 6dB of ex.trl s tabil i t y to the system 
thr o ugh th ei r abilit y to broaden resonant pe3.k s in the roo m tran s f e r function s. With the 
ve r y high degree o f d eco rrelati o n pr ov ided b y our reverberato rs the actual impr ov ement is 
s li g htl y bett e r than thaI. Th e a verage loo p gain in each c hannel can be a s high a s -12dB, 
wh ic h is :In impr ov ement oC 8dB Ove r a t ypical n o n t ime variant s ys tem. These number s 
co me fr o m J ser ie s o f labo rat o r y ex periment s. 

If we usc cardioid mi c rophone s we find : F igure J) 

(4) 	 20·log(source d is t3.n cc / enh . criti cal di s tan ce ) < II: 
.12d8(s lab i li t y) +4 .8d8(cardio id mike ) +IO·log( # o r re verberat ors) 

F o r a sy stem with C:l rdio id m ic ro ph o nes [hi s simplifies to: 

( 5) (so urce di s tan ce / enh . c riti cal distan ce) <= sQrl (#re verberalOrs )/ 2.) 

We C3.n general ize this equ3.tio n somewhat b y all ow i ng the poss ibilit y that mi c roph o nes 
would ha ve to be mi;w;ed before pa ss ing thr o ugh a reverberator. In thi s c ase : 

(6 ) (source di s tan ce / e nh . criti cal distance) <

sqrt(#re verberarors / #microphone s per input channel}/ 2.3 

Th is equation c an be used :::I S a general guid e for des ign i ng systems of thi s t y pe, as it allows 
you to calculate how man y reverberat o rs you need on ce yo u kn ow how c lo se to the sound 
so urce yo u arc a b le to pb ce your mi c rophones. 

Thi s s ys tem give s an en o rm o us im p rovement o ver a con venti o nal single c hannel system. F or 
th e El gi n, where we usc 8 sp ea ker banks, 2 mi c ro ph o nes, and 16 re v erberator s: 

(7) (so ur ce distan ce / enh . c riti cal d is t a n ce) <z 1.75 

Th is is an 3.mazing amo unt o f sour ce-m ic ro ph o ne di s tan ce , and the c alculat io n is qu ite 
c o n ser vati ve . We have: assum e d a full 15kHz bandwidth and a 1.5 to 2 seco nd re ve rb time 
in deri v ing the equati o ns. The s ys tem as installed works better than thi s , but f o r design 
purposes we sh o u ld not reco mmend e;w; cee,ding a sour ce di s tan ce of twO times the c ritical 
d is t3.n ce . 

If we c ompare (3) to (7 ) we can sec that u s ing multiple re vcrberators and no microphone 
mixing yield s an impro ve ment o f a fa c tor of 35 in source distan ce o ver a single channel 
s ystem with 12 microph o ne s ~ 

Problems with time variati o n 

T i m e dela y i n a digi tal sys te m is Quantized in un i ts o f the in ver se sample ra te . so 
int e r poi :31 io n must be perfo rmed on eac h mo ving dell Y or the output will be una cceptabl y 
rul\ or no ise and clic ks. In additi o n there is a pitch shirt a ssoc iated with an y del a y c hange . 
Gi vcn randoml y c hanging dela ys there is a rinite pro babilit y the y w ill all d¢c ide to s h ift 
i n the same dire c ti o n at o n ce, and a beautiful d eca y will go flat or s harp. We have 
de v e lo ped a s pe c ial 3.lgorithm f o r dela y change which minimizes the pitch s hift, but in a 
s ingle c hannel the margin is s till s mall betwcen freed o m fr o m co lo r and audible pitch 
pro b le ms with piano o r c l3.r i net. 

Although the reverber3 torS used in thi s s yslem arc similar in so me wa ys to the time var y ing 
rcverberator standard in the: Lexico n 4801, the new reverberalOrs give at least a 3dB 
improvcmnl in g3.in before feedba c k when compared to the s tandard o nes. The energy lime 
c urve ha s also been oplomized for maJ.:imum blend between the lo uds peakers and minimum 
disc rete ech o. We are continuing to work on the software, and ho pe to additio nall y impro ve 
the coloration , particularl y when there is substantial acous ti c feedback. 

The Elgin inst a llat io n 
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The Elgin The"ter scats 1500 peopie, with a volume or about 270,OOOrt'3 excluding the 
under balcony arca, and 320,OOOrt ' 3 including it. The low ceiling contributes both to the 
high intelligibility in the hall and to the sh o rt reverb time. There is a large balcony 
covering 2(3's or the noor scats. The ceiling height below the balcony is low, in so me 
places a s low a s II feet. Reverb lime abov e: the balcony is around I second at mid 
rrequencic s with the hall empt y, rising to abo ut 2.5 seconds at 100Hz. Below the balcon y 
re ve rberation 3 $ su c h is nearl y non exi stent. 

Figures 14, IS, 16 

Our job wa s to supply increa sed lateral energ y. prererably while the mu s ic was running. and 
to increase the re verberanl level and re verb lime, particularl y under the balco n y. The 
sys tem had to be invisible to the e ye and free or an y elec tronic coloration . We dec ided to 
usc about 120 loudspeakers or ver y high qualit y recessed into the two ceilings. (Paridgm 
3se ) The lo ud speakers, chosen with the help or the Nati o nal Resear c h Councilor Ca nada , 
3re excePtionally rree or color. Bass response e x tends to about 60Hz. Figure 17 , 18 

The number or microphones and speaker banks used in the Elgin Iheater was primarily 
det e rmined by the hardware of the reverberators. Using two Lexicon 480 processors gives 
us 8 o utput channels, allows internal mixing from two input channels. and run s 16 
reverberators. The 480s supply all the time dela ys, so no additional digital elec troni cs are 
needed . The 480s are controlled remotely b y a s ingle Lexi co n MRC midi contro ller . 

The 8 outputs arc directed to 8 banks or loud speakers. which arc arranged in an interlea v ed 
pallern we ca ll a liling. No two adjacent loud speakers are dri ven from the sa me o utput. 
Thi s lack o f co heren ce be tween the lo ud speakers in c reases the apparent diffusion of Ihe 
sys tem and reduces colorati o n . A tiling oC th is t ype requires at least 4 output c hannels . and 
thi s number is the minimum we reco mmend for this t y pe or installati o n . Figure 19 

We were co ncerned at first thai we would need speakers on the s ide walls . However we 
correctl y decided that den se ceiling arrays wo uld fo rm image so urces well beyond t he wall. 
and lateral energ y wo uld be adequate. 

Control of rev er b le ve l and Music /s peech detection 

The micr op h o ne s are close enough to the s tage that we can achieve independ e nt co ntrol over 
re verb time and reverb level. Experiments on the system in Toronto have allowed us to 
determine that the o ptimum re verb level r o r speech is about 6dB lower than the optimum 
r o r sy mph o nic mu s ic. Opera requires int e rmediate va lues. with dialog being close to speech. 
unac co mpanied si nging requiring abo ut 2dB more , and acco mpanied s inging about 2dB mo re 
than that. We are currently working on a detec tor which would allow the s ys tem to 
automaticall y adju st the reverb level to mat c h the t ype o f music being perrormed. 

Mi c roph o nes and Electronics 

In the Elgin twO B&K c ardioid micr o phones arc currentl y on s hort booms attac hed to the 
balcon y rail. The y are abo ut 15 meters rrom the stage. In this position the y arc in v isib le 
to the audi e nce, and pick up the pit o rches tra and the stage with good uniro rmit y. Th ey 
arC al so able to pick up the main sound rei nrorcement loudspeaker.s with about the same 
eCric ienc y a s the audience, which means the re verb balance with and without re inf o rcement 
is ab o ut th e same. C lapping yo ur hand s anywhere on the rloor (ex cept und e r the balcony) 
gives a quite sati s Cactory reverberant deca y. It is not practical to get the mi c ro phone s c loser 
to the stage at this time. 

Costs 

The Elgin project has cost under $200 ,000 in equipment and in s tallati o n . A majo r pa rt or 
this expense was [he installation of the loudspeakers , which were ver y s u cce ss full y h idden 
from vicw. The C3rC we lOok to hide both the speak ers and microphones is an importan t 
part of rhe success of the system with critics and the public. 

Results and Conclus ion 

Th e prot o t ype system i n the Elgin theater in Toronlo ha s pe r for med be yond our 
expectations. parti cularl y with rega rd to the distance fr om the s tag e of th e mi c ropho ne s. 
Figur e 20. Re vi ews o r the rirst musical show all praised the acousti cs o r the th eater. The 
T o ro nlO Opera will usc the Elgin for part o f their next season, and the o rgan ize rs ar c 
parcic ul::ul y pleased w it h the acou s ti cs. 

Bel ow the balc o ny the improvement in sound q ual it y is dramatic. The uniform array o r 
lo ud s peaker s produces equal energ y distribution in all direction s, and sound a li around a 
li s tener . You can stand dire c tl y under o ne of the 53 under balc o n y speak e rs and nor h ea r 
it specifically. even though it is only about 5 feet above your head . Without the sys tc m the 
sound i n these scats is lifeless and too low in le vel. With the system running the ceiling 
disappears, the level increases, and the listener is surrounded by the hall. The latera l so und 
energy here goes from low to high . 

Above the ba lcon y the c hange is less dramalic bUI wo rthwhile . Th e acouslic Qua l iry of rhe 
(healer in thi s area is alrea d y plea sant Cor speech and light music . The sys lem adds some 
warmth with o ut being in an y way obtrusi ve. It is capable of realisl ic all y re pr oducing 
re ver b times appropr iate to o rc hestral mu sic should the need arise . l o n ger reve r b time s o r 
h igher re verb le vels can be adju s ted at any time with the sliders o n Ihe m idi con lf o lle r. 

In spite of what see ms a tOlal s uccess . in the author 's o pinion Ihe sys tem is operating on the 
margin of a cceptable perCorman ce. When we f ir st tested the sYSlcm we were ab le 10 mo unt 
the m ic r o phones on stands at the edge of t he bal co n y. so me 10 feet a boye th e under baleo n y 
ce iling. Microphones in this p osi lion wer e esse ntiall y insen si li ve to Ihe und er ba lcon y 
speaKer a rra y . When the micr o phones were finall y permanentl y mount ed th ey ha d to go o n 
the edge of th e balcon y. in a position where: the y were substantiall y i nt o the sound rield 
rrom both the above and bel ow bal co n y syst ems. In addition the lighting des igner s grabbed 
th e entire cenler area of the ba lco n y edge ror mo to rized lighting , whi c h r o rced the 
m ic ro phones to m ov e far to the side s. (Acou stics always scem to lakc a se cond pla ce to 
v is ual s, alas.) In thi s positi o n the sys tem is ope r a ting with aboul 3dB less ga in berore 
reedback than we had hoped ror, and when t he syste m is set ro r rull re vc rb le vel there 
can be so me n o ticeable coloration on spok en voice . Th e c urrent micr op h o ne s arc at lea st 
15 me ters fr o m the sound sources, and the de sign g oal wa s r o r an enhancement cr iti ca l 
d is tan ce of 7 merers o r less. Wirh a maximum predict ed source di stance to crir ical distance 
rati o o f 1.75 the sys te m is o perating well o utside its intended design ran ge . Th is is not a 
prob lem in practice . s ince sy mphonic mu sic seldo m includes spoke n vo ice. and no one 
operating a s how want s to usc the maximum re ve rb le ve l. tr we could ha ng the 
m icroph o nes, o r move a rew li g hts, the author would be delight ed with t hc syste m. In its 
c urr e n I slate the syslem is ve r y good , b ut i t is n OI Bosran S ymph on y H a ll. Our a nal ys is 
pre dicts t hat i f an o rchest ra shell is added. thu s increasing the re f lect i v it y o f the stage . or 
if the same fun ct ion is achieved b y adding a dditional spe aker banks to the s tage area , morc 
re verberators and ou tput channels will ha ve to be added to maint a in adequ a le perrormance . 
If the hall were to be dedicated to sy mph oni c mu sic hanging the pickup mi c roph o ne s would 
be a ccepta b le , and the resu lts ",' ith the c urr e nt electronics would be gloriO US . A n y stereo 
micr o phone techn iq ue suitable fo r a radio br oadcast could be used as a p ick up Co r the 
acoustic sy stem. and would yield at lea st a 6dB improvement in s tabilit y over th e prese nt 
miking. 



Conclusions 

This type of SYSlem CJn be re commended for an y acouSlic application where there is a need 
to increa se the le vel of renected sound or increase the re verb time o f a room . Since the 
speJ ker posilions arc no t critical, speaker s can be used to in c rea se reflected energy wh e rever 
it is needed , such a s in the stage area , to dec rease an inilial time gap which is o verl y lo ng, 
or to increase the am o unt o f lateral energ y around the audience . 

An ele c troacouslic s ystem o f thi s ty pe is capable of gi v ing a relativel y dead auditorium 
satisfactor y acou s ti cs fo r bo th mu sic and speech . It is also capable o f inc reasing the so und 
levcl in a large halt w i thout ob vi ou s col ora li o n. It thus ho lds Ihe pr o mi se of o ver co ming 
some o f the ba sic problem s o f ph ysical aco ustics . h is both le ss expensi ve and mo re 
success ful at thi s than so lut io ns ba sed o n moveable curta ins o r other v ari a ble abso rpti o n , 
since it permits a large roo m to ha ve the so und level o f a smaller one , and a smaller rOom 
10 hav e the rc verb time of a larger one. 

Our e xper imental sy stem in Concord Ma ss achusetts ha s demonstrated that the sys tem can 
also wo rk well in a s ma ll hall. Small hall s suffer in general fr o m tw O aco ustic pr o blems: 
a re verb t ime whi c h is percei ved as too s ho rt f o r sy mph o nic mus ic (es peciall y when the 
audi e nce is pres ent) and a reverber a nl level wh ich is much too high, making the hall mudd y 
and lo ud . If wc tr y [0 raise the re verb time by reducing Ihe absorpti o n we raise no t only 
the reverb t ime but a lso the re verb le vel , whi c h ma kes the hall even lo uder and harsher . 
With an electroacoust ic system en ough absorpt ion can be added to the hall to damp the 
unneeded reflecti o ns, and the seats can have mu c h mo re nearl y o ptimal aco us ti cs. In 
Con co rd there is a lread y enough a bsorption for adequate acous li cs with orc hestra , and when 
the aud ience is pre sent the s ys tem is quite effec ti ve . We are in the pr ocess o f deciding 
where and ho w additi o nal abso rpti ve material s c an be added to impr o ve the clarit y o f sound 
during rehearsal s, and the intellig ibilit y when the hall is used for pla ys. 

The pro bl e ms with elec lroacou s tic sys tems in the pa s t, namel y col o rati o n due to feedbaCk , 
comple x design, high expense, and marginal perfo rman ce are reduced by this system. It is 
not :I panacea . Fo r a successful inscallation careful attention mu st be paid to the co verage 
or the mi c rophones and speakers, the relati on between the number of channels and the 
source di s tance, and all existing aco ustic pro bl e ms in the s tru c ture. 
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Figure 1 Figure 2: 

Average Feedback Loop Gain- Risk of uncontrolled feedback by a sound reinforcement 
Average Mike Output From Speaker system in a reverberant sound field as a function of 
Average Mike Output From Source system loop gain. The product of the bandwidth Band 

the reverberation time is a parameter. From Schroeder 
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Figure 3. Natural Critical Distance 
Distance from an omni-directional source where the direct 
and reverberant sound energy are equal. 
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Figure 4. Enhancement Critical Distance 
Distance from a source where the direct sound and the 
feedback sound from the enhancement system are equal. 
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Figure 5. 
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Figure 6. 

For Cardioid: 


distance between source and microphone = 0 173 
ECD . 
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Figure 7. 

Microphone mixing increases feedback: 


source distance 0.173 

<=enhancement Number of

critical distance microphones 

Up to 50 or More 
Figure 8. 

Multi Channel Reverberation (MCR). Many independent 

channels of microphones, amplifiers and speakers are 

scattered about the hall. Each can have a loop gain of 

-20dB or so, but together they are audible. 
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RODS: Microphone signal passes through a gate before 

going to a tapped delay line, and the output of the line 

goes through a similar gate. The logic opens the input 

gate and closes the output gate when the mike signal is 

steady or rising . It closes the input gate and opens the 
H u l o~ r aphl(,' due ci s.ound conltol con ) I ~ I !> o f {h ,e!: 

lo l ep s, acq ur ~lIron by m rt"f ophl,)nc Hr;, y (nca r Solagt r, c\IIap' 
Olallon by ~11 na l pro~c)~or, and re CU n.l> lruClron by I Oud ~pca k.e, output gate when the level falls. This system does not 
;,rray (ne1tl au d lencc), 

increase lateral energy during continuous music. 
Figure q 	 Acoust i c Control Systems (ACS) Outputs fr om an array 

of microph ones near the stage are convolved with 
simulated reflections derived fr om an ideal hall drawn 
around the a ctual hall. If fee dba ck can be ignored 
the ideal acous tics a re then re-created in the actUA L 
hall. - From Berkhout 
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Figure 11 . 

Elgin System 
Block Diagram 

Gain Control 
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Figurel2. Output of a single time vary ing reverberat or to a positive: impulse . 
50ms per divisioD . The rop graph and the: bottom graph were made7 about J minute: apart. Notice the: impu lse response has co mp letely 
changed . 
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Analysis of stability for the Elgin system 


-12dB (stability) 

source distance -6dB (safety) 
20 · Log ____ __• __ , . , _~, _,,~,___ ~ < = +6dB (t ime variance) 

+4 .8 dB (cardioid microphone) 

+10' Log (# reverberators) 

number of 
sou rce distance . reverberators 

enhancement critical distance < 23 

For Elgin system with 16 reverberators : 

sou rce distance 
1.75

enhancement critical distance < 
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Figure 16. Elgin Theater 
BalconyFigure 15. Elgin Theater 

ground floor 

A!!I!I["'elY 
A""A 

~ , I('-c:;::) 

~'0 

~ ~ II ~ 
~ 
~ ~ ~~ " ~- .. . ' 

, 
" 
a " 
t 
< 

, a 
c 

~ 

~ 

o ~ 10 20 .w n:n I 

, . -...~ 
.. . ~~ 

~ ~ --~~N=O~t ~~~~~"j
LOBBT • 

p 

;ING }'( AREA) 



_ ___ 

- - - - - - - - - - - - - - - - - - - - - - - - 4~lS.B 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~~lB.B 

- - - - - - - ?":: - - - - - - - - - - - - - - - - - - ~+ S.B 

- - - -	 - - - - - - - - - ~ ~ B.B 

- - - - ~- S.B 
./ 

- - ~ - ...,... -11l . B 

- !- - ,' - - - - - - - - - - - - - - - - -  -lS.B 
r-r--,-,r-r-,--r-,--,-,-,--r-,--r - r--r-r-,--r-. 

2B SB lBB 2BB SBIj lk 2k Sk lBk 2Bk

] Figur e 17 Ac oustic output of the ceiling mounted loudspeaker 

array. Pink. noise supplied to re verberat o rs set to full 

bandwidth , randomizatio n on . . . .. . - under balcony 

- - -- .. above balco ny 


~lS.B 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~~lB.B 

- - .. -:;:~~-. ......, -: ~ - - - - - - - - - - - - - - - - -+ S.B 

/ " ---, 


.l~ 
'--':'-~~~\"  + B.B 

I 
" 

- S.B.....·' - - - --M j 	 " .

\ 1 
- ~ -. ,'/- - - - - - - - - - - - - - -  -lB.B 

,,' J/ 

~i~\~< 	 -

"\ 

'\ 
' 

-1S.B\ Figur e 1 9 Speaker tUing In the Elgin maIn c eiling . 'The or IgInal 
t iling wa s modified t o sult the pur po s es of a show . but 
n o te that for the most part no two adjacent loudspeakers21l SB lBB 2BB SBB lk 2k Sk lBk 2Bk are c o nne c ted t o the s ame output 

Figure 18 	 Feedba c k transfer fun c tio n - all louds peakers t o B&.K 

pick-up microphones . Pink nolse supplied to 

reverberat:ors set to full bandwidth. randomh.:ation on . 

1/ 3 octave equallzers adjusted to flatten this curve . 
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Figure 20. Energy Time Curves for the Elgin System 

n Ie: : [L81 l'5- 1 . fin +-2"5 -" , : 18 "' 

1-zs.... 'JI& 7 :Z"i '" 

fi le : n81.ZS-1 . t111 1- lS-" 7 :&4", 
, &.h -

17.; . ,. fo', 
L ... ~ (; ;;; r 

.- .. .. --,_. 
I 1. ~ . - .. - .,-. .-

n Ie: tlOizs.-6 . TI" i-a.-" 7:» '" , 

1- lfr-'J8 1: 18 '" 

file : n&1Z5-S . II" 1-25-" 7 :i6 "' 

!talco"", " Ie .. ZOO ....~ p'r sC' . npt c- ~ 




