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l  significantly *qreater reduction in noise level than could be accounted
iirr by their equivalent absorption area alone.

11 .3 .3  Reve rbe ra t i on  i n  Coup led  Rooms

\\'e norv proceed to non-stationary processes in coupled rooms: thus, we
must  drop the power balances g iven in eqns.  (3.11)  and (3.12) .  Instead.
\\ 'e assume that the introduction and removal of ener_9y in both rooms
Ieads ro time-varying changes in the total energy contents. (E, tr/r)and (E.r, ',).
of the trvo rooms. we represent the stopping of the second source bv seti ins
/ ' ,  :  0  and at tend to r  he re 'erberant  sou nd deca1,  onl r .  Thus.  rnstead o ieqns- .
r - l . l  l )  and t3.12) ,  *e have the d i f ferenr ia l  equat ions:
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Since these equat ions are l inear .  we set
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t ' '  hich means that we assume that the reverberant process is made up of
:rponenriallv decaying functions. The quantity d rvhich characterizes the
rlte oi decav of the sound pressure is called the dampin-e constant. Since
\\e musr deal here rvirh ener*eies. which are proportional to the squares of
the sound pressures.  the quant i ty  2d appears in  the exponent .  Bet*een d
rund Sabine's reverberation time, the followine relations hold:
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B1 se t t rng  eqn .  (3 .20 )  i n ro  eqns .  (3 .18 )  and  (3 .19 ) ,  and  om i t t i ng  t he
common lactor  e-rd ' ,  we _set  for  E,  and E, ,  and so a lso for  thei r  rn i t ia l
t  a lues Eo,  and E6, ,  the l inear  equat ions:
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These two equations rul^q" varid for a simpre exponential decay with asingle value ol  6 onlv.  i f  both.qr", ."r ' . tsul t  in the same rat io for
!::J7,',:::J*":iluires 

that thc determinant or rhe .o.rn.r.ni, oi ro,

I (;'" -"4) -i"'' I
L  . l : o  Q . 2 4 )

I -i",. (i,..-,r",) I
The resulting so-calred 'characteristic 

equation, for d becomes simprer ifr ie  in t roduce the dampine constants:
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(3.28)

the coupl ing

\ ' ! 'n lch corresoond to the decalS o i  the t* ,o rooms as the-r ,* ,ouio be i fthe roo ms were uncoupied and i he q";;,*; ;,,, j ; ;,;;.';;;lui JJ,in,n.i.respective absorption areas.
Equat ion (3.14)  ma_v then be rvr i r ten:

( ,  , t \ / .  , ) \
\ ' - t l (  - ; / - f t ' k , : o  

(3 .26 )
rvhere k, and k. are the coupling factors according to eqns. (3.g; and(3.10). but muttift iea bv z. Since o;i, ;;;."p-duct appears in eqn. (3.26),\ r 'e  ma-v in t roduce thei r  _geometrrc  mean

r :  r  A l l  0 . 2 7 1
and cal l  i t  the mean coupr inu coef f ic ient .  as rs  usual  in  the theorv ofc o u p l e d  o s c i l l a t o r s .  

* e  ' J  u J u d r  t r r  t r r s  l n e o  -  - -

Since eqn.  (3.26)  is .  quadrat ic  in  d,  we musr expecr  two d i f ferenrdamping constanrs:  th .rv o u r d h a ve t,n o a i n... i't : q: ilt 
.,l,l-1;::fffJ::.:$":*., 

.., il:values d,  and d, ,  for  the coupled .oo. i  u . . ,  
-

, j , , , :  j ( , j ,  +d: )+v€(dr  *d1y +;A4
The difference betw,een d, and ),, is _ereater. the _qreatercoefficient r. If we assume d, .dr, ,".;;r, 
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\ \ ' i th  r -0.  d,  approaches d,  f rom below. and r ) , ,  approaches d,  f rom
. i  bove.

I f  the coupl ing between rooms is  prov ided by a par t i t ion wal l  or  a
itror. the value of rc becomes so small that the differences (i i, -d,) and
r , ) , , -d, )become negl ig ib le.  In  th is  case.  we can neglect  not  only  rS, ,  but
J \en  i ( r . . .S l ,  i n  t he  equa t i ons :

, 4 r r : , 4 r 0  * e r S ,

Thus.  the damping constants i r

A z z :  A z o *  z , S ' (3 .19)

d, are hardly any different from:^ - J
d t l u

(3.30)

rlhich rve found for impenetrable coupling surfaces.
I l  smal l  rooms are coupled to a large room by open areas ( r :1)

l rh ich was our  or i -e inal  problem. see Fig.3.1) .  r  rs  general i r  ver '  smal i .
i : ' , e n  i i  i : : S r .  . { , ,  i s  n e a r i r  u n i r 1 .  l r  l e a s t  i , : . j : :  . 1  , ,  w i i i  b e  r e r '
\n la i l  because of  the lar .e value o i .J , , .  For  smai l  ru.  the d i f ferences
,ret*een d,  and <j , .  and bei l r 'een d, ,  and D,  are a lwal 's  smal l .  They are
: ' ieatest  for  d, : , j , .  but  even then thev are not  larger  rhan i i j , .  But  i i  d ,
. inci , j, themselves differ _ereatlv-or. more preciseiv. if

^  |  ^ a
"  L ^ t O  "  C n : O
d r o :  E r :  .  d : o :  *u , l  3 V ,

{ i ,  -  i :  t t  r /  l o ,  E \ .- - - - ; - - - . -  :  . l  | . -_  | - : -  |  )K-
+ 0 t o 1  + \ !  d :  v  d ,  /

(3 .3  1 )

trt condition ri 'hich is fulf i l led for coupled theater boxes on account of the
ti ltTerent voiumes). then rve mav express the square root in eqn. (3.2g) in a
po*er  ser ies in  1rr ) .  neslect  a l l  but  the f i rs t  term. and oet :

)  - , i
"  l -  v  I

;  _ j
w l l -  u 2 (3 .32)

The presupposi t ion (eqn.  (3.31))  for  th is  development  shows that  the
correcr ion terms are so smal l .  compared wi th , /  ,  A.  thar  in
pract ice the damping constants of  the g iven uncoupled rooms could be
used as a good approximat ion.  81,  'g iven '  \ \ 'e  mean that  S,  "  (or
1 , . :S , : )  mus t  be  added  to  t he  o the r  abso rp t i on  a reas .  / , 0  and , { , 0 ,  o f
lhe rooms.  But  th is  is  just  rvhat  rve found to be expedient  in  our  d iscussron
of  the stead)-state condi t ion.

'  d , d ,
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A high degree of coupling is possible in room acoustics only if the partial
absorption areas. , '1 , o and ,4 , o, are small compared to the coupline area: this
condition would. therefore. begin ro approach that of a single, rather
reverberant  room. In such a case,  i t  is  more sui table to express eqn.  (3.2g)  in
the form:

and to develop the square root  in  a power ser ies in  (1-r t ) .This  resul ts
ln:

( ) ,  d .
d r :  ( i  - t - ) - : -  -

U 1 t 0 t

1 i , , 1 1 ) .  * 1 i .

and:

With . - l  ,o  (  S, .  and , { ,0  (  S,r .  eqn.  13.3- l )  approaches

-  c . - l r o i . i . o
d , = -  

-
' 8 I,', +l:.

This means that we get a damping constant corresponding to a single
room having an equivalent  absorpt ion area of  ( , , l ro  *  z l ro)ancl  a volume
of (l 'r + t:).

11 .3 .4  Examp les  o f  Reve rbe ra t i on  i n  Coup led  Rooms

For loosely coupled rooms ( that  is .  for  smal l  r ) .  the damping constants
are pract ica l ly  the same as for  the uncoupied rooms (wi th z , . rS, ,
inc luded in thei r  respect ive absorpt ion areas) ;  but  th is  does nor  mean that
the reverberat ion process is  the same as rvhen there is  no coupl ing.  Even
for  smal l  r ,  we ma) hear  in  the neighbor ing room ( i f  we hear anyth ing at
a l l  through the par t i t ion)  the in i t ia l  por t ion of  the reverberat ion in  the
source room. Nloreover, the decay corresponding to the neighboring
room enters into the resulting reverberation in both rooms.

This resul t ing reverberat ion compr ises in  both rooms terms pro-
po r t i ona l  1o  r  

- l ' ; ' r  
and  e - l ' r r ' :

E,  :  E r re  
- ) t r  - 1 -  [ , , , s  

- ] J I t r

E .  :  E re  
- l J I t  

a  [ , , . g  
- : j r r '

/ 1  1 J )

r ,1 .35)

(3 .36)

(3.37)

(3.38 )
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*here the quant i t ies E, , ,  e tc . ,  refer  to  the in i t ia l  va lues for  the d i f ferenr
crponential decals; thev may even be negative. (For brevity here. rve
t i rop the addi t ional  subscr ipt  0.  used to s igni fy  the t ime r :0. )  In  both
rooms,  the reverberat ion ends wi th the exponent ia l  funct ion havrns
t i re smal ler  va lue of  d.

At the beginning. the decay processes are different. In the source room.
the decay starts approximately as:

E ,  =  E , r (1  _  2d r r )+  Eu r  (1  _  2du r )

That is, it begins as if with the damping constant:

( - r . i9 )

For the second room. we rvould get  the corresponci inc aplarent  damprng
!  onslanl :
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onlv i f  the in i t ia l  va iues Eo,  and E6" in  the two rooms fu l f i l  the
couo l i nc  equa r i ons .  (3 .22 )  and  (3 .23 ) .  w i t h  d :d ,  o r  d : c l r r  ( i t  wou ld  be
possrble orriy wirh those eieen-values), could we get th; same purely
erponent ia i  decay in  both rooms.  For  arb i t rary in i t ia l  va lues of  fo ,  and
E,, . .  the pai rs  E, , ,  E,"  and Err , ,  En must  fu l f i l  these condir ions
.eparatei) '. for d, or d,,, respectivell ' . Therefore. we mav eliminate two
r) t  these quant i t ies:  i t  appears reasonable to drop E, ,  and E, , , ,  srnce
thev 3ppgx1 to be quant i t ies in t roduced on account  of  the coup_
hng.  Fur thermore.  i t  is  expedient  in  each case to use the condi t ion that
: ivo ids the smal l  d i f ferences in  ld , -d, l  or  ld , , -d,1.  Thus.  we get .  f rom
c 'qn .  (3 .13 ) :

t s , \ t ! \
i  " l : " 1  " ! ! : v l l

(,^ 1 : =--

C t rL l : T  L l l l

n  -  f t l
c r r ,  :  , E . , , . -" -  I  - d r r , ' d r

i3. .+0)

( 3 . 4 1  )

(3.4r )

and by (3.22):

Since  < ) ,<d ,  a l r vays  imp l i es  d , ,>d , ,  and  d ,>d ,  a l r vays  imp l i es  d , ,<d , ,
these equat ions shorv that  i f  E, ,  and E, ,  have the same s ign,  then E, i ,  and
E,, .  must  have d i f lerent  s igns.  Therefore.  we _set  the equat ions for  the
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resulting reverberation processes by putting eqns. (3.41) and (3.42) into
(3.37)  and (3.38) :

E, : E,s - :6tt+ Err. 
-fir, e - :;rr,

E: :  E t ra f=  e  - : r r r  
+  E , , . e - : ou '

t  -  u l l u a

That is, whatever the signs of E,, and E,,, may be, rve get in one room the
sum, and in the other room the dii lerence. of the elementary exponential
processes. Therefore. the fina1 pureiy exponential process is as1'mptotically
approached both from above and belorv.

We eet  E, ,  and E, , .  f rom the in i t ia l  va lues E^,  and E, . ,  bv the
condi t ions:

I

E . , , : E , . - f  , , .  
^ '

' ' -  
I  - , i y 1  , i ,

I .
A r

E o z : E u ,  i  r  - E ' :
L  - U l  U .

rvith the followine results:

t r -"  I I -

E o \  -  E o . k  t , / ( 1  -  d 1 1 7 ' d 1  )

,  ( 1 - d , 7 d 2 ) ( l - i , , r D , )

.  E o =  -  E o ,  t ,  ( l  - d r  d .  )
F  -  ' -  " '  -

l - x -  ( 1 - j r  , i , l ( l - o ,  d r l

The differences expressed in the numerators shorv that it is possible for
the rat io  of  the in i t ia l  energy densi t ies,  Eor l  Eo. .  to  be chosen so thar  one
of  the decay t1,pes vanishes.

If rve introduce eqns. (3.45) and (3.46) into (3..13) and (3.44), then we
can f ind the general  so lut ion for  g iven values of  E,o and E,o.  But  we are
again in terested onl f  in  the specia l  so lut ions where a sound source
radiates the pos,er  P,  in  the room 1.

Here rve assume. first. that the reverberation follo*'s a sufficiently long
stead\ ' -s tate exci tat ion that  rve can assume a stat ionary energy densi ry ,  as
rve d iscussed in Sect ions I I .3 .1 and I I .3 .2.  Thus,  we can make use of  a i l
the approximat ions in  those sect ions.  for  smal l  r  and d i f ferent  damoins

(3.43)

(3.41)

/ 1  4 5 1

(3.46)
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constants.  according to eqn.  (3.31) .  Then we may assume:
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A D
l r
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Thereiore, we can describe the reverberation processes by:

4P,  l -  - .  .  , ) ,2  - .  I
E , :  

- ' ,  t  
l e - : 6 , '  | L ' :  ,  

" 1  
.  , e - 2 i " 1'  c A r t L  ( ) : - J r ) -  I

4 p  T  ; -  , t .  I
E ' = ' ,  t f r ' l  

.  
" t . ' - l i l r - '  v t  

c - : " : t  I-  c - { , r  - f D 2 - D r  t ) . - r ) 1  I

(3.47)

(3.-18 )

\ \ 'e  gather  f rom these equat ions that  in  t i te  sol t rcc room the sccono

term (rvhich is  oroduceci  by the coupi ing)  is  rather  smai l  a t  the beglnnrng,

so that it has no influence on the init ial level and the tirst portion oi the

deca1.  Onl l  la ter  does i t  become preciominant  on account  of  the s lorver
c iecal  .  In  the neighbor ing room. b1 'contrast .  \ \ 'e  must  take in to account

both terms irom the beginning: and the second term exceeds the first very

soon.
Furthermore. \\ 'e see that. rvhatever the values for dr and d. may be.

the first and second terms are ahvays added for the source room; this

means that  in  that  room the asymptot ic  decay is  a lways approached

from above; therefore. in the neighboring room it is ahvays approached
from belorv. It is plausible that the init ial stationary level in the source
room is hi-eher than that which would correspond to the second decay-
tvpe onl_v-.

From eqn.  (3.40)  rve can deduce.  making use of  a l l  the approximat ions,
that  the in i t ia l  damping constant  do,  vanishes.  so that  the deca,v E. , , ,  in

the neighbor ing room star ts  rv i th  a hor izonta l  tangent  (zero s lope) .  This
holds not  onl l ' for  smal l  r  and d i f ferent  va lues for  r ) ,  and r ) r ;  i t  fo l lorvs
physical l l ' f rom the general  in i t ia l  condi t ions.  When the source is  s topped
in  room l ,  on l y  dE , , ' d r  bu t  no t  E , .  can  sudden l i ' change .  I n  t he
neighbor ing room. the quant i ty  (c /4 tS, ,E1)  represents the po* 'er  in-

t roduced there f rom the source room. But  s ince that  quant i ty  cannot

change suddenly,  i t  fo l lorvs that  the decay E, , ,  can begin only  wi th

d E r  ' d t : 0 .

We must  noiv  d is t inguish bet*  een the two extreme cases rvhere

, ) ,>>d ,  and  r ) ,<<< )2 :  t ha t  i s ,  *he re  t he  sou rce  room i s  h igh l y  damped

and the neighbor ing room is  reverberant .  or  v ice versa.



280 Pr incip les and Appl icat ions of  Room lcousr ics

The first case mav occur rvhen we open the door from a l ivinq room.
richl"'- furnished with carpet and luxurious upholster-v.', into a bare
entrance hall. I i  rve shout in the l iving room, we hear first the re-
verberation with short decay of the l iving room; but rvhen the sound
level there has decreased sufficiently, we then notice only the longer
reverberation of rhe entrance hall. The correspondin_e diagram of level
versus time is plotted as a ful1 l ine in Fig. 3.4, left. The dashed line
corresponds to the decay of the level in the entrance hall: notice in this
case the horizontal tangent at the beginning of the decay.

1 . ,  L :

r c l

t - ^

L c r
1 . ,

D r ' D :

t = U  t  = r r

Fi*e. 3.-1. Cur'es of sound level versus time for re'erberation processes in
coupled rooms. after stopping a steadl'-state source in room l. Lefi: the source
room is highlv damped and the adjacenr room is reverberanr. Right: the adjacent
room is highly damped and the source room is reverberant. 

-Roorn 
1

room I  - - - .

The other  ext reme case.  d,  <<d, .  corresponds to our  in i t ia l  problem,
that  is .  to  theater  boxes.  seat in-q areas under balconies.  and s ide a is les
connected to a h i_eh nale:  a l l  o f  these are re lat ive ly  smal l .  'dead'  spaces
coupled to a larger  ' l ive '  space where the source of  sound is  located.

Again.  F i_s.3.4 ( r ight)show's the curves of  le 'e l  'ersus t ime:  the fu l l  l ine
corresponds to the source room. the dashed l ine to the nei_ehbor ing
room. In the source room, s ince even at  the beeinning of  the decay i ts
orvn lon-eer reverberation process predominates, the shorter decav of the
neiehbor ing room is  not  heard at  a l l .  In  the neighbor ing rooms,  however,
rve f ind a process s imi lar  to  that  descr ibed above.  The decay star ts  wi th a
hor izonta l  tangent  and then d imin ishes according to the cont inuing but
declining supply of enerev irom the source room. In practice. this first
par t  of  the decay is  not  apparent .  s ince the necessary assumDl ion of  the

\ .
t \
i

I

i
I

L-.1
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statistical theory (i.e. a homogeneous, isotropic sound field) is not
established unti l after many sound reflections. But the shift of the decay
slope by a certain delay may be observed.

As a second example. rve wil l discuss the reverberation process that
iollou's an impulsive supply of ener-ey P,Ar in the source room. Here we
can make use of the relations with steady-state excitation already
ment ioned in Sect ion I i .  1 .3.  We have only to replace the quant i ty  E-  in
eqn.  (1.18)  wi th the expressions for  E,  and E,  g iven in (3.47)  and (3.48) .
We immediately find. for the reverberation processes follorving an impul-
s ive exci tat ion:

1 i : . i  \
.  _ u r  ( , r  .  \

- , - K - 7 1 ' - -  |
( r ) .  -  r ) r  ) -  /

s . ' : P l i t t .  = i a .  ( ,  - , , , - ,  - , ' , , )
-  

l r  - d z - d , \  
/

l l . l g r

(3.50)

Fisure 3.5 shows the corresponding curves of  level  versus t ime.  s imi lar
to those of Fig. 3.4. Especially striking is the difference with respect to
[ . ,  wh i ch  s ta r t s  a t  ze ro  w i t h  ( l ogE , - - : c ) .  Th i s  co r responds  to  t he
s] .s tem equat ions.  (3.18)  and (3.19) .  assuming that  rve add an impuis ive
:ource in  room 1.  Dur ine the impulse.  onlv  the der ivat ives o i  h ishest

Fig .  3 .5 .  Curves  o f  leve l  versus  I ime as  in  F ig .  3 .4 .  bu t  w i th  impu ls ive  exc i ta t ion
trf  room l.  Left:  source room more highly damped. Right: source room more

reverberant  than the  ne ishbor ine  room.  Room 1- .  room 2  -  -  - .

-  l + - n -  i +  - n
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order (here dE/dr) play a role. But this means that E" does not chanse ar
a l l  du r i ng  t he  impu lse .  so  i r  s ra r r s  u , i t h  t he  i n i t i a l  r a l ue :

E :o '  : 0 '

whereas E,  jumps f rom zero to:

( 3 . 5 1 )

FL l o (3.52)

This corresponds to the same equal  d is t r ibut ion of  the suppl ied enersy
over the volume I/, as we assumed in Section I. 1.3 for the l 'olume I/of a
single room. In the present case. we cannot actually expect that this
in i t ia l  condi t ion wi l l  be reached dur ine the impulse durar ion:  but  i t  is
reasonable to assume that this analvsis describes fairl l , '  rvell the later parr
of the reverberation process.

We could have der ived eqns.  (3.49)  and t j ._ ;0)  in  an a l ternar ive n.av bt .
pu t t i ng  t he  i n i r i a i  va lues  E .o '  anc i  E ,o .  s i ' en  b ' eqns .  t - i . 5 l l  and  t3 .51 ) ,
in to t3. -15t  and t3.46)  and consider ing the same s impl i fy ing approxi_
mat ions thar  we used ear l ier  in  (3.47)  and (3. .1g) .

F igure 3.5 t le i l r  a lso shows thar  in  the case d,  >> D,  the re 'erberat ion
in room I has changed: it is not a chan,se in principle. but (at the right) in
the level at which the bend in the curve occurs. Since L,,, is decreased b1,'
l0 log (0, ,  dr) ,  the level  o i  the bend in the curve is  correspondingly
lorvered. In practice. the bend may not appear in the part of the curve
above the background noise that  l imi ts  the recording.  In  the case of
coupled rooms.  i t  becomes ' "er-v  importanr  to d is t inguish whether  the
reverberation follows stead)'-stare or impulsive excitation. and. in the
latter case. u'hether the reverberation was determined by direct recordin*s
or  b l "backrvard- integrat ion '  (see Sect ion I I .4 . -51 (which rvould g ive resui ts
corresponding to s teady-state exci tat lon) .

A t;-pical case of coupied rooms occurs in opera houses. The re-
verberat ion t ime of  the audi tor ium is  usual ly  lorv (1.2 up to (at  mosr)
l  6  s)  because of  the custom of  f i t t ing the greatest  possib le number of
seats in to the g iven room volume. on the per former 's  s ide of  the
proscenium, ho$ever,  the stage house may'hal 'e  a reverberat ion t ime up
to 3 s.  I t  is  paradoxical  that  open-ai r  scenes.  p laved on a bare stage,  are
glven the most  reverberant  envi ronment l  In  such cases.  the sound e\ ,€nrs
on the stage may produce in the audi tor ium s lopes such as those in F ig.
3.4 and 3.5.  r ight  ( the dashed l ines) .  on the other  hand.  the p i t  orchestra.
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l-cing located more in the auditorium, may produce curves l ike the solid
l ines in  the le i t  par ts  of  the f igures.

Such a d i f ference.  in  fact .  may even be at t ract ive up to a cer ta in point .
io that erperienced listeners just notice it, but others in the audience
pcrceive it as a 'special ' but undefined quality.

There have been occasional attempts to compensate for a too-short
i-crerberation time in the auditorium by alloiving the audience to hear
the longer reverberation time of the stage house: but rve have learned in
tir is section that the decav process thus achieved is quite different from
rhat  rvh ich a longer reverberat ion t ime in the audi tor ium rvould g ive.

l l  3 .5  E iec i roacous l ca l  Couo i i nq  be tween  Rooms

.\nv consicieration of coupied rooms would be incomplete toda_v" if rve
. . , . r i i .  in lo rccount  oni r  the 'natura i 'coupi ing.  c i iscusseci  up to th is  pornt .

i i r thout  a lso account ing for  the possib i i i ty  of  'ar t i f ic ia i '  coupl ing by
rleans oi microphones. amplif iers and loudspeakers.

Thc most  i requent lv  used appi icat ions of  the la t ter  occur  r l i th  radio or
teievision broadcasts and in cinema theaters. The sound is picked up by
:r micropl'rone in one room and is transmitted. either ' l ive' or recorded.
into anorher  room (a l iv ing room or  a c inema theater) ,  where i t  is  re-
radiated b-v- loudspeakers.

This kind of coupling exhibits trvo essential differences from natural
coupl ing.  F i rs t .  the coupl ing is  uni -d i rect ionai :  that  is .  wi th respect  to  our
energy balance.  room I  t ransfers in to room 2 an amount  of  power P, ,
that  is  proport ional  to  Er :

P , 1 : K 2 1 E 1

but  room 2  t ransmi ts  no  power  back  to  room I  a t  a l l .

/ 1  5 1 1

The second difference is that the pow'er radiated into room 2 is not
subtracted f rom the pow'er  P,  radiated in to room 1:  that  is .  the e lec-
t roacoust ica l  equipment  does not  absorb sound enersy in  room I  and
thus has no in f luence on the value of  1, .  (This  is  not  as sel f -ev ident  as i t
appears.  At  least  ive wi l l  d iscuss la ter  an arrangement by rvhich the
electroacoust ica l  equipment  actual ly  adds to P,  and thereby reduces the
v a l u e  o i  A , . )

The porver  P, ,  is  taken f rom an independent  power source.  rvh ich is
'p i lo ted '  b1 '  the t ime-varv ing E, l  only  in  th is  manner is  the uni -
d i rect ional  coupl ing possib le.  The constant  K, , ,  rvh ich conta ins the gain




