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1 . Jim!“

The purpose a!this brief note is to outline a eche- for producing
better Wtione to the perfect reproduction ct Dre-recorded acoustic
signals than are produced by currently available sound rejuvenation
net... '11. hllic delcriptien contained in this note in enlied to
etereeyhenie could reproductionWhere!!! signals are xewrded at two points in
space in the existing lound field (at. for emu. the earl of a dtmy
head). men there lighale are replayed via hue loudspeakers in a listening
real the initial signals are imperfectly reproduced at the eare of a
listener. With the recent advances in eound recording and reproduction
tedhmlogy the “werfectione in the reproduction not! arise Em three main
sources:

(1) the signal played ‘via the right channel is reproduced at both
the right a the left am of the listener. similarly. for
the signal played via the left mnnel.

(1) 'l'he anon-tie response of the lietening room pmides a
mm lield mieh in in addition to the reverberant
zield c! the space in mien the exiating recording- uere made.

(3) mW response or the loudspeakers used for reproduction
is iwerlect.

an objective ofthe ovum reproduction system described here ha- been
mined to he the 'psrtsct' repreewtien of the recorded signals at the
lutener's ears. 1..., the signals recorded at two points in the recording
space are repredueed enetly at tile points in the listening space. In order
to monast- ler the above three(enter- it La necessary to introduce
inverts filters mid: act on the inputs to the loudspeakers used for
reproduction mich will emulate for both the loudspeaker responee and the
ma union-e. Initial attempts to design such inverse tiltere has been
reported by lamswrth at at [l] and clarkson at at [z] in the single channel

ca... v In the lurk reported here the inverse filtering problem is dealt with

in tin tn: dhanlnl case and. in addition, the foundation includes the
eflective mnation o! the undesirable "emetic-I). crane talk" provided by
urn-med tranlllislinn true. for mle, the right channel to the left ear

an! um vex-ea. me. three preblms are thue dealt with in a single

formulation Ihich involvel the use of amatrix of digital filters which

operates on the recorded signal: prior to their transmission via the
low-peaks: system.
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Previous attemte have been muleto mm similar tecnnlques using
analogue electronics such as those mm by Atal and Schroeder [3],
Damask. [4) am. lure recently. by sakmeto et al. (5.6]. In the formulation
presented here, however, the use 0! digital Maine] ie em and the
problem can he andlyned using aconventional led-t Inn-roe approeal. M
approaches to the problem are presented: one involving the design a! the
invaee Euter matrix via a "determiniltic' least Images method and the other
involle the use or a "statistical" least squares technique. the advantage
oftneeecomapproachiethat itcanbenadeafldptivoelllouorsthe
poeeihllity of convuth the filter matrix In ettu in a given listening
space. In this case the proposed eyntu correlate of a staple flditien to
existing etereeptwnic mm reproduction eminent. In shale ten the
additional filter matrix can be housed in a "bled: bar containm the
neceenrynicnr- proceer which operate onthe toe output eienals produced
by enetlng equiplmnt. 'lhe black box produces two unified outputs for
transmission via the loudspeaker spit-In or the existing W.
Addxtional inputs to the black Ml Ira mined by two (or m) Iaicrop'lnnes
wnich may be placed at the two (orrare) positions in the mtenim lpsee It
Which the optimal sound reproduction is remix“. 'lheee nicroflnm may be
remved after adaptation of the neon-nary digit-J. filter-e.

In addition. the approach presented ha- been generalised sum that it can
be applied to any recording technique involving lensing the m tield with
any number or type or transducere. It is the. net only applicable to am
head or coincident microphone tecruuques but use more recentM
involving the effective detection or the manure and three mm of
particle velocity in the sound field. In either- case flge approaen presented -
enabled the deduction of the inveree lilter matrix enabling the Winn of
the heat approximation (in the least equares sense) to the recorded qualities
in the liatening space.

2. mmrrmmmmcmmm

m bani: problem is illuetr‘ated in Figure 1. The recorded signals I;
and x: havebeenproducedat. termite, truest-clam“. The
objective is to produce precisely the sane uignals at the ear. of a
listener. nae-e signal- aze represented by the outputs d,_ and a, ‘ or
microphone- placad at, or clone to. the earn a! the listener. Figure 2
shown the tranmisunn syeten in hm diagram tern. were the transfer
mmtione ch repreeent the tranmeeion paths In the lousy-shr- to the
earl of the listener. {or perfect scum reprodth it is “and that we
require 4?:l = 3L and d, = II. In order to achieve thin in primlple we
met operate on the input- II and r. with a matrix of filters having
elements a" as shown in Figure 3. The presence or the am elmnta
a“ and an can he thought of as providing theniece-nary coagulation of_.
the cross talk lignals present in the listening m In a relult or the
diagonal elements r:u and C“. In order to find the Ilene-nary transfer
function Intrix 5 we can work in the Erequency detain and define the vector
or signal: 9 as
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é - = [cu c11][71 = s z m
a: )152i car I

where the vector of signals 1 is defined as

X = [Y1] = [In 5:1] [‘8] = E E (2)

Y: an an ‘2

Combustion of these equntiens field:

§=cnx (3)

Thus perfect sound reproductinn, i.e.. such that = 5, requires
g = 5 or g = 9“. Thus in (requan 6min term the necessary filter

mtrix g in aim]; the inverse of the Iltrix _c_. War, we cannot

mute an aunt inverse of the matrix 9 due to the plea-nee of non—minimum

mn- mmntl in those transfer function- (it in lull known. for

ample. that the room acoustic transit-r function contains significant

mnlnininn mu elm-m [7]). It is therefore necessary to take s least
squsnu approach to the design of the iner filter mtril and in order to

do this it halal greatly it the hind diagram representation of the commute

lyitm Mn in Figurl 3 can be rearranged. The fleas-sexy rearrangement can

be explained siwly using a little matrix algebra. Equation (3) can be

upended in mm In

[ai] = [cu Cu] [5“. in] [‘1] (.)

a: can. cu 3:; 3n ‘2

all: by amending the product at the matrix Q with the matrix 5 this

can be written in the {on

[ail " (Cali: 5‘ cnazi) (ciiaiz + C11“::)] [‘1] (5)

a: (cziau 4' carnal) (c2151: + Cazazz) ‘: _

It is also evident that this product cm be written an

[ax] = ['icu xxcn xzcu x251.1] u (5)

a: MC“ ‘lcu ‘zcn ‘acu 3::

all

an.
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when a vector representation of the filter men: 5 has not been adopted.
1! we not! define the ngnnu y‘all I! the “txltezed "Eczema signals"

rm this equation an be tum: reduced to

[at] = [rut 31:1 '11.: ’1". Eu. - (7)

a: ran {1:1 'zx: tan. 5:1,

an

Mum-msmbmmottmmmmumm

ugunmmanmmpueuwm x; ma 2. mtmmmm
relevant emntl of the trlnlle: function Int“: 9 blots hung mud

through the elemntl at the tun-£9: sun-cum nun g. anm 1-
thus Bluntmly that canon-w Elliott at at [7] 1n calving tho mun

gradient agenda tiled in prath- of active annual. o! periodic none and

vibration, Ind hen beenM So: “In vlth unzip].- m um by
Nelson at al[31.-nubmmmmtm not). used”

determine the optimal mun m1“ mm Ii.an mm_m lint!“

l_l. mutemtxwmmWw-mummumm
filter- Ilh1dh give the 'belt" cmmn mop-run. ol the not w.

3. mane In” um MIG

In um: cm an antenna the unor- mum; ! mum gm. an best
least squares fit to a donned ant- awn. nlponna. runny not. that
thin requizen an and: knowledge of the tun-hr functmnl oumtulnq 9.
Now observe that 1! the input- 3‘ IM 8. em bath mat ml (It till

index n = 0 Ln discrete 21m) than t?- llltlm reference ugh-1. r(n) V111

be given exactly by the m1” zemnul o! the mm trench: function.

in g. mus the net W'nmnu o! the system (an output. i‘ and
6:) m canon-ed of convolution: of th- flum calculi-d by the and: pmduct

c(o) o o o (o) (9)

cu) c(o) o 0 11(1)

c(z) cu.) c(o) 0 m2)

en) «2) c(1) 0 ms)

cu) cu) cm)

C(3) 0(1)

6(2)

C(J—l) . c(3) h(I-1)

o cur—1)

o o

o o chi—1)
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mare the duration of the immune response 12(1) 13 named to he a sample:

an m in]... mph-e of the emanating £11m!!! M1) in “mud to m

of duration I IIIDIBI. Hats 1!: in also Mlicttly autumn that both c”)

all! [1(1) are causal impulse myonm. It mentor! fella-II lm the

Wblock diagram an mom in equatmn (1) that the net output

ma film) an &.(n)autoun1tmmaatmmsacn=om

thus be written a. a coupe-its who. vuctor darned by

     

gun CHI“) a mum) o Icuu) a l€u(°) o “(0)
\ I \ \ :

a..u) emu Cum) l€u(‘) cum? mun) Cum) mum Cum) nun-n
. \ I : \ : \ I . \

I4!) : run.) I . aflq) I ‘ cup) I : c..u) hum)

2 cum—n ' mum-n : mum-l.) '. mun-n :\ - . \ . \ . \ h H
Luca) o cum-1n o CulJ-IH a cum-1n o tau—u

huge)

41.“) - cum) 0 Ic..(o) a mum) o Ic..I0) n Inuit-u (9)
\ I \ I \ I

I'M) Cu“) cum) [CIA(I)\CII(°) Wu”) Cum) :cn‘l) cu“) flu?)

3.") . cum) I . nun) I . \c..u) I . \c..u) h '_
. . . . . . . . "(x 1)
Z cum—I) ‘ Ic..(a—I) mum-l) Z Nun-l)\ | \ I \ I \

Lu”) 0 c“(J—l)l n cuu-IM a c..(..H)I n cum-u

1m: equation can be written compactly in matrix form as

Q: = 9.! (1°)

mature the III-alarm "a" has been uled to dnmta aequnnce. Its not: require Q,

to be I lean: equal!" appromnation to a «sum min 9. 1m. «um

ream-e could be. for mile. “July I delayed union or the input I_¢(n).

mu v11]. um the incorpntmn or an appropriate "meal.le delay" in the

«sign of the inverse filter and therefore the reduction of the mm mean

square orror muted with the least squares estimate (lee Winn-v and
Sta-rue [10]). mm. for min, 1! a delay at n = 2 to required, the

vector 9 is given by

g'":[oo1o...ooo1o...ol (n)

It should also be noted however that any arbitrary required definition or g
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could be mopted and in principle I dal1red reverberation o! ths man could
be incorporated into the formulation.

lb thus seek to minimise the sun of theW emu resulting Em the
antennae bat-Ben um m1 um mun response ma thi- mind
impulse response. This court function can be datum an

r =(é-éa)"(e-é-) 02)

mm, name equation (9). can he n11:th u

x = (g - 95mm — gay) (13)

mm can be expanse to give the quadratic Eon defined by

I = 9"! - 22's.! + Li‘s-"sun (24)

19:1: tumtmn is manna In th- optnnl lute: vector 0! Enter
Mifician’tl daflnaa by

no = {EDTEal-‘Sarfl (15)

with a compending mini-In.“ square om: mum La given by

I. = 9’9 - skin (16)

‘lhul the optimal futu- water h. can he mined by dim max-um o!
u. mtux [51's.]. nu- ntzix u bung-mun in non am “mum:
uncut!“ aunt for it- 1nvaulon [11]. It m1! b- notea that cant
lunar-nu of th- elnant comprising 5.. L... th- tnnunuoion nth
swun- nlponnal. m mun-d in: tin output-tun.

O. gunman. [anm FILM DISIH

xnmuwmmmummummuma-mxnu
M'CMIW'VHEMMI‘IMII. thmmm
unwritten (mmtm)u

inn) - 5.11:: &.(n) - 5":- (11)

when ths vactan of Intern! manna 31ml- m given by

531': [ELuT £11.11. 5111! 51:1?)

'1'
(19)

53" = [5211! EIIIT £15: Eng.”

Each of the constant vectors dualism those vector- of altars! libraries

signals m sequences a! the (cm

sm'l'a [zm(n) rm(n—l.) “mm—2) run-tun (19)
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'lhe vector l_l_ is the composite tap Height vector as defined above in equation

(9). m net output can thus heexptesaod as the coupesite vector

ém =5! (20)

where the vector fin) and the matrix 5 are defined by

ém = [6.01)]. '5 = [5"] <21)
5.(h)

h now seek the optml filter vector to mums the (cm averaged error

between the actual ard'desired outpate. In thil case the desired output is
6811M an the liq'nll pruduced by passingthe training signal through a

filter having the desired 1min response. Again this could simply be a

sure delay, A mien. or any other Mined form of imam response

function. 'me not block diner-In can thus be written in the torn shown in

Figure 5. In thi- case we seek to mnimiee the tin averaged sum of squared

errors defined by

.r = sugm — é<n))'1‘(g(n) - émm (22>

Inan 3 denotes the expectation cyaratot and gun is the vector defined

by fun) a [s,(n) s‘um. Thus, a can be written as

a = zugtn) — 5 gm”) — 5 Ln] (2:)

mm reduces to the quadratic form

a = sthtnmnn — zxtgfinmm + 92:34:19 (24)

m tumtionmtheninimmdetimdby

Bo = mflmrwrgmgwu (25)

and the communism minimal: man squared error given by

a. = IIQTUUQMH - Elfinme an

The matrix 3:312] in again of block-mp1“: structure and can be inverted

directly. An alternative technique is to use Elliott's stochastic gradient

algorithm where one updates the coefficients of the composite filter vector 3

in accordance with

!(fl+1)=h(n)~°8£(n) (27)

where a is the convergence coefficient or the algorithm and the

PmIOA Vo|10 Pan 7 (1988) 157

  



 

Proceedlngs of The Institute of Acoustlcs

LEAST SQUARES APPROXIMATIONS T0 EXACT MULTIPLE Pom SOUND REPRODUCTION

Imus error vector in defined by

gm a 9(a) — étn) (an)

The generals-tun of m use of this unnum- lonm euuy from the
communion presented here and the description 0! the math. painted m
reference [11]. mm mm a! thinW LI flint the wmtmn
of an algorithm muiraa only In Lin-that howl-d9. o! the unint- or the
mtru g in ordn- to active the mm of tho fut-rod I‘m sign-1.- used
in an autumn update equatmn gun by equation (:7). tn um. um.
:Wauunmuyummmmmormtuungmh
Imam 1] Bl) establuhed. lbre walk. Mr, 1.- mm m mum tho
manly requirth for the uncanny o! the annotation of tho filtered
reference nun-n tn this case.

5. mrmwmmm

mmmmnmeuilymmmnfllmmof
Initial: min mm. tor m1... ch: liw are mm at I pants in
the WW spam (prodch signal.- 1g)an “Who-aha“
Jana: square: appreciation to than nann- (al) at I. point- An an
uncanny space using ll 10mm channnu (with cm 5). 1n gun-m
it uwmentuax. mnmrltaonmxnoormm
with an II x K matrix 3 of tutors prior to their trunk-1cm m an 1. x I
Instr“ 5 o! trans-1.88m plthl. 1M.- “ illmnm in Flynn 6. m
Emulation 0! this general 9mm Ll mat may mum by again
unmet-sum“: (maltreatment-am... hummus:-
15 identical. to that presented by 301m .0 at [9]. m- in “£218 m,
«mammmrrmmym, unimthemmrotlmr
simmtmmtozolnmmlmu

x = a:- a = c z m)

ummmvxueenmtermoluncom 13 a: g a:an
g. o! g thenvonma

pram mm:- 6= a": (so)

The signal produced at tho l'th point in the Manning apnea in thu-

givan by

at = 23"! = sfihm + Liz-a an) (an

“managing this said: than yields
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in = LIFE-I; + M‘s-x. erTsm: (32>

mu men demutrntel tint the equivalent "reversed transfer function" block

dug:- can be mused as shown in Figure 1. In discrete tune, the signal

at the l'th pout Ll the listening space can thus be expressed in tents of

flu. conveth

a1(a) = 51% (33)

Item the mite tap “mt vector l_1 and the Pt}: filtered reference

sign-1 vector 5. are defined by

r 'r 1' 1- 1- 1- 1- 1- 1'
51" = (Em Elu souIEIu 5m Enulnlsnm Em: 5m]

(3‘)

1- 1- 1' 1' '1' m- 1- '2‘ w
L=lbunn I!“ Eu “Jaw-4mm: Ml

mm each at the comment vac-ton axe given by the sequences

Elna: = thaw“) Irmum-1) Infill-NH)

(35)

Lin: = INK“), Mu) MIMI-n]

The net vector of Giants than signals produced at the I pants in the

listening space can now be written as

am =5; (36)

more the vector §(n) and the matrix 5 are now defined as

ém) = 61th . != :J’ (3")

61”” £1?

5w» a!”

The aptunl melts tsp weight vector which minimises a cost function of

the tom

.1 = my...) — §(n)>'1‘:g(n)- émm (as)

(tillers gm) 1- now the n—vector of desired impulse responses) is now

deduced by ton/swing exactly the analysis presented in equations (22) to (26)
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'l‘ha adaptlva coefficient updata equation (27) also mm: anneale

m tnn general case. ‘

6. WWW

 

ma mm Ml been mm o! “W mm £11m: “trill

maammemcmmmmmwmmwmmmm
mmuctlonequlmt. mmmmmmogm

a any}; afldltlnnal ita- ol aqujpnt m an no ulad vlfli mung

mmphanlc Wanton m. no "annual: objactlva at an men- has
hen assume to he tha production 0! a "slant male mum” to
them npmmmnDZWWMMOWCCMpWMfl-

nan-mu spans. m- euacuva emanation u nicely to an my
Menu-d apatlally [1] and my can he only “mm-11y album at tho law

imemoftmmmzanp. xt—yalnba-u-alfioctlvn

to attewt to spread the "long a! squall-atlon" by mm II. In“ “all in

the Interim apnea using Innmm than loud-pals: mam-J.- (in

midi: clan tho analysis at Section 5 ll appllcabln). m Mutual-

aim-alaninlanntntmnotthamhmmtmmmuflm

wtlculax its enact on ateraofllmm m lac-unatm Ml yat toha

quantified.

K.D. PM. P.A. m ltd 3.3. mm 1985 Mm

of gun [manne- ot .Icozuflvca, mom want-ducal W sound

(mm). Equals-anon of total moultlc will” over
spatially diatrth "glans.

EMU. mm. J. In! J.‘. m 19" Journal. of

the Junta Engtnonrtna Society 3_3, 117-132. mm, [halo and

tranuent mall-ath for audio avatar.

3.3. ml- ltd I.R. manna 1962 US Paton. 3.238.9H. W

mm source trmlatnx. ‘

P. m 1971 Journal of the muttcdt Becki! of who fl.

mad-rented ml atemphony vlth loud-pull: upmuctlnn.

I. 5m. 1‘. m, '1'. mama and H. mm 19.1 Journal of

tho-Auto mtmrtw society 33. 194—799. amtmlllng acum-

m localuatm ln atean mill mun, Part X.

I. am. 1'. m, 'l'. mums, I. m m A.l. m 1901

Journal a] the Auto angina-run sock.” a. 119-121. Containing

sound-snot mutation in at:an mm "Mutation, Dart 1:.

5.1. NEIL! and {1.5. m l919 Journal, a! the lacunae; Scout”

of Aunt-tea 6_6, 165-169. Invaztlblllty o! a mm mm mph-a.   
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0. Sn}. won, LII. m and LA. I!!!” 1987 was 17-month
on AWGWU, M and stem; meaning g. 1923-1434. A multiple

em! LIB algorithm am 1:: application to the m1“ cantrol o!
.0qu III! vibration.

9. P.A. m, J.K. um um SJ]. mm 190' mamtwa of
an In‘ttcun oJ' munc- Q. 509—611. Linear lean Iguan-
uth Milan 1:! the active comm]. of nunonuy rum
“and new.

10. I. W llfl 8-D. m 1905 WIN. Wt Fractalth (see
Mr 10). Pmlwml, mm Cuff].

11. SJ.- m 1987 MN". spoceral AMIUII-l Huh Applicava
(nom 15). PERM!" new Cliff].

1.2. S.J. mm Ilfl P.A. m 1907 [57R mm no. 619.
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Figure l. A smmophonic sound reproduction system ; the objective is to produce

signals at the two micmphones which are exactly the signal: input to the loudspeaker:
A

.i.c. d|=21 and 31:22 for "perfect" sound reproduction a! the two microphone positions.
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Figure 2. Block diagram representation of a stereophonic sound

reproduction system prior to the introduction of compensating filters.
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Figure 34 The block diagram of the reproduction system when the matrix 110!

inverse filters is intruducal ; x1 and x2 are thc recorded signals and y] and yz

are the new input signals to the loudspeakers.
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 Figure 4. Equivalent block diagram when the order of operation of Lhe elements '

of fland Q are reversed.
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Figure 5‘ Block diagram of the compensated sound reproduction system

when a modelling delay of A samples is included in orda- to allow for non-

minimum phase components associaaed with the nunsfer functions in the math:

C. The desired output signals d1(n) and d2(n) are now simply delayed venions

of the‘ncorded signals x1(n) and x2(n).
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ARecorded signals Xk Signals outpuryro Reproduced signals dloudspeakers m L

 

Figure 6A Genemlisafion oi the scheme 10 deal with signals recorded a: K points

in space and the best "least sqares" reproduction of these signals at L points in a listening

space, where in general [2K

Proc.|.O.A. Vol10 Part 7 (1 986) 167  



  

Proceedlngs of The Institute of Acoustlcs

LEAST SQUARES AP?ROXD‘IATIONS 1'0 EXACT MULTIPLE POINT SOUND REPRODUCTION

 Figure 7. Equivalent block diagram represemation of the generation

of the signal at the I'm point in the listening space.
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