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I~TRODucno~

Act i..tCOfllrolofnPi"CmnoJongeranesolcricrewardlk'PK:.
it bu beenimJ>kmml ai many limn in the rraI ..._1d ( IJand
t-1Jealme one of l~ ~hau.ibblc 10 the noi-e eontroI
engineer. ~n. its l imi~ and ... btletin an otill

mi-*"tood by many. The simplet~of~'"

an ...,i_ rtd field hal kft 1Mll) ptopk disill~ 1O'hnI
f-etd wi th lhedi fficullinofimpkmengrioo. Tbc:~

of.~and~impk K1i...ecoolrol systmIsulUbk f(ll"" ido:
applQlion haa ilIuded "",,, y oomranics (2J.

The ~.ful imr ltmtntalion of K1ivt eoee <:unIrol is
effected by Ihm: ph)'J-k:a1~,; , pat ial e..1cnl, frtq umcy
band .. idth and oom: l~l i"'n (II" rohm:nce of $ignals.

Spa lla l [.1..,,1; Thi , dncribts Ihc eum plt .. ily o f the
oonuol probkm in kTIn, of splItia l ... riablt$.. Th ic e...uld

be the phY!'ial ci~ of the requimi 7on.: of quiet oc the
dimm!. ioNlily o fl he co ntrol problem . Globa l ron!n,1of plallt

w... cs in.duct.()Jrould btconsido:rtd lO ~..e. b~sral ial

extent .. il isJ'O'\i l>le to t"llfll%l a lJthe ooond downst~ of

the o:rmr.c n_ by rdlectmg all the sound mngy t.k aloong

l~ duct. UO......\-eflheproblo:mi,only I-D.nd~tl.ll bt

rortlIido"n;d of fairt, low 'f"ltial rom ple..ily rom pamllO the
c.,.;:ahoVt lhteul-on fl'a.lutrlC)'ofthc duct(4).

1''""1''''''''''' Band.. ld lh : Co nlrol of sound o..er a large
band ...idlh i ~ more com r lu thon co ntrol of a . inglt tone for
a numbe r of reaw n., The time interval ove r whieb co ntrol
action s need to be calcula ted is sma ller at high fn.:qucneics,
the Il:sponllC nf th.. plant is more co mplex and the ' patia l
variatinn is higher. Huc to the linear relation'hip ",",tween
fl"CtlUCll<;y llnd wavelength. ban dwidth and ~ potial extent are

intrinsie. lI), linked ( ~l .

Co hcrc nce : To control a ~lIlnd field Ille co ntroller mu~t

have inr ub lIlal lin: .·ollcn:nl with the rr imary neld. This
cc rrcleuo n can be limilcd for severa l rtlIsoo s. suo:hu thc
!IOUnd ftc:ld has ........ "I"' lial com: lation. as in a dlllu se field
at I ~ i nglc \'m;jueTlC)'[6). Note. that in ibIS case lilt field is
com: la.ai lemp on lly. U onl)' I sin)l:lt f q~lll.")' is f'l"C"'CnL
The input and error K11loOfS may be i vhnent due to the
sound field bc:ing unrelatcd in timc . Th;s ;, tIltCll Cl:fnl f1lndorn

disturbaocnwhen the dela y between inflllt .md crror signa l.

is long er tIwt the co rrelatioo delay . Some:<:unIro1pmbkms. ;orr

d ifficult bcca usc: bothtyp.'of inoohc n:no......~~asis
tllcca.cwilb Ullbu1cntboundarylaycrnoise(7l·

"""-thrre paramcltOi l re relatcd in figun: I by thcCllbe
of diffindl)t8J. In the nr'u WC1ioo of the papn . e8Ch fllC("
and\, o:rt.c"ofthccubtof di lflC\l lt';5di~ in tum ...itb
rnpcct to the likntw1:. Some .pproachtl kl CUfft'lll probkms
ill active noise oontroI .~ deombed i" oca. ... lhnx . Can lrol
algorilhms artdi5CllS5ed i.. lhcpo:rlUhi..-clCCtion.

1.1 THE:CU BE:01 : UII:I: ICUl T Y
Tbc cu be: of difficulty C3n be: u'itd 10 w~ise thc ph)~

Iimilatioos ohctiVl: ctlI1lro1"skm., bu l It n on ly a mtUphor
for the m ativnship bd .. lX1I the pamntteB. The u.~orthe

cubt are splIl ialtxlml. fl\."l.!ucncy bRnd.. idlh andincoberl:'oox:.
At one cum er is control o/aw'KI~~ at OM poi.., ill
5put:e al the Olhtraprl< iSKloh.JJronlmlofJwt>odhcmd5pu1ial~l·

incoht-rentnoist'. "",,-oonK11Icanalso ttc:rt fcrrcdlO as thc
c-ucya nd '''''Y di/fi04/( types o f contro l probl em .

Figun: I:Tbc cubc .. r d'fficul.'for ...'i.... ""IJCCIDIluul
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Over the past twenty years active control of noise has developed into a mature research field a~d into a product for some technical companies. 
'0,;. paper revIews the current state of the art on bo;>th the .-rch and development fields nslng the context O)f a cuhe of difficult}!_ The 
cube illustrates how the three physical quantities: frequency bandwidth, "P"tial extent and signal coherence, contribute to the diftkuUy of 
achieving conlrol performance. 'Ole litefllture is reviewed ;md placed wiibin the cube to reveal patterns in research and areas of further 
_k 

INTRODUCTION 
Active control ofnoisc is no longer an esoteric research topic, 
it has been implemented many times in the real world [I J and 
has become one of the tools available to the noise control 
engineer. However, its limitations and subtleties are still 
misunderstood by many. The simple explanation of creating 
an anti-sound field has left many people disi!lusinned when 
f"ced with the difficulties ofimplementation. The development 
ofa robust and simple active control system suitable for wide 
application has illuded many companies [2]. 

The successful implementation of active noise control is 
effected by three physical concepts; spatial extent, frequency 
bandwidth and correlation or coherence of signals 

Spatial Extent: This describes the complexity of the 
control problem in tenns of spatial variables. This could 
be the physical size of the required zone of quiet or the 
dimensionality of the control problem. Global control of plane 
waves in a dncl, [3] could be considered to have a large spatial 
extent as it is pOSSIble to cancel an the sound downstream of 
the error sensor by refle<:ting all the sound energy back along 
the duel. However the problem is only 1-0 and so can be 
considered of fairly low spatial complexity compared to the 
case above the cut-on frequency of the dw.,i [4]. 

Frequency Bandwidth: Control of sound over a large 
bandwidth is more complex than control of a single tone for 
a nnmbcr of reasons. The lime interval over which control 
actions need to be calculated is smaller al high frequencies, 
the response of the plant is more complex and the spatial 
variation is higher. Duc to the linear relationship betwecn 
frequency and wavelength, bandwidth and spatial extent arc 
intrinsically linked [5]. 

Coherence: To control a sound field the controller must 
have inputs that arc coherent with the primal)' field. This 
correlation can be limited for several reusons, such as the 
sound field has low sp>!±ial correlation, as in a diffuse field 
at a single frequency[6]. Note, that in Ihis case the field is 
correlated temporally, as only a single frequency is present. 
The input and error sellSOl'S may be incoherent due to the 
sound field bcing unrelated in time. This is the case for random 
disturbances when the delay between input and error signals 
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is longer than the correlation delay. Some control problems are 
difficnlt because both types of incoherence are present, as is 
the case with turbulent boundary layer noise [7]. 

These three parameters are related in figure 1 by the cube 
of d!fficulty[8]' In the next section of the paper, each fitce 
and vertex of the cube of difficulty is discussed in tum with 
respect to the literature. Some approaches to CnITent problems 
in active noise control are described in section three. Control 
algorithms are discussed in the penultimate section. 

1.1 THE CUBE OF DTFFICULTY 
The cube of difficulty can be used to visnalise the physical 
limitations of active control systems, but it is only a metaphor 
for the relationship between the parameter.~. The axis or the 
cube arc spalial extent, frequency bandwidth and incoherence. 
At one corner is control ofa single frequency at one point in 
.Ipace at the other apex isglahal control ofbmadhandspalially 
mcoherentfl{)ise. Thesecorncrs can also be referred to as the 
easy and very difficult types of control problem. 

Figure I: The cube of difficulty for active noiseoonlroi 
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Fil!"", } ,I'<.,..jbk: "'1i~ «>ntroI ')"'I<.'1II hicrarch)' ''''' ..,,j oo

di ~i.ioo of~

Tbr 'k-d~' fan : l oul C" lIl rol: The front face (t.I-c

J--e) represetllS local comrol. The IT>U"I ~ucox,,-,ful commL...cial

application ofa cth e noise co ntrol, (noise cancelin!:h ead<;ets),
lie on this face .

Recent \\-on by Jones [9] has shown that Jcc al ;mnes
of quiet can be created at a scet location, and that the
neighbouring Sl'at can al<;.<, maintain its "wn mneofquiet or
dL'Siroo stlund lidd

Th... ' u- b--Jiffi cull -f fae f: Coloha l Co nlro l: Global
control is often :;urt after, amJ rarely achieved II_ it req uires

a significantly morc comple~ control approach, especially at
highcrrrequcncies.Th cdevcloprnent ofm ulti-channeicomrnl
systems and associated high performa nce DSP chips has
helped solve some of the control problems thai lie close to this
face. To appreciate the complexity of the problem it should
be noted that mult ichannel control of random sound is not
discussed unultbe final chapter of Nelson and Ellions "'ct;,·..
Ctmtrolof SounJ(5)
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Figurc 4, P""" hle aetiye COfllrol . Y""Ml ....... t oodi~i.ion of

firq uency.

Tbe ' ,,---IJ..--c.-e"_'y' rue: lI u monk Con lrDI: Feedforward
control of single frequency noise "'as the focU!l of lhe
L:ugs p;tk"Tlt[ IO), ...-hich is c",~i<kml 10 be the finot acti.-e
noise control system. lIann ook control is abo o f grea tC'Sl

applicalioo to indu.~try as the majori ty of noi..... loOUTCa are
rotatingmac hinC!<

The 'Difficu/~ bee: Bro.ad band Coa t",l: These

arees ct ecu ve noise conrrol hlI"e bel:n in' CSlip t.:d (11, 12]
and bave seen a huge increase in the number o f :;u\,"\''e>Sfu l

J.pplicatiorls due lOtbe increasein computing po....er,
'Soi~ sources thal f3I1 intothi~ eategOf)' are jetllo"' 1lO~,

tyreIrnKlnoi""'J.nd imr--t n.. ;...., . All of ...hich aredifficuh
targets for acti. e control sy!ilClm . RC\lU(1iM'l of up to 6dB in
aulomoti"e into:rloBha.e been achieu:d by Pari<etol_ (13).

Thc spllt la l ~e of broadband lields hasbeen

in\'estip ted by ChWlel al (14) and Rafael)115]
l -he 'lJ--tI--f~' fac,,; Contro l of COh R nl signa ls:

Problems 011 this face are J.pplic.ablc:10 fcedf ard ~....urol
Tbe sound field is coberent and so a refeeeece is eas ily found.
Fecdferwerd contro l is more robust J.nd can haVl: a widt,.,.
con trol baAd than fe..-dbuk control, ho.''' e~er digital hlIrdwan:
isusually n:quim:l. Control offa n or pn~l1er noi se or any

sound field ....here a coo.:r.:nt re fe rence signa l such as 3

ladK)metCT output i s a~ai lablefa lls OlltO th ill fac<;

The ' I>----c---d-Diffic lI/t' face; Con lro l of incoherent
si;::nal\: If the sound field ;s i ncoh~n:nt over spa~elrimc,

fe..-dback control can he u,...-d, The crTOfsi\:nal is used es the
input to the controller. if thc delays in the co ntroller are small
enough. the oontm l output wi1lbe coherent ....ith, and hence
able to control the sound field . Fc:ed"ad. ~'\"ltml ofa large
an;a is complex becau,~ muhi ple channel, ma~ be required.
It is bene r suited to local control pTtlhlcm' , "ch IIli (;l.llIlrol of
sound in headsets.

The lise of multiple reference signals can help improve
the control achieved. Often the sound field is due to man~

different sources; p"pcrs by Tu and Fuller discuss this issue
[16, 111-Theproblemof findingappropriatcn:ren:nce,ignals
sli1l exi5ts, The use ur multiple rerer...nee signals can cause
instahilities if they are cnrrelated with cach mber. This might
be the case if they are structura l nraL'\lU,tie measurements.
The method proposed by Tu pre- processe s the refe rence
signals to fonn a set of ortho gon al signats which arc thcn input
to Utecoutrcljer

Fi~ur"2,1'f()blm,,,inacliv"co"lrul 

~ball 

)r~li~L::g'i~:r~~~ion I 
zo~el~~ 

=::l~~ 
Figure 3,Po,,,hlcacl'VCConlrol sySlcmhiora,chyi"-.!.on 
diY,"lo"oj 'Ilace 

The '(/-<'-Il-e' face; I_ocal ClIotrol; The front f~ce (fl----c-

di,,,u",,,J unllllh" linal ~hapl"r ()rl\~b()n and Elhml, liU;ve 
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i'igUl'c4' P"",hlc "Oli\'c cnm,,,1 "y,lcm I-.....do"diyision of 
tiequency 

The ·u-h'-Rusy' face; HlIrmonic Control: Feedlilmanl 
control of frequeney IIl)ise was the focus of !h~ 

whi.;;h is ,;;ol1Sid~ft'u ltl be the r,r~l adiv~ 

liarmonic control i, ~Iso of greatest 
~, the majority of nois .. sources nr~ 

j'ccdfor..-al'd control is more robust and c~n have a widcr 

soundlllllcadsC!S 
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T h.. . ... ~~.• t or n..r : T1'It' [ower left come r of the cube has
beencomple ted. E.ll.1mp le~ of 1.",,~ 1 or l _n co ntrol of single
frequcncy noise can oow be found in industria l insta llations
and oonsumer prod lM.15. It sht,uld be n,,'oo t.... t .'" thelefl face
of tbe cubc. i. ~. the si n gle fr..'lIlC~yf....-c. thcoohcn:ncca~is

refers TO spa tilllcohcrencc. Any si ngle frcquc ncy is ICmporall y
coherent. !>owe\"Crin a ITuc dlffwc ~Id a harmonicsipul ....il1
bei~lover~.

C ha n!:<."1 In ba nd .. kllh : 1lIc liM from t be ori~ ill to -PC~

laj. rcprcscms single fret.lucncy conlro l problm\S of "'ar)in~

spalial euenl. Ra.car\:h by bfaely (lR) has d>m>1\lhat by
"PCCiflCally "'!'8ct ing a zonc: ofquicl , 'gn ,ficant red uet ions Cin
bcachieved",,·,tbi nlhatronc. lUOthee~lcnlofthez<oncinctta!oCS

more conlrol c nOn and S<'COndary ......f\:Cf; are req uired.
~lo" ing from the oniin to po int c is C<;juiva lenl to

inrrrasinglythrdltTvs,tyofthesoundfic ld,Al pointr the
sound field on ly tw. • single tTequcnc-y romponcm and is the
n......1tof wmmation o f many ...... <."1 .. ·ith I'lIndomphases. as in
an idca ldin........ficld Tl>csratillll.'t>m:l~lionof dilTuscficidsis

di..cu..<ocd by Ra fac ly[U j
Tl>cconlm l bandwidth wi<kma-s ",,j..c eorurol prub lf"ITIS

areb."ak:dfunhcralonlthefl-.o. 'cr1e • . lnc~in lhc

control bandwidth ha..e h«1l obu.iocd _Iy by impro.. :d
DSP pcTfonnanoc, H~'~'ff some: "on oa multi rate filtering
....s alsoy>rlded sW' ,fJ<:anlrnuJU I J9 j.

Cbft2<."1 in 'fl.lIlbl nl... l : tbc move from local '" ttJobal
nnrol mjO-I'rnan IftCfftSoC in holh lhe numberof~
'IOlA'tt'Sandcrror~,~ slIC'tn$""shtt-nach.....edby
usinS virtual_... n. [20). H......,~-er " is I'R'fCTllbk to usc JOOd
dc-sign.suchlsror>trol o f eho>kcp:>inls [2 ljtoad>ieveloupo
~.O(ooisercduetion

C...II II:.... ln , 111:..1~.d..n : AI p:>intr the sound field

is coh m:nt and 'lO "lIh a YlitaH e rrlcren ce and adcq U.lllC
ao:haalOlS ~nd semon iklbal conlrol ClIn be Kh~'t'd. At
poinl J I colIcrcn l rcffn'occ no ioniC' niMs and so fe.:dhad
mU~1 be u..cd. Trn o;l alonl: thi, .m e,," i, cqui~alnll 10 the
progression from control ofpmpdler toncs[22) tojctnoiK 10

airc rafti nter iors[231
The Q h ~enu rcpre~nls the progressi on from global

co ntrol of II ha rmonlC/cohere nl ~ignal 10 glo bal conrrot o f a
h-armunic/ in.:ohe rent sill:nal. Point (I. represents tile global
co ntfol of lhoe)O...nd tield in an anec hoic cham ber, po int h
repr C'><::nts the ll:loN lcuntrol of lhc sound liddinarC\erbc ratiun
ehamt>..'T. As mos t L"tmtr" lsyslcms act ona limned ~ol\lmc. we
find lhese probklll" o lT'lct1I1''''ll the b-r vertex . An enmple of
co nllol nf lhc""und field ina l'\'vcrbcn nl.mc lo....re is ll:ivcn by
[241, It is sho wn thai rN IJ(,.1io.m ",f the ~lohal p >4cn tilll LTlCrilY
of the end"", urc and muim...m aLlenual ion (M" extent of 1On~

of quiel arc not the same 5011IIi'>I1 . Th is i ~ inherenl in ac tive
~"OOnol prub lclllS.

rol nl d in Ih.. Jijfirllfl r .. r n...r : Conl m l of ' pa lia lly and
!<·lnl ",rallyinc..ht'ft'n l n" i"",

The l·.mtro l ofturbuknt bounda ry laye r no ise wa, the focu s of
_ greal dClll of wod thn'\I ghout the l990s (7). The turb...lcnt
bnu lKlary layer problem ul:cu pics ' ....cc nc:ar tiM: vencx
(J- Diffit-·ulr). Tbe exchauon is inco herent in time and 5plI<.re.
aod the req ui n:d l<meofquicthasl<J e ll. tend"~er manysealsi n

the aircraft. Thi, is II very difficultproblem and il is Icrqlk-.J

that co ntro l pc rfunnan ce will decree.... wuh co herence. Globa l.
broadha nd cnn trol n:qui res lI comp1c. conl rol system and thc

performa nce is lim ited hy m.n y fa<:l"'"

2 CURRENT PROIU.I ·; I\1S

2. 1 Di.,id.... nd r nnq u...r

An ir".:Tnsingly conllnon Ippro;>ch is the subdi .... i, ion of
lho: contro ller into man y smaller uecou pled urau . Each unit
conIrol~ .I .ma llrl. simpkf problem. prcfCl1lbly one !hat is

onthct~)(~e.G.lIldonioh.l.sappl led thi§to.'br"I>OO

cootrolproblrm$ (25.26).nd Ml thllft'laJ(27) hnelpplicd
ill .. no isccootrolproblcrm.

U.I~pali.I~.noliun

FigUl'('3 \hmo's!>ow • «>r>trol$y~ could be 'fili i bued on
~ioM of control. The Iovonllnd in !he hicrwdly Osdivided
ba5CdOll~UCCTcouplinBtothelCOUslic"J'KC.

Thi s has bruI invntigl ted by rn<::an.--n.:n such as Rob
CIark128j ...-ho in..C'StigatedthceIT«toftr.>sducer location on
rnotbl obscnlbihty and the U5t' of SJ'IlialJydistri buted "-""""'
to reduce sp illo ~'T bd ...'cm modes.

The~ Ie el i$ baed on the sil... of lhe z:ono: of quiet
Ind this leve l is split bued on tiM:inleract ion bc:t......;n 10nn

ofquict(9).

tbc r'l"giO<llevel is di....id...-d lI!i • function o f~ spino
I rtlibulCS. such u dt..iding tiM:cootro l pmbIem .. ith in In
liftt1f1 into rqions for th.: n:ar, .....ing1cnginc and front
scctiomoftheabin.

The lOp ~'el ....ould be .I ..:hcdu ling and man.og-crno:nt

byer. This byn «>U1dKI .. cigh lings for ind i.'idual rq:ium or
ZOOi:SIOma-\imisem:luaiun in a:nain areas or ITlIIkedco;iv..m
basedonhard.. :arcfl.il ...re.

2.I .2 t 'nq"'''''''''YSt-p'rllion

figu re -l sbMos • divi~ion of the control prul'km ba..:d on

fT~IICI\CY, Paren~ t'1 aJ. [29) dcmnn<tralcd t hi~ I.l'J"'UKh
fOTSlTUCNl al pmh k'mS. Tl>cfreqlJClX'Y range i. <f1lil hascd 00
lhe mod.al O\·crIap, I -h fl."gioo a dilT...n."ft1 ctmtml..chcrnc
is app lied , lnth..-Io rrv.K1aluverl.prq:it"'.'f'\ iOlal fcedl>ack

eonlrollel'!i( Hz· U.•) crc used. ln the mKl fr<-qucncy ""rangc
where the moda l o erlap i§ bc"" cen I . nd 5.n f'X-U .1S
ICcdforv, ard contmll "r was ll-, ed ln lhc hiSh lr.:'l uency n nge
wh-creo nly §p:ltia lly limi ledcun troli 'I"',. ihlc a simp le .n alu8
fecdbaclc loopw.1§ implcmc ntcd .

The usc of mndal sensing or weighted mmsducer array~

is a fonn of §elec ti ~c ,c nsing of Irequcncy or ~plIt ia l paltems
l30Jl3IJ. nd ha§b..'Cn applied lOf<:<:..Jhack cuntrul uf §tructur-J lly
radtated sc ...n..J

2.2 To.. a rd s the up per r ight hand e.. r nt'f

AClive conno l of " Kmd now hi S two foci , implementat ion
of~tabli~hed algorithms in rra/M>rfJ.pplica tions and the
conlinued pursuit or ",Iulions 10 proble ma from thoe uppe!
righl hand comer o f the Clt~ ofd1fiotlry . A$ nplaino:d.bu.e
leach ing thi ~ COInL'T is cha lleng ing due to the: lUlU'" of !he
physicll l wor ld, The divide and oonqllCr .ppt'OKb may offer
....me soIutioo~ but these are likely to be highl y thcomical.nd
impract ical
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The 'easy' corner: The lower left comer of the cube has 
been completed. Examples of local or I-D control of single 
frequency noise can now be found in industrial installations 
and consumer products. It should be noted that on the lell Jace 
of the cube, i. e. the single frcqncney face, the coherence axis 
refers to spatial coherence. Any single freqnency is temporally 
coherent, however in a true diffuse field a harmonic signal will 
be incoherent over space 

Changes in bandwidth: The line from the origin to apcx 
(a), represents single frequency control problems of varying 
spatial extent. Research by Rafuely [18] has shown that by 
,pedJically targeting a zone of quiet significant reductions ~-dn 
be achieved within that zone, as the extent ofthe zone increases 
more control effort and secondwy sources are required. 

Moving frOllI the origin to point (" is equivalent to 
increasingly Ihe diffusity of the sound field. At point c the 
sound field only has a single frequency componenl and is the 
result of summation of many waves with random phases, as in 
an ideal diffuse field. The spatial correlation of diffuse fields is 
di!;Cussed by Rafaely [15]. 

The control bandwidth widens as noise control problems 
are located further along the O--e vertex. Increases in the 
control bandwidth have been obtained mostly by improved 
DSP performance. However some work on multi rate filtering 
has also yielded significant rcsults [19]. 

Changes in spatial eItent: The move from local to global 
control require~ an incr~ase in both th~ number of secondary 
sources and error sensors. Some SU(:CeS!l has h~~n achieved by 
using virtual scnsors [20J. However it is preferable to use good 
design, such as control of choke points [21] to achieve large 
areas of noise reduction 

Changes in signal correlation: At point e the sound lleld 
is coberent and so with a suitable reference and adequate 
acluator~ and sensors global control call be achieved. At 
point d a coherent refcrence no longer exis;ts and so feedback 
must be used. Travel along this vcrtex is equivalent to the 
progression from control of propeller tones[22] to jet noise in 
ain.:raftinteriors[23] 

The a·b vertex represents thc progrcssion from global 
control of a hannonidcoherent signal to global control of a 
hannonidincoherent signal. Point a, represenL~ the global 
control of the sound field in an anechoic chamber, point b 
represents the global control of the sound field in a reverberation 
chamber. As most control systems act on a limited volume, we 
find these problem~ offset along the b--c verte>.. An example of 
control of the sonnd field in a reverberant enclosure is givcn by 
[24]. It is shown that reduction of the global potential energy 
of th~ enclosure and maximum attenuation or extent of zones 
of quiet are not the same solution. This is inherent in active 
control problems. 

PoInt d to the difJicult corner: Control of spatially and 
temporally incoherent noise 

The control ofrurbulent boundary layer nOlse was the fo~us of 
a great deal of work throughout the 1990s [7]. Th~ turbulent 
boundary layer problem occupies space near thc vertex 
(d--Difficult). The excitation is iucoherent iu time and space, 
and the required zone of quiet has to extend nver many seilts in 
the aireraft. This is a very difficult problem and il is a(X:cptcd 

that control performance will decrease with coherence. Global, 
broadband control requires a comple~ control system and the 
performance IS limited by many facton;. 

2 CURRENT PROBLEMS 

2.l Divide and conquer 

An increasingly common approach is the subdivision of 
the controller into many smaller uncoupled units. Each unit 
controls a smaller, simpler problem, preferably one that is 
on the (O-c-d-e) face. Gardnnio has applied this 10 vibratiou 
control problems [25, 26] and Mathur et al [27] have applied. 
it tn nnise control problems 

2.1.1 Spatial Separation 

Figure 3 shows how a control sy~tem could be split bused on 
regions of control. The lowest level in the hierarchy is divided 
based. on transducer coupling to the acoustic space. 

This has been investigated by researchen; such as Rob 
Clark[28] who investigated the effect of transducer location on 
modal observability and the use of spatially distributed sensors 
toreducespilloverbetweenmorles. 

The zone level is based on the size of the zone of quiet 
and this lev~1 is split based ou the interaction between zones 
ofquiet[9]. 

The region level is divided as a functiou of gross system 
attributes, such as dividing the control problem within an 
aircraft into regions for the rear, wing/engiue and front 
sections of the cabiu. 

The top level would be a scheduling and management 
layer. Thi~ layer could set weightings fur iudividual regions or 
zones tQ maximise reductiou in certain areas or make decisions 
based on harrlware failure. 

2.1.2 t'requcncy Separation 

Figure 4 sho"s a divi;ion of the control problem based on 
frequency. Papenfuss et af. [29] demonstrated this approach 
for structural problems. The frequency range i~ ~plit based on 
the modal overlap. In each region a diJlerent control scheme 
is applied. In the low modal overlap region optimal feedback 
controllers (H2' H.,,) were used. In the mid Irequcncy 00 range 
where the modal overlap is between I and 5 an FX-LMS 
feedforward conlmller was used. In the high lrequency range 
where only spatially limited control is possible a simple analog 
feedback loop was implemented 

The use of modal 5C1lSing or weighted transducer arrays 
is a fonn ofselectivo sensing of lrequency or spatial pattems 
[30] [31] and has boon applied to leedhack control of structurally 
radiated sound 

2.2 Towards the upper right hand corner 

Active control or sound now has two foci, implementation 
of established algenthms in real world applicatiens and the· 
continued pursuit of solutions to problems from the upper 
right hand comer of tho cube of di/fo;ulty. As explained ahove 
reaching this comer is challenging due to the nature of the 
physical world. Thc divide and conquer approach may offer 
some solutions but these are likely to be highly theoretical and 
impractical. 
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3 IM PI.F,I\I ENT ATION

3.1 FX·LMS Fe ed forw a rd

After its first proposal by Mmgan[32] and in<JepI,,,,..Jt;,n tly
by Widrow [33 ] 11Jcf iltered-x LMS algorithm has bee n the
rnainstay for ma ny act ive noise co ntrol systems. T he reasons
for this are: the algor ithms ability to track cha nges on the same
limcsc ale as thedday in the errorpath, robust ness tn erro r<irl
the es timate of the error path , si mplicity of impl emen tation

Reduci ng the compu tationall oado ffeed forward algor ithms
has been the foc us of much rcscerch.for cxam plc Bouchard er
al [34]

3.2 Feedback

Tsen g etal. [351 hav e shown that by using optimal control
tech niques such as H2 or H", better contro l over the zones
of quiet can be obtai ned , The H2 approac h w ill attem pt to
minimi~ Ihe energy in the sys tem and >0 is likely 10 be
more rob ust than Ihc minimisa tion of pressu re at a number
of discrete points. The energy density method s [36, 37) show
similar results

3_' Ne ura l Networks, }"ua y Logic & ]'lion-linea r
cont ro ller s

In an ane mpl to broa den the number of pro blcm s to which
act ive co ntrol can be ap plied. linea r contro llers have been
su!lstituwd by neural networks and fun y logic con tro llers. The
neural networks have bee n used for system idcntitieation and
the creation ofthe co ntro l outputs [38]. (39)

4 SPILLOVER
The technolog ics o.levclOJled for active cont rol of soun d have
been applied to several prob lems that are not nni,e eon trol
problems at first glance . Virtua l acoustics [40J (4 1) is one
example. The virtua l acou stics problem can be wri tten in terms
o f the min imisatiorlo f an error funeti on by combi nalion of
prima ry and seco ndary fields. Act ive noise con lro l researcher!\
arc now ap plying thei r knowledge to th is field [42](43)[44]

5 UI\ IITS OF TIIE C UIH:::A~ALOGY

The cuhe of ditlic ulty is only one way of desc ribing the way
physical propertie s of sys tems effec t act ive no ise con lml. A,
such it cannot encompass the full range of phe nomena that
influence ANVC design , Non-linear and lime varyi ng plants
are an eXample of factors that are not well described by the
cube analogy .

6 CO ;oo;CLUSIO N
The upper right hand com er of the cube is unobtai nable,
howevcr the divis ion of the co mplex problems nea r th is co mer
into many simp le pro hlems is yielding some advance. It shou ld
be borne in mind Ihal much ofthe cube has bee n successfully
tack led , (at least in the labo ratory), However fhc fulltra nsirion

of active no ise control technology to the market place is still
yet to happen. fkvelOJlment isthekey to ~uccessfu lly crossing

from laboratories to genera l U' C, Only d ose colla boratio n
between research groups in indust ry and academia will ach ieve
this. More important, is the identification of'a killf1~appli(;(lI;''''

in wliicliadive noise contro l ca n fulfill its potential.
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