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e epnenble avernce clverificstion mihed igtistured hee= ia 3 sew
nonmrssstris elsnsifioution prosedur=, Ia thie sathed, snresble averige af
tradnimg pathery vertoes in *sch aleom La alaved In » crmpiiler pemary, aele
flaatitm =f an Grknem mitern yerlos daregis reimerily o the 1 Tfereacs
Elures the mtsl sasnbly aYETErs yeriorT sl the sl tisen Teoilar.
Ferfarssnce af tfe ney methed in commricon With Eyes [ sptienl |} wrd
reroepiron alassillers fma b= stalls? thvewss = ceriss of Foscoter ssrerimmis,
M reqgils sbtyined peoved that the r== Beihod proeide=s o3 Meber sloecifliestion
cote an Um Bayws elassifier. Howswer, it requliws less copptstics csclerity
snd pigrer ntorage senory than both Pavecian and perceptron elacalfisrs.
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The problem of rlaseification in eattern resceniilen tammn arimen <hen
& patiarn vecber [ ronmisting nf & mmier of Pa-urreents Laken 1708 An uninoem
reitern ) is Tequived 3 e rlas=ifled jaks agr of ‘ewera] clre=ep, = tw Wiz of
e vetior s ssurenents, woh thel the Facla=viTicatlon sryor 43 ®alee=, devers|
clasnifieation provedure have been repartsd in itepvaare [ 1, 2, 7 ]|, These mar =
eategorined into \wa main typom, pueeetrice sed poapameeirie classifisms,

In Tarametrie clarsifists, I is sgcensd DAL thers =p= 8 flnits susber
of clamgen Trom whl=h th= ratéern weetor Py mye comm ol sach clars 1= ~harmciss
rired by » presmBllity Aietribntion AT i sesegreesntc. Por bnis Pl s owllen
my » somafdersd sa a Statlstical Aericion probdes, thot An hviee - s o
hypethears with a fiven diriribution of the seasuremeiz, one of Lheves hypothec-s
pust b nccrpied vl the olheen amy = i=cted,

Parpeetris rlaarifiery | slegs peferend te an fapes elarcifior= ) leag
12 & winkmal promhllity of el-csifi=, Frrer. lipever, they ean = oarpl mnly
HhEp fhe ms aiztributlone se= baswm, * aujte opreslistic fitmtlon i
practice. In mast of the rotlemn mecmaitiom rrableps, U sveilt=pls  Infermvtion
romaicts only of # ~nlle=tion of rerrv=tiy =larrifled pettorme wnbeh Sn be aeed to
train ihe claosilier.

splapl, of fonpuler A Control Yre., Ferulty Af Kreimorieg, il=leroura Univ,
# Dapt. of Cosmunicalion bne., Fasnltr of Grslesarine, Flefrassyy Baiverrity.
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D weator. of thess cla==ifiera ar= the
u‘ Eﬂﬂu s Jamt the lisear functions clgse)e
flar s 3-
In this par=r, 3 rew clarmifier cAlled eacenble averssm
ElassiFier Ls istrodessd. This dr=e mot reqwire aperiesi probabliYicy
informiion. [t requi=es enly the calowlation of K #ncephl= syevaer mtbemn

vecters, each of ¥ dlrensiomal wector, viwre K s the nusber of clvspes amt B
Ls the dimemwion of the mttera space. Classificvtion of an unknown mttern, an
w11l be ween later, dopands on the ALFCarence e iuses (he ~neenbls  Aversm
mitern weotor and e unkmown @Lisen veobor,

11-EAYRE CLATSIFIER

let X ™m an tediponniopl miters vecter ia Ur lisdipmeines] Baclidisn
A ace « For a et of K flapces O= © *ﬁlif‘jifl--‘ll- I=k Um prior
llrﬁntihlhn:nhc.'.-ﬂllll £/, ) ba the moedi demaity
+Eml”“_1m ﬂ.nﬂnluﬂﬂlll‘tlr*“-hnﬂ,ﬁlm
classifisr(l, )] that minlnises the ayroe ty =411 Mivise S} into K 4l
Jolnt Tegions with sxen cormy o waluwe of § nuch that i
= 1

!;';W"u‘n for all k sh )

damwme that epach 7, (1) 15 an fedinspeional Canssisn density fonctiom
nhmmg'ldﬂu-&lnmnh-hl‘hﬁ
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where A0 emiote, | |4 the A-termireat of the mntric Bt i sypreeripn
1“31.* mnknﬂnﬂu:-m:il‘rﬂ-ﬂlﬂ“ et = e

‘1 -y = IJ = sescscsnnsninns =0 " L
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Fron equationa (1) ast (2), an unknown retieen wector ) i ~laseified Lnto e, it
rami}fk{;} for =11 kyh §

oF in other serda .
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Since the lemrithn i3 » memotondeally ipereseipg function, thes =quation [7)
may Be exTTEAAA A8

(a0 (R > e, VT 0T (2 ) foe oll kghd  (5)
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Eswacion (§) say be wxpreased in llnear form |e=lecting Zed crder towm) so:

B0 *hy K *ay )
whar

Woo-2g = . 3

y iy N " Lry Ny

tmire Dy, (4), am walinown patiers wector I is clzezifisd isia g, i

D,(X) 1, (L) for 211 & £ j )
Tha decision surfass balisen l:l;r mpd nk Lr dafined by

ol - nlak = 0 Lh

& Elock dissras Tar saves CLESSLTLET is cheim in Flg. L.
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Fuiw=rn
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Loty iter
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ILI-MACEITION CLAJSIFIER

On this type of claasifi=wr, s somumwtion an peobabllity Aletribulicons
of mttern vectors are sade. The Smily lknael nvillabls |» = Seqence of trrizing
sAmples h " ,h i s ililn-llulH uith the rlascificstion af anch ﬂ-ll being katsin,

™ ennple mive m Lo finite, and e dieensiomallite N of the psi 1y
much less thas n. . S

T melhdd Ajmpiro=A fwers{ 7 jde=7 not sslinals ey ==psjafn ol b=
peomblilty dea=ity Mirstions, ew— ik [z rongider=d 3= & meerrrsactris schews,
Wby e probeadlity dev-ity functioes sve kmovn, thy e=reml form of the dizc-
ﬂ“hrumﬂ-wmm.hmudmlﬂ-ﬂm
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my bm influnpreed Whﬂiﬁi thr allowabls complediis Al the smchine, i
Asmized alansilice megureany, and Almenaionelity and fomel= =irs, fmpe the
aenaral form is declded, the specific Mlarrisinont Munctdoms for & perticular
patiarn tion problem nre determiped by the machine theoudh Lén lesenbng
phase usine training samolos.

™ aisnlest form of dlsccinirmsst fenctiom ba Ylmsar, Limsar diseri=
minant functions are ds{lined as

‘km l-ﬁ-(lu-;[l - !-"H:n_ Iz * samisaa "-‘-rn Ty + l.:-q.,,.l_h t W1, Roessk {9]
where I la the munber of 41anean, Ty #Ts 4 sesien¥, are ibn N roaponwenta of

the mtterm vector { , mﬂu;“ By @ ttemmes Oty " wiahting cosffici—
ents. Uaing wector metationd, 99.(3) nay ¥ erprecesd oo

o (1) =12 -agi (1)
H:E'.I:I‘

i‘l‘ " [!T ¥ 11

4a the tranepose of 1 rellsd mueweoted prtteen vactor, andge, I8 the kth
wmighting weciar ol s fel wrirhtine cosffleients,

A mching that =mploys lizesr A\rfcizireed Tonctiess {5 radled a4 1iesar

machimt or pereeptrem [2]. T K wichtine ve 1"l 2veeesn k] For
the diffeTent clatess are wewally srtinmtel kv tie t;f"hl:n; uming the traimios

samples. Given » trainine net 8 = ”-t b By geesannl 1y & trainine cocumncy S

i cosstructed on the ret 5 , such tmt ench £ Ln 8. I3 o nenber of 6 amd every
m#%wdﬁlﬂiﬂh f'.'.'qumhl'.'_l'hﬂ“ « Havime Aone thet, n tralnine

-wn%h!mmmum;i-ﬂ_'hlhnmnwmﬂu X

=] L
hlil ba the 4ih nesbar OF U traindne spuence Sge, and S (1] ba the ontinats
the kih seighting vector st bk 1th Lt=rtiem, vier= =1, 3, YooK Supposs

belongs to qj. ¢ then tha tradwing alporitis is stated a9 4 i* porrectly
elasuified to E.'l' i.e if

o) & _}__, o) s, ferall w (11}

eqlitl) = @€ (1) ek T Bk .
i.4, B0 corvectlon 1w performer, Un fhe othar hand, &7

ek edw )
whern

o) £ = mefee]l o oaNOE L e e 04 for an ) 018
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wan (i) e oyg(l) seed oely be wdumted, Loe,
-a,u-u . ar,ul %
eqlisl) + aql) -
Qe del) o @it}

™he Lesegmality Ln B5.(13) e ghas ii s teeorerelly slgs=ifisd Inte 1'.r « mmd ihe
epuals algw it ipeladed heove= of the drPTinitien of lin=sr r=r--vnilite | 7]

nce the tralsing or lesrsing hex twes performsd, U ssahles o Lor=|{ian
the GhithOWh Patiern seetory uning fhe Aeci=ion fule|

%'EJ if ;

Por ad) ad 4 usd B (13}

D
=

':uj} a8 for ail & 4 § L
shere T(1) ia Whe decision function, Tie dselzion swrfaees s1 creifisd by
(L) = nlar -0 Bl

A black lLiseran off the pereeviTen ln shown in Pie.2,

rrimn J&leroes

Flg. 2, Perevrizon Blaneifae

IV= EREAVFIE AVERABE CLASHITIEM:

deraimy 5 asrunptione ars =sdsm on the pratebility AAsteimitlon or
deemily funcilom of Lhe mttern wectorn. Tha omle srovided knp) i o seqeeree
of =~ “wty of trelnise mmitarn vertors with kemn clrgnifisilen, rremb=r of
veetors in Mﬂl.l.'l-lll (each cet) munt b= srerter than e Al domality of the
mitern apace .

In arorr 1o ~larify the itas behirsd Uhis techeiqes, ~oasider the cate
ehaun Lp Flg.ds Trn rlagaes 2, ot 7, Iy 3 tep Aleersinml wit=re rree ars shown,
The smseabic sverags tafiemn '&:in.-t--uu-ﬂh-tlﬂl:,-—:unh.
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Fig. 3, Ensonble Avavrp= Classifier
(An Kvampia)
In crder to classify an urknown pattern vector X into ~ither ¢, or C,, project the
vectors (X - EIJ and (X - ng on th ensemble averore Alffrrence vector (5Q - _:!1).
L2t these projeations b= hl and h?. than X b~lones to cl ir

£ > e (18)

otherwise X belonzs to c, -

To generaline the above precedure, let C=fr, , L =1, 2.......K]be a

set of K claszes, in earh cla=s theve ix a =et of trainip; rottevn vectors belonging
to it. Classifying 2an unknown mttern vector X intn one of the K clingon ir carricd
out as follown:

i-Estimate the ans?hl averare rattern veetor for ench olawa mw:

,....il 0T e B 1018

where ay Ls the purter of troinine pattemn vectors in Ei and x s = 1y T aeany
are un pattern vectors in ci

ii-An unknoun pattern vector X is elassified into ci ir
h’ > nZ for o1 § & 4 (20)
(&-n)7e, -2y |2 > |@-ay)ey -y ) (21)
After some algebriac 'l-nirllllltion" Fq.(21) nay be evpreseend as:
fm-n) Ly (22)

where Tid ie a threshold value dsfipsd as

(& 8,) [2]Cm - 22 )]-“‘ 151{(5, 7, )]

" e (23)
2(m n "'"jj-?'" ﬂj)

for all i J-l; 24 sessasrneevan K

Hote Lhat 11 ji y @ peaperity that provite o prest reduction in threshold
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LLL=-witn the aie of By 127} asd Issquality (22], an usheows paizen watar 1 A3

ﬂnnhnll.-u-tr-:l

Lv=liore, oapending On the —eeult of step 114, L Lo clazsified Late sithes O o
Il--:h-ﬂ:illlhlm- "

m*-’hﬂlﬁni-nann-'-' ﬂ‘-

Afver (W=1) steps, @b wcklar Teaches o dssicies anl arcires the
unknown weetar | ints the rerrect sla=ms.

IV- FERFOEMANCE COMPARTEON

I thlx sertion the thre== rlar=ifier= dlscacced rorlisr are compseni
from (e of view of leesmine cost, ronputational complerity, snd mescry
elea required for data storsge,

I=Machinm Lanrning

It At lmen tiated In m=ctien LI thal Baras clrecifier bt declgmd unter
nome reatriciiost,. These srer

ajthe protability distribetion and ~roi-bility “ensity fenction must be known
ord for all clasaen,
] mistl=nnificotion coat i soramed for pll sliwees,
& ty Asnvity Tunsllion in recirictsd te Cavosiss dlsuribeiion with
comri=aes mtria Tor all Fla=-wy.

Frem ise abows Alsrossin Jt ron =s=|]s b sssu thal e Fysrr cle==ii=r,
sitheush optisel, iz deslgned wwier CT=at Destirticons =~ maulr=n satris lover jon,

claraifisr reswires 2 lares nnier of Fompulstiows threoes o
Tecurs e ta prepere the [Elevy of thy woohins, Thir saber of cosro-

batiens 1 tial o) mnd L]
- H:lill- “.lﬂ foers o) wrificatios af "he ssmmptics

Entesbls average clansifler §n under no restrictioms, Tech an
linmar seprability o¢ aperiort Mﬂ‘:ﬁ{ﬂm lﬂrﬂ:’mﬂ:l Liait=a
mamber of computations amd me micly imwesrrion §s imwnlved.

Z=tomputation Cost

The rament of coaputstirss nired e ela=akfy on unknown rattern sive
an Infiration of the =peed ami rovt llfml-hﬂinirnd. Tahie | Hn-l:-l bt

m :-mruuun amd 1441 tioms pevPormed by the thres elasnl(]ses dhscusien 1n
PATST

Table 1, Wumber of tndEiplleations and sdditions
Peqidir=* for Clas={fic~tion of Unknown Faibern,

Clasrifier fnber of Miitien: | Munber of M
s yum XN L]

Pere=pirin s m

Lnsentls averers (=1 {n-1) (LY
N —

It can ™ w==n Trom ta

v “hal FntenblA eemes elae={fier rrudres
Boyeg and perreriron ~1-22ifisTR. On *he
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othar hand it requires lesa nwmber of multiplications than the othera, On averaee,
one miy eay that the three rlareifiers require nlmost the rame numbsr of computs=
tions.

Ftemory Size

Table 2, Runber of lemory Hords Hesuired for Pata Storare,

Claszifier thirhe= of ata Vords
Payes K1)

Ferceptron ]

Ensemble Average K+ 2R(K-1)

Table 2, shous the memory rire reauired for librarv ehtoraz= in the throo
classifiers. It iz evident from ¢hie table that the encenble averars clameifier
requires greater memory cize than hoth Paves apd rererntran cla=eifiors. This
lncreased remory 2ize nosztz nothinz if romrared to the complevity of Bayes and
percepiron classifiers,

¥- EXFERIMENTAL RESULTS

A series of conmputer similation exroripents hne beon earried out to
compare the parformance of the three els~=ifirre under ~tudy. Feor a patter of
convenience, only three exverimenis ava reperted hers, Thee= nvperiments ard:

Experiment MNo.l

. In this experiment, two rlr-ues of Gawscian distribution »re considered
as traininz data. Class ¢y has

r 9
R R T R
and class Cahas
1 o
b‘ll O]T N R =
; LI VL

2

These classes are ahown in Fig. U.

Since the covariance matricer R, 2nd R, ar not equal, then linear
Bayesian classifier is not feacible. Moreaver, !ge tvo classes nre not linearly
seperable, therfore, conversion never occured nhile desipning the tereeptron
classifier coefficients o<, £=1,2.......X] .

For the current experiment, 3t wsg za=y to desirn the pnsemble average
clasaifier. Table 3, shows aurber of ratterns fron each rlass used for machine

learning ==+ the corresponding percentier tecognition vate vhen the same patierns

— e —— i ——— e e O e - ——
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ussd A8 fest patisrns.

Tabls 3, Eeguitr Chiainsd by bp-ecnble Ape
tapseliier { For Laperinent fo.l} -

Dot Tur Pachise imyraing s ey
i) B4, 5
=5 £1.5
100 6.0
7o H5.%
=) fila,
Averase facoenibion fate = A, 7

Figli, Dats for Experisent fio.]
Experivent Mo, 2

Berm, tws elagmpee olth Gaoussian distribution are choesm with mean
veotors and covarlesnce matrices soa

E=[z &) v om= (6 2]"

BN

- -

e Tl el 8 N

For this expaTissal, IL sss facy bo de<irn the ibres elersifiers. Thér Trowifed

equal recopmitlon w=ie of 100 < vbem troinine ota ware eend nv te=t daba eed BOF

vhen compl=tely “ttange dute were geed, Thi=s =sperissnt sy pereat=d for thras

Airan brntand of two Airencioss] mattsrn gpace. The sesn wectors and e
pom matriens were chosen nes

R I R R
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and 1 e 0
=P, =10 P
. 2
" g a 1
Fesults sinilear to thaze ulirh-i#i bn the eeerloug sEperlmnl were s=ecroad,

Experiment No. 3

Thin =xpnripent was deniened ke ronpaes petussn #MTiriopy of Buvssiss
and ansepbles avprapa rlaceifieea cihrg By plarees e ant Jinearly =srsrmibls,

Twa ¢lasent of Bavarian dintriintien are choren, The covarisacs natrices are

glven am:
1 0 @0
R'J.-‘?.- 1] i 1
3] i ] 1

ard elass ) has 3 fired pran veestor of 8 =|0 0 s}t ile s 3

m nean vacktorn, L" %-[ 1 2] o !T . .!_, -E1 i n !T prmenma®in

I‘ﬁr:l riven dletanre Batupon the o ~l=toes, Foth Bvperias srd spe=ahls avsrsgs
‘glassifiern yrovided identirn] recornitien rabeg, Tahls N, rhouvs ke repconiage
recognition mte as a fenction of the Ai-taprs tet-wsn U= e ~lagses,

Table 6, Ferults of Fvreriment

E;-‘-ITI'I: m Frrocealses Prcgpnliioa Esle

1 &4

2 A1

3 2

4 L]

3 0.5

& 2495

? 1

8 100

Vi- COMCLABION &Ml MMACTICAL AFPLICATION

1a Lhis papar, the sarembic sverres elanrifios cow adviced ood tested.
Althousn, it reculres a MWk hipher “reney =i, it in Foch “inpler, {asker, apd
sagler to desiam. From the roint ~F wiew of reccanition rate, ih bas been found
by sipeTimaniz that Lhe new' clas=ifi=r ~t=mdc =id#e bw side vith the Payesian med
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pereepiron nlassifiers. Normover, in cases where Sayesian and prrceptyon wers not
feasible, the envemble average classifier provided a recognitlon rate as hith

“he varisty of possible applications of autosatic nimssificationa iss
over automntic eontrel, medlecal dimgnoses, prycholorical learning,
pattern recornition, and imape annlysis. We are currently arpivice the ensenble
average mathod to pattarn rmcosnition, specifically, the harnvrittea azablc
charncters [6].
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