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Abatract

A mew techrigue 8 digensded to recoise Auman
foces wRder warpeg adpect views (pose). W forat
eatimate the poae of aR sRRowR humar face from a
20 prap-scak image ard then tmasform the sRmown
foce to a reference e wBing o femture etftraction
procedure. A differcemt st of femtures for discniminating
rtueen diferemd iRdivduais are then ectracted from
these recoRatructed faces for recomibion.  The feature
eftracthion Acheme waed 18 Enown as e mos mum
rpreentotion and discriminofion femture (MEDF)
mecthod.  The advaptage of our procedure @ that o
imherently removes disforbions due to pode varigfioRs,
and therefore reguires only singe training and/or teat
foace imape, which couid b of different aspect views.
For trapaformation, i doed met reguire the face to ke
in the dmtamae during fraiging  For recomiticn, ooy
oRe adpert Wew of ARy pode 4 RerEdsary.

1 Introduetion

Seversl faoe neecpnition metheds have heen awmmeated
v the reeent peat due to an Inerssaing derand for
gecunty, auwrvellanee, hunvan-comaputer Wierscticom,
vider eomapresslrn e videoeonfereming,  and
eomaputer graphiss {facisl aninsticn ete). Prior face
eagnition algerithros uwaed the comcept of eigen-
faeea[l], joint trapafrere ecrrelateral?), and deformahle
mtemaity aurface medela[d]. Figen-hased technicques for
pee-invariant face Eondion kave Involved moccdular
elgenapaceafl] in whirh one eigen-feature apaee i wed
frr & range of sapect viewa of different people, and
chifferent view-hased cgempaeesa s wed for diflerent
poae ranged. [t haa been ahewm(3] that global KL
fentured {ad waed I medular eigemapaced] are et
meful frr disrimination if the crrarianes matricm of
different elaaam are gimilar {this ia Ikely to ceeur In
thia current problern in whish the clsssca errreapened
tr difierent erientation rangea for meny facm]. A
methed haa been auggeated te huild & matherasticsl
errreapobdenee racede]l hetween anyr faee at 2 diflerent

praca i the cocrdmatea of faeisl parta aueh as the
e, mowuth, ete. to generate aymthetie fwee Imoaee
frema sl gray-acale imagea[f]. Dur methed to achise
this deea Dot meed leeal faeial festurea and 1o thus

preferahle,

Mrat of theas faes reerpnitien technicgquea sasurse
the preaenes of training and teat foeea &t wesrly
the anree fental view or baining fasea At asversl
crientativm. e ssauree the preacnes of ooly o ginge
training and teat view, dth of which are of O fereo
e ations {defined aa aide-toaide head mevernenta)
aa well &3 anme up/dewn meotien). In this paper, we
aumped & new e bhioed to st neete the poee of an
mlnwwn face, gynthetically gererate an oage
of the face at a refersnce pode, and then carry
ot recognition. A bleck dsgramy of cur approsach
in ghesrn In Fige 1. Omee the gratemy o frained,
thia procedure 1o applied to any previewsly sRsern
face image at an Rimows aapect view to remweve
dhatertiom due to peae variatiom in the training or
teat ast. At el of the 3 atages in cur face recopnition
algrrithmo {ghown in the 3 hokes in Fig. 1), we uae
mew featurea deaipmed by w that ave been shown
in prier-work[d, 7] to outperfrrma other atandard
fenture extraction techoiques aweh sa Fiaher limear
dhgeriminant, Fukunags-Keontz, Kathumen-Leeve
{KL), and crthemermosl dicdminent vectora.  The
mxain umcederlying mwethed in our measkreh inwobrea
the nonlinesr MEDF featuwre extrsmetion procedure.
The MEDF[7] has been awecedafully waed to extract
wnlitenr featurs for airoultanerua eatieatien of the
peie and elaan of varimm aimdlar ehjeeta[d].  Thia
technivue extracta norlincar infermation oo Imeaeea
withowt gigrificad increased compaiational complesty
eorapared to linear apprehehed, sand presricdea elosed-
form solwhiona for the nenlinesar trammfeers te wae 1§e
dfiacuaa eur appreseh fne auteorsated wenlinesr feature
extraction eomeept fror preee catimation (Seet. 2], the
maatheraatienl frmaulaticom te find the snmredqendense
between & face at two poses wing our features (Sect.
A), and face recopnitirm with the poas tramfreoed
faeea (Feet. 1), Beaula are preasnted in Sect. 3
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Figure 1' Blrek diagrarn of our appresch for prasinrariant faee qeeorenition.

2 Facial Pose Estimation

Ve comider faces ot each pose to b a siRgle oieet
cimas, and the geal B to extract diserimippory MEDF
fenturea aweh that fasea at diferent peasm are well
geparated in thia festumre apaee,

2.1 Dicriminatary Nanlnear MHADF
Faanture Extrartion Fram Images
Far Farial Pase Estimatian
Thr daeriramation, cur chjective ia to find & nenlinesr
tranafrrraation (ot & ast of nenlinear tranafrrra) en
& elean vestnr ¥ that optimelly dacrirainated het ween
classed In & redueed drenaionality apase. 1We condder
mwnlmenr tranafermna ¢ that am polymernial reap pineaof
the input face imneea witheut any erosa-produet terma.
Therefnre, the nonlinear tramfremation 8 we wae for
an image x= [£1 .. zn]T, B p= .s_ST.;F = EL -
whewr £ = [=F =5 ... 28] p & the degwe or crder of
mwnlmearity, The computadi o Aime fortiin operafion ia
), simitar o that of o cormedati on operohi on ames it
oden Tnt Tnrelve crvaa-presduet terraa. For airaplicity, we
suree ten claned and demete Irdgee aarapled fors the
two object dasses aa vectom x, and k. The nenlinear
data for class | image are then x, | = [=F, =05 .. =TT
and frr elaas 2images are x,, = [=8, 28 ... 2B, ]T. The
¢  are comatzained tobe crthegeomal, Toplying that the
cutput featurea jh, are upeomelsted. The acparaticon
meaare to e maxinized ia

1) 1) éTRj_#é
Ep="Y Eg, = e e o S O
o= 2, 5on = 2 G, + Gy e,
ie. e maxinke R, = Zfﬂ Efﬂ{],_;l* -

Ky M, — ¥ 7], the mean squared separatiem
tetween &ll claaa 1 and 2 projectione om eweh haga
vector o, whie minim®ing the apresd of each
elada (), &nd O, In feature apace.  Ebr & given
p, the nonlinesar MEDF tramfrerasation eoeffleienta
eorreapomel to the deminant egen-vesteora of the
matrix [y, + Cap | [Ryiz,]. 1When there are £ image
object clagaed {or L poadible sapect views for & hursan
faee], the nonlinesr tranafrerasation that beat aeparates
all L clamed (face incapea st different aspect viewa) are

the eigen-veeters of [Yor, G l™ iy Ty Bill,
where lj‘-’r’ ia & higher-crder eorrelation mathx tiTlat
TieHAUTER trhe acparation between classes £ &nd §, and

(e 18 the higherrrder eovarianes matik for claa I

The value for p for our peas eatiostieon problers (and
for face meognition] can easily be determined fom
tzaning data[d] or by evaluating the poaseatineatien
{face claaaifieation) pedformance oo s validation et
Thia appresch cuwtperfoerm atandard ones aimee it
eemaputed 8 that madmEe the diferences hetween
i aample; atandard metheda eoly Deascimies the
hifferenees hetmeen clags maesne or canmet eadly
handle maome than 2 elases of data

22 Madifled k-INIW Classifler far Farial
Pase Egtimation in Feature Spara

Vi wied & mew modified & Reareat Reighior ol ifie3]
frr pems eatioeatiom. For each tead asmaple at an
umkncFn peae, we firat extract  decrindinatery
mnlinsar MEDF festurea. We comapute the average
digtance dL_F of ench tegt aaraple in MEDY featurs
apkee to the clrast b protolype aanople of each pose
frr all praaible [ pose-claages, The teat aample ia
saawned o the pree-class wih the cleasmt averase
dhatance i.e | tle teat aample s estaated o ive peas
aifdy, <d W=12 Lig#n

3 Faecial Pose Transformation

The general maetheraaticsl Iorraulatiom we we for peas
tramfrrmaation i aitdlar o the cne developed by Vetter
and Fopeinf, @ but ueea cur very different neolinear
MEDF featurea for repredentation.

3.1 MNanlinear MHADF Fenatures far
Hepresentation of Human Fares

VWhen it ia deaited to tranaforoy & faee o one peas to
ancther, it ia nessasry 1o kbve & good repreacntation
for & face in feature apace(10]; for intra-class e paration
{of garoples I the aarne clada), the apread of the faee
imdpe data at each poas {the projectione eoteo the
fenture mpace) ahould be large. The reprewsntation
neesaure we uae in the MEDY ia amilar te the one vaed



I prineipal eompement axealyds. Our gesl 1ato extract
orthonermal {uncorelated] monbimcar featumwa that
minimies the mean-aquared crrer hetween the oiginal
atd reccmatructed images for the sample vestora {x, |
n one claas {aa in POA). Vi create the augmented
data veeters, {x,.} for the elasa; theae cemtain
higherorder polymoraial termaa  For epreasntaticon,
the epredentation eriterion to he maximized B

M
Egp= E fmglém' {2]
'-“=|.

wher (1, Ia the higher-reder eovarianes matriv of
the augmaented westora {]-_{hF]- The M beat menlinear
MEDY haain fmetirm for meprecntation &0 ame
the M deominant elgemvectora of Elr' In thia Imitial
wasntcth, we uwded only linesr MEDFa fentures frr
epreasntation, e p= 1.

3.2 Pase Transfarmation Using MADF
Hepresent ation Faatnres

Ve uwae linear MEDF festurea for repressntation
{eigenfentured) to geaerate aynthetie faee Imapea st
Warioud oientatiom,  Any gray-sesle image ¥ of an
unknewn teat faee st the peae ¢ can be optinally (in
& lenat reean-aquared-emer amee] written aa s lmear
errabination of [ near MEDF trandoms veetera for
epredentation ¢, at that pede ¢ x ELL i, {8a
darugsed in Heet. 3.1). The projection ereffieicnta
tt for dfferent teat mdviduala are erpected to he
ohifferent and the anlient charaeteriatiea fror each perasn
ape preacrved In the linear METF tramafrers. The &
at peve ¢ are determained from & aet of training inaee
of Individuala.

Chur gril 1o to generate an invage of the wnimowm
apd previemly umeeen input faee Imeege x© &t the
eferemes prae ¢ given ita Toame ¥ at an input poee v
A befere, k7 e 3 47 we compute the relatien
etween the projection coefficienta at the Input peas
tr, and the provjection emeficienta at the referenee pras
. Ve can then wermatruet the tead faee ineee at the
rfrence pese (even though the teat Dage & wot in
the traming aet). A% asaume & linesr relation between
the projection epeflelenta at the input peas ¢ and
the projection coefileients st the rotated or mfcrenes
Dede + g ¥T = _1.r where 17 1a & handed maatric
wheds DeD-zero elernenta are determined udnE & act of
taining imsagea of Individuala &t peasm ¢ and . Nete
that the linear MEDF tramformos and the matrix 17
are unique for & given input and referenee peae.

It in gpate trivial to generslies the abese methed to
& limaited praaible ast of V7 input peas. o each caae

the relation hetween the input and referener peas ia
determained fom fmiging image pairs at the input and
referenes pram, After the ayatery i trained, given an
input umkmewnm teat face inehee At an unkmewn poas,
we determine ita peae wming our diseriminatery MEDFa
{Zeet. 2.1) and the moodfified k-NN claaaifier {(Geet. 2.3)
a0 then tranaome it to the referme poae. We cheas
the fremtal fhee viewas sa the referenee peas im thia werk

4 Face Recognition from

RHeconstruected Facea

The laat atage of cur peae-invariant fece reccgnitiom
preeedure involves wdng the recomatructed facea at the
referemee peae for face recopnition. Pace reccopnition ia
& discAraimation or claaafication presesa; henee we wae
the nonlinesar dacrimamatery MEDFE featurea almilar
to the one developed n Seet. 2.1, Given Toage of L
individuala, we want to extract diserininateny features
for L elasaed {ench Dmdividusl B & elsas)  Thersfore,
the M heat nonlinesr featumrea that will claasify the
L iodividuala a.re the M dominant elgenvectora of
[Z'F‘bl Fﬁ']_l[El—l E;|'=+~|- R‘J’F wheme :E—t"il:r' B &
higherorder eorrelatiom Dektrix that Desaure the
aepatation between facem £ and ¢ at the efErewe poas,
aned Eﬁ_ ia the higherorder amAanee matriv for faee [
at the meferenes peas. An effieient twoatape technicque
in maed to ealenlate the featureafs] MNete that thia
fenture cutraction procedure emaurea thet the cutpot
fentumws of ome Defividual are acpasted foos the
output fenturea for amether incfividwal. This ia quite
meful F the reecmatrected maapea for an individusl
freray Afferent Input saopect views tend te he different
Brmy each other after pras tramferoosation, asd are
alan different fom the actual iImaee of the individual
at the mirenes poac. For each training ineee we wae
aevers] different initial precs in deaigminge eur featurea
theae different inputa will reault in peaetramforoued
output irvamed that differ alightly fom each other, and
bera the actusl fmee indeee at the efreps: peae, Our
featumwe are cheacn i minimies theas differenses and
to acparate cutput features for different Individuals,

5 Initial Hesults

e wacd the databeae previded by Pepeio and Beymer
{41 Labh, MIT) which comaista of 62 individuals with
f aapect views of esch peracn {aspect view moge with
left fright mewements upte +13° {Fig. 2), one caas
with two degrees of freedom Deluding & afight 130
upward motion {top, Fig. 2b). The head-on {refernee)
view 1a (¥, We med & leave one-cut technkjue to teat
our facee pree eatinestiom, peae trandomasation, and



fnee recrnition redulta, amee the faes databeaes 1o very
araall.

ik teated cur prae eatitantion procedure oo all f asta
of sapeet viewa in the databoae. Fror the trainine act,
we determained that & enlmesrity of =1 previded
the bed decritamation between faecs st all & peams
ming the eriterion deacribed o Beet. 2010 We wasd
kE = 5 in the medified k-NN clasaifier {Sect. 2) and 6
discritamatory nonlinear MEDE featurea. 1We obtained
perfect (1% pooe ontimotion acewracy for all 62 face
myapes st &l & papect viewa Theas reqults ahew the
effectivenea of the nonlinear METY for dias Arisation
even when the aumber of classes faspect wews) is Aigh
] the facem are ot Inthe traing act.

Ve teated our peae tramafremasation procedure (Sect.
3.2) waing 5 input pras at £153% +22.53" and 13° with
& 13" upward meovernent. The head-on (P view was
the mwferenee {rotated) view to which we tramfreoed
eheh Input faee. Detaila of the nuraber of MENFa waed,
ete. ar proided in & previews puhlication [L0.

The reermaructed faeeaat the 0° sapeet riewa (hottom
of Piga. 28, b, ¢, and d) fom fiffcrent input sapeet
views {top Figs. 28 b, ¢ and ) leok quite aimilar to
the actusl {umaecn) faeea at the 0° sapest view, cven
when facial hair ia present (Figa. 2= and d] and when
the ted act eontaine other variatione not preacent in the
training ast. Oiher metheds have problerss with aweh
eaam[3]. Further detailed deacriptiona of the faeial peas
tranafrrraation reaults are dederibed in [10]. In a fow
charm the pose-tramfreroaed faecs are partly noiay, and
hlured sa in bottom of Figa. 22 aod , and benee Giffer
frorn the correapending actual faee innames st the head-
on reforenes view, Therefore, the features that are
wed for face reccpnition sheuwld e mbhwat to haodle
variatiom between the peastranafermed image of the
garae efividual and the actual ineaee.

Th tead claasifiestion perfrerenes we wed & neareat
mighher clagaifier and & lesve cme ot technicgque.
e ealeulsted our wolinesr MEDF featurnes for
ecegmition fdiscrinyination {Sect. 1) wing all A sapect
view ages of 61 of the (training) faces. The mean
{in MEDF feature apace] of the poastranafremed
vergirma of each of the 6l face in the tmeining ast,
ane] the (¥ veraion of the 62'nd face were waed aa the
eferenceg prototy pea in the clamifier. The poasm of
the 3 sapect views {+153° +22.3  apd 15* witha ~13°
upward mwwvement] of the A2'nd faee {teat eet] were
eatmated | the facm were tramfermoed to the eference
(¥ gapect view, the nonlinesr MEDFE features for
ecnition were extracted fom esach peastranaferomed
fare, &and each faer waa then clasaffied wming the
menred melghbor claaaifier in MEDF festumre apace.

This waa repeated G2 timea with & Jifferent individual
left et each time. Perfeet P, = LKFR recernition
reaulta were obtained waingy cur neonlinesr MEDE
featurea sa ghessn im Thble 1 for all & input aapect
viewda of each faee. The reaulta obtained waing
eigenfeatures (KL features) are alan ahewn in Thbke 1
frr purpesed of comapariasn their Po is ohaerved to he
lesver thanm theas obtaimned wing nonlinear MEDEa.
Theae KL featumea wer obisined by conadering all
Gl 2 i+ 1 = 347 input pras-trmnafrereed training
imaged 84 & aingle Deeero-clasn. Hinee the KL (POA)
fenturea oo not asaken claas-labela to esch training
garaple, it ek oz the variamee of the prjectiom of
ail tzaining aamaple itaame. Therefore, aa aeen in Tahle
1, oo impreveraenta in Po are obtained even when &
large nuraber of KT feature ame uaed.
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Thhle 1! Face merpnifion maulta obtamed oo teat
myagedat Hfferent input sapeet views peas tranaferomed
i the referemes sapect view.




