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1 AN IMAGE SYNTHESIS METHOD Field of Invention The invention
relates to image processing systems. More particularly, the invention 5
relates to a method for synthesizing faces of image objects. Background
With the ubiquity of new information technology and media, more effective
and friendly human computer interaction (HCI) means that are not reliant
on traditional 10 devices, such as kgboards, mice, and displays, are

being developed. In the fi8t AAGERY NddErid el ldqfression

recognition technologies have been receiving significant attention and
many research demonstrations and commercial applications have been
EE\PQ\IBBUE)V%"H)F\ESUIL The reason for the increased interest is mainly due

the suitability of face and facial expressjon recqgnition technolqgies for ..
el T oA SR S e sy hon
talatenfocaetant dodsysiuhesiianckcesafrincagd sigactaccess control. An
initial step performed by a typical face recognition system is to detect
locations in an image where faces are present. Although there are many
Bukgrelateld 20 problems of face detection such as face localization,

AR frelire dsiosinn. fass. enification, fage aihentication anddadal ana
expression r co\énl ion, face O e S RoAS U ed s ORé Sf the
foemaig<tpnableomjoutes iatkbadion (@EEPEHanedmtfflailare Mostkexmtorgtfaditional
recognition systems typically employ. a single two-dimensjon (2
R o R A BR8P g row
véare cdapaitiamd s yatexin explesstve rf demgn dtete ctechrivdegid sohav@ éamagecesving
challengi sk bhecause of variabjlity in_ imaqi itions,.image,. ..
R A Y R A8 NS Bfiications
by dssivdexath pethssioresit addiei segseri $tnth éaice neased nitemass ystaaisly due
re able. tj ti il n the training i .
A A o R R Tor D wice
tangde rofiapicetinotinuch. Buribmetrns, itfermatienrespuirdyndaw enforeeingntyand

%ﬂ]%gﬁ%&?eo%hﬁg&eg%gﬁ;ag[{fgég&ts%%ﬂ%ipns for each human subject are to

e made av ace recognition systems. However, this
requirement is

An initial step performed by a typical face recognition system is to detect locations
in an image where faces are present. Although there are many other related
problems of face detection such as face localization, facial feature detection, face
identification, face authentication and facial expression recognition, face detection is
still considered as one of the foremost problem to be tackled in respect of difficulty.
Most existing face recognition systems typically employ a single two-dimension
(2D) representation of the face of the human subject for inspection by the face
recognition systems. However, face detection based on a 2D image is a challenging
task because of variability in imaging conditions, image orientation, pose, presence

or absence of facial artefacts, facial expression and occlusion.

In addition, existing face recognition systems are able to function satisfactorily only
when both the training images and the actual image of the human subject to be
inspected are captured under similar conditions. Furthermore, there is a requirement
that training images captured under different conditions for each human subject are
to be made available to the face recognition systems. However, this requirement is
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2 considered unrealistic since typically only a small number of training
images are generally available for a human subject under deployment
situations. Further efforts to address the shortcomings of existing face
recognition systems deal with technologies for creation of
three-dimensional (3D) models of a human subject's face 5 based on a 2D

digital photograph of the human subject. However, such technologies are
foneidarag snsalstisisinse drisalivcanbieacsmilLitei M e IFURtPApbNEGRE are

GeABamosiali 8 APRHRAA IR hasdiiph FHER SERRBIRYIRIARRY efforts

computationally intensive and hence might not'be suitable for deployment

i raddrestothiitisPEFemngs wHekkisHodd 168 JEEP9ALIPArSkHERIS AeR]r With

BRHATIBLAEY RREASARBNGST- tAR I SO VARYB D) WSJQm%ﬁwH@q&t's face
there affirms a need for a method for providing an improved means for

bRse8 PRiAg R ioHateeRaraRihah R NemansuRigihe RV GV e SR IRGORCI0gies
ghisGlrreehhoraiscepRve:d dnetaghter thenthepigingia nﬁék@@“é&@&&@ﬁﬁfa 3D
e

images of an image object based on a synthesized 3D head object o

iReslt oM. AR MUPAERE WRHAHHINaSHER 1BFIRRIRlRhAEH Campetionally

Hieslased i aiboshight ABtHE¥DRANEG e ORRAGHTACE rARotRAM systems
object. The method comprises providing an image of the image object In

VWHEER $PREThAAE S TS LA UG STERIEIGh T B TR FERFTBR W the image
object. Further, the method comprises providing a three- dimensional (3D)
mesh having a plurality of mesh reference points in which the plurality of
khergle, r@fevéave e p det $aeg g nedpfoidend, hiberee tiGidhad s et fusesr@Bthod for

identifying a.plurality of feat ions ofthe i e object from the
P?nga\(é&éf%ag]% f@eﬁ@éﬁ@ gap uféﬁﬁ% %[#] ﬁﬁ]nérbgeféggeégr?((gelop%ints based on the
plurality of feature portions of the image object. The plurality of image
Eijfﬁr%r%lqe points has 3D coordinates. In addition, the method comprises
a

eas gne of manipulating and deforming the 3D mesh by

ERBAARRHHE O SRl P TSR et FRIG I BrBgiBESaIRARE NG Mthesizing a

towards the plurality of image reference points and mapping the image

Blyjséinn b 2Rk Befoimrass Bf mBsiRIBISBIRCh Prsd QBjéC§Yﬁtmﬁﬁi(§ﬁq£|:‘l@ head
bsjaet @pidetilpage object.

In accordance with a first aspect of the invention, there is disclosed a method for
synthesizing a representation of an image object. The method comprises providing
an image of the image object in which the image is a two-dimensional (2D)
representation of the image object. Further, the method comprises providing a three-
dimensional (3D) mesh having a plurality of mesh reference points in which the
plurality of mesh reference points are predefined. The method also comprises
identifying a plurality of feature portions of the image object from the image and
identifying a plurality of image reference points based on the plurality of feature
portions of the image object. The plurality of image reference points has 3D
coordinates. In addition, the method comprises at least one of manipulating and
deforming the 3D mesh by compensating the plurality of mesh reference points
accordingly towards the plurality of image reference points and mapping the image
object onto the deformed 3D mesh to obtain a head object in which the head object is

a 3D object. The synthesized image of the image object in at least one of an
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a 3D object. The synthesized image of the image object in at least one of
an 3 orientation and a position is obtainable from the head object
positioned to the at least one of the orientation and the position. In
accordance with a second aspect of theginvention, there is disclosed a
device 5 readable medium having stored therein a plurality of
programming instructions, which when execute by a machine, the

HigrRIRIhaCBesiHEMRBRIABABIp i6oTa dhamead Aieek Rreiliorgsbio Biedtilpast

Yo thedmaggishahyendipeirianal (2D) representation of the image
object. Further the instructions cause the machine to provide a

three-dimensional (3D) mesh having a plurality of mesh reference points

D dBcaRighc e RIVERYBE SR dNEFace B encarRertIs R here de fifiedostBea device

instructions also cause the machine to identify a plurality of feature )
SEHGR BrediETmBRANShRLISHoHCIR imAYHalRY iRk RiRYRPmIAdrnstructions,
{rageviaterereauROYte hagethentHas Rivirtidheicdeature RRKHIAS ©f fhsvide an

image object. The plurality of image reference points has 3D coordinates.

\Pagfaifbntthe! RASFQRIAS! cHUsWRIE nBRhIAE9s df IcastdiBiensional (2D)

FagvaldrtaiR ANt delormadacoBfadne i i QRPRIREAENBHH @RI al®y @hchine to
mesh reference points accordingly towards the plurality of image

PERNER GetiysmEirarReirRa) @lR)imase Ry d Ry alBYaefdnsRursisTaRse points
iR whtaintReinadiplie¢thirnhigarthee eadsohieptdacintd olreindthections also

synthesized image of the image o%’gct in at least one of an grientation

CHFRRRSEENIRE dbidFnidyearrinaiy AEIRFURSRRTHOERiIBRHE {31898 oxdest from
trasiage aidhecatisniasionaAtddhrrRgsiHTerdRte hBinscHRiaoR thEsurality of

Drawings Embodiments of the invention are disclosed hereinafter with

TeALEERRr YRR 8 e image, SRIGRL cheBIkTality ol imags. FRFRERRSR RIS 3D

boaamefes. humanigitbiectio e inppiRstcdra thaciahcanrgritian reéstedhe of
E}?rﬁlo%ing the face-synthesizing technjques provided in accordance with

il SHHE pHRSerbinNERiohY SPHRENAINY JBRepiurality of ‘mesh
tbfeerdinpisionadddiMgmeasivaedy eseplation s thadieadfeieachyoiak and map

%%bisn%[g;je object onto the deformed 3D mesh to obtain a head object in which the
head object is a 3D object. The synthesized image of the image object in at least one
of an orientation and a position is obtainable from the head object positioned to the
at least one of the orientation and the position.

Brief Description Of The Drawings
Embodiments of the invention are disclosed hereinafter with reference to the

drawings, in which:
FIG. 1 is a two-dimensional (2D) image of a human subject to be inspected by a
facial recognition system employing the face-synthesizing techniques provided in

accordance with an embodiment of the present invention;

FIG. 2 is a generic three-dimensional (3D) mesh representation of the head of a

human subject;

FIG. 3 shows the identification of feature portions of the 3D mesh of FIG. 2;
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FIG. 3 shows the identification of feature portions of the 3D mesh of FIG.
2; 4 FIG. 4 is an image in which feature portions of the human subject of
the image of FIG. 1 are identified; FIG. 5 shows global and local
deformations being applied to the 3D mgesh of FIG. 3; 5 and FIG. 6 shows
an image of a synthesized 3D head object of the human subject in the 2D
image of FIG. 1. 10 Detailed Description A method for synthesizing a_
5|Qraﬁtjﬁ@‘2|ﬂ‘?§€éri'rﬁ‘ﬁ§@§ WMQ&Q@@%}HCE%&MW@%%%%H‘% of
Pracobierleafitgimage object are described hereinafter for addressing
the foregoing problems. 15 For purposes of brevity and clarity, the
description of the invention is limited hereinafter to applications related to
PR facensyitgrstial ahtnaes abisaimtibshbipy auBliElPRSAO D @R FIG. 3;
various embodiments of the invention from other applications of similar
ure. The fundamental inventive principles of the embodiments of the

invention are common throughout the various embodiments. 20
Exemplary embodiments of the invention described hereinafter are in

e oPaites aNtHMERE LT 2Ry BBt HIEIPRNIRES I SFh Rk S WRan sHRdegHN the
pomhgiedriclike reference numerals. 25 FIG. 1 shows a
two-dimensional (2D) image 100 representation of a human subject to be
inspected using face recognition. The 2D image 100 preferably captures a
fietipbyipesefiitfoface of the human subject in which the majority of the
facial features of the human subject are clearly visible. The facial features

MAGH0B A" Sy ER o R kAL AL #fd Jacs Al eesAbARH BRGSO GRI Aased on
sUljietledPegleminheinwhjecBthidanirlfealbjas atdhadstiinan skRigtifiar for

the 2D image 100, the synthesizing of an accurate representation of a
fAresHinadRe Etegq 819 PhRaBbject of the human subject can then be
performed subsequently. In addition, the 2D image 100 is preferably

acquired using a device installed with either a charge-coupled devic
E@%BL}@PSC?S gf brevity and clarity, the description gof thepinvent?on ?s limited

hereinafter to applications related to 2D face synthesis of image objects. This
however does not preclude various embodiments of the invention from other
applications of similar nature. The fundamental inventive principles of the

embodiments of the invention are common throughout the various embodiments.

Exemplary embodiments of the invention described hereinafter are in accordance
with FIGs. 1 to 6 of the drawings, in which like elements are numbered with like

reference numerals.

FIG. 1 shows a two-dimensional (2D) image 100 representation of a human subject
to be inspected using face recognition. The 2D image 100 preferably captures a
frontal view of the face of the human subject in which the majority of the facial
features of the human subject are clearly visible. The facial features include one or
more of the eyes, the nose and the mouth of the human subject. By clearly showing
the facial features of the human subject in the 2D image 100, the synthesizing of an
accurate representation of a three-dimensional (3D) head object of the human subject
can then be performed subsequently. In addition, the 2D image 100 is preferably

acquired using a device installed with either a charge-coupled device (CCD) or a
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5 complementary metal-oxide-semiconductor (CMOS) sensor. Examples
of the device include digital cameras, webcams and camcorders. FIG. 2
shows a 3D mesh 200 representing the face of a human subject. The 3D
5 mesh 200 is a generic face model cosstructed from sampled data
obtained from faces of human subjects representing a cross-section of a
population. The 3D mesh 200 comprises vertices tessellated for providing

PREBISMASBEHY2 T0E 2B oPE THEP Bt GiRE AR svRled JamaPles of the
@Mf@&%&h&é‘%ﬁ%ﬁ%ﬂﬁ@‘é&! (pdpranca R timciddr. which the plurality of

predefined mesh reference points 202 constitutes a portion of 10 the
vertices. The plurality of mesh reference points 202 comprises a first

PlayalityiinwaI§ ST GIREPNSGOPRIPISsaRthY SRCTREk RIHRIHY AN E®ect. The 3D

reference points. Preferably, the first plurality of mesh reference points

BRI & peRadA W%Wmtmﬁw@ﬁn@%sﬁm@ from faces
BPHIPRS aisjdef dptdiahi Vet @Rt pRISPASepUIRBIRCETREB® mesh 200

human subject. The first plurality of mesh reference paoints are 15

SRIRAaER v REH eRsr SRR IRIS SRR PERYEHPRGRR 3P tHeS 2Rk shmogglition, the 3D
SERRIAIS!Ys HiSVRREOWIPARIRARE e S JESEIRACH RN T GORRIFHRE 202 in

portion of the vertices around key facial features such as on the left and

Yigithetne elvliouel RerdsHRssERb Seferspee RALTIhATRrE Y il qiportion of
gRderiibe sarRIpHIIG G PleshasifcrefRESISIatD QUL ToAiBraisO RISty of

for performing local deformation of the 3D mesh 200, The 20 markings

BEONOIHREEAFS RSP D AR Rl RbMEST QF%‘%PeEBHEGleﬁ’?Qﬁ?Vb'V'

plenfash prieARACDPOIRER afgr@sRROPsIrts FémmFristbea3porieahcOthés vertices
then later adapted to the face of the human suéJ]je_ct to be inspected usin
?ﬂiBﬁH ;

g9
feLO RSB RAT R Wb RNoge 206 BiFest 198 SslifP dicteargraons of
frertiacs of the Taandaef tiejeet homerirubisalaistjdentifiesharrhionse ipofi. are

lurality of featur%fortions referablt\: comprises the eyes, the

AR BB LoD Bl TRat il 8 AR T oo e seplately, the

susatity lofdRtwEnreriesterighitepsifieddaynineatingdheiéacer wktherticknaround
ubject i %?EZD imaﬁ;e 100. The face of the human subi ctis_ locatable
KEVEOR RS B0 A 1L RS TR Yo CHRPEr s, T iont nose

lohewipdanedrseshmedinds rkirertn sstantiarnraRghesniesnpidteence points
et N el Snd spbearanie Rosgd mEods; ALCLS 5 Ro. o

markings 302 of the first plurality of mesh reference points and the second plurality

of mesh reference points are as shown in FIG. 3. The 3D mesh 200 is then later

adapted to the face of the human subject to be inspected using face recognition.

From the 2D image 100 of FIG. 1, a plurality of feature portions of the face of the
human subject is identified as shown in FIG. 4. The plurality of feature portions
preferably comprises the eyes, the mouth and the nose of the face of the human
subject. In addition, the plurality of feature portions is identified by locating the face
of the human subject in the 2D image 100. The face of the human subject is
locatable in the 2D image 100 using methods well known in the art such as
knowledge-based methods, feature invariant approaches, template matching methods
and appearance-based methods. After the face is located in the 2D image 100, a
region 402 of the face is next identified in order to locate important facial features of

the human subject. Notably, the facial features correspond to the plurality of feature
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region 402 of the face is next identified in order to locate important facial
features of the human subject. Notably, the facial features correspond to
the plurality of feature 6 portions. The identified facial features contained
in the region 402 are then detected usipg edge detection techniques well
known in the art. The identified plurality of feature portions is then marked
with a plurality of image 5 reference points 404 using a feature extractor

RQHABNTReR e i eshiagink SRIUERSEOTRINS pnaiHPTIRg R TR frarfistected

9@?@%@@@@&&9 Qe Iniersien @ ptaip substantially accurate
3D coordinates of each oft the plurality of image reference points 404, the

feature extractor requires prior training in which the feature extractor is

ok henetPJARAGEY 8N AR JBTEORS RfeReAGRPRIAIHHEIADILRHNROf image
images that 10 are manually labelled and are normalized at a fixed ocular

ERteERce Peb R 40BN GY TerliNG BXiRAi@FrhpMTaH e ¢ aSPRAHKIRY! s each
bhaaeianilife Aoty et dMRgRifRalue mRIRD xo¥ldfbtss. eiftreedo obtain

using multi-resolution 2D gabor wavelets that_are taken in eight different

spnEably acrrEaie ABntepkdinaae A siehtafidhs RIUTRABRLIST prordscEetprence
fRIikte100t gieragienakieetbrecdeiey ptiaMNehi iy AFdeRith e rexeii&extractor

extraction resolution of the feature extractor around an image feature
ISGRHER BVt BRG AR STRER AR ERIEM RS A USHE, Eg g hat

e WaniR e ligsdacdedd te fratRYERatakisl Hainaddiesniect tbe SQUPRY by
solutions, All extracted feature vectors (also known as positive samples),

WHAYARGE"2% réA POl RESrdStaeR] Wltha T HMasiReaturs mfinise §achuimage
TRpleESelMoUNRr iSekitieRericise Ksiny MmakinesslivR SIDPIRBLARREES that

stored in a corresponding stack "B". This then procduces a forty-eight

Bin G R OB LT RERRE S ARSI Rk R it R (RilgH NS to

femRpY Prad deal\eity(RgA) dnibesided yiadre Uabrdimensionality
reduction is performed for both the positive samples (PCA A) 25 and the

negative samples (PCA_B). The separability between the positive
SRRIPIaDARY thenneoat BesamateR isresinigr & f Ut dineaedigetiniranhd an

R B R ) R o B
point (x, y) are collected and the feature extractor is trained to reject the counter
solutions. All extracted feature vectors (also known as positive samples) of a image
feature point are then stored in a stack “A” while the feature vectors of counter
solutions (also known as negative samples) are then stored in a corresponding stack
“B”.  This then procduces a forty-eight dimensional feature vector and
dimensionality reduction using principal component analysis (PCA) is then required.
Thus, dimensionality reduction is performed for both the positive samples (PCA_A)

and the negative samples (PCA _B).

The separability between the positive samples and the negative samples is optimized
using linear discriminant analysis (LDA). The LDA computation of the positive
samples is performed using the positive samples and negative samples as training
sets. Two different sets, PCA_A(A) and PCA_A(B), are then created from the
projection of the positive samples. The set PCA_A(A) is assigned as class “0” and
the set PCA_A(B) is assigned as class “1”. The best linear discriminant is then

defined using the fisher linear discriminant analysis on the basis of a two-class
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30 sets. Two different sets, PCA A(A) and PCA A(B), are then created

from the projection of the positive samples. The set PCA A(A) is assigned
as class "0" and the set PCA A(B) is assigned as class "1". The best

linear discriminant is then defined using the fisher linear discriminant
analysis on the basis of a two-class 7 problem. The linear discriminant
analysis of the set PCA A(A) is obtained by computing LDA A(PCA A(A))
BTﬁEé'&‘-"O'T\|7'§Id@?ﬁﬁﬁ'ﬁ@'@éﬁ@ﬂht@&ﬁ'ﬁﬁi@crly?ﬁh@tIiﬁ idyiigiRtined by
é’é}ﬂb{ﬁﬁﬁqfﬂﬂjﬂ WA&@ m@tamdmu@qmv%@ggén%tw%}ﬁéﬁ», the

since a "1" value must be generated. The separability threshold 5 present

Hatdle SHSHRETURNREI894EIS tABRRSiFRRIEG/SEsRNaleyORIBIACE OMdERGHRLINg

(S SATEONOLEDY FP@RICINAIRIOAUELbE [§énbratEtP WEVEE fasiBAtyPthreshold
using the sets, PCA A(A) and PCA A(B), the sets PCA_B(A) and

PeRNEE)ERs theyvartlessisicdenestieniebtained by subjecting an

unknown 10 feature vector, X, through the following two processes: X

PCA ALDA A (1) X PCA_BLDA_B (2) The feature vector, X, is

prEfERLalY, ALRApRAPIHECS SR SETD AT HESTAS &(‘i@i?”ﬁﬁ g for LDA_A.
PesiRRbVinsieeiest byiHietRsoes SHAMAABP it BCA) ATIBE B1ORBOSIIIDASB(A)

that two discriminant functions are defined for each class using a decision

ik %%M@éﬁa B5ethe BAishRsRERIIENAPGINAS BYo?HEl% iggtan unknown
TR PCAOG (D FARARFMAANBERSA: B(X) (4) Set "A" and set

"B" are defined as the "feature" and "non-feature" training sets
respectively. Further,)(foﬁr%ﬁédiﬁﬁhéﬂaﬁ‘al Busters aréllso defined: GA =

g(A), FB=1(B),FA¢ I_—;(/I\-")Cﬂ‘d @gf_bﬁ)) glhe derivr&'?n of the mean, x
, and 25 standard deviation, u,of each of the four one-dimensional
clusters, FA, FB, GA and GB, are then computed. The mean and

TR T s R A PR SO R0
SIVER YRFWADTy HefPQiasHARSRbABS Yaskor B (1 BEXWO Re proposition is

discriminant fuinctions aré obtained:
that two discriminant functions are defined for each class using a decision rule being

based on the statistical distribution of the projected data:

f(x)=LDA_ A(PCA _ A(x)) 3)
g(x)=LDA_B(PCA_B(x)) (4)

Set “A” and set “B” are defined as the “feature” and “non-feature” training sets
respectively. Further, four one-dimensional clusters are also defined: GA = g(A),
FB=f(B), FA=f(A) and GB=f(b). The derivation of the mean, X, and
standard deviation, o, of each of the four one-dimensional clusters, FA, FB, GA and
GB, are then computed. The mean and standard deviation of FA, FB, GA and GB are

respectively expressed as (Xq,, 0y ), (Xeg,0ep) s (Renr Oan) aNd (Xeg, Opg )

Additionally, for a given vector Y, the projections of the vector Y using the two

discriminant functions are obtained:
yf = £(Y) (5)
yg =g(Y) (6)
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Yf=f(Y) (5) YS =S(Y) (6) 8 1yf-mFAl lyf-mFBI Ilyf-mGAl Further, let yfa =
yfb =, yga = and sFA sFB sGA ygb =1Yf- mGBI sGB The vector Y is
then classified as class "A" or "B" according to the pseudo-code, which is
expressed as: 5 if (min(yfa, yga) < min(gjb, ygb)) then label = A; else
label = B ; RA=RB=0; if (yfa > 3.09)or(yga > 3.09) RA 1 10 if (yfb >

3. O9)or(ygb >3.09) RB =1; if (RA l)or(RB 1) label =B ; if (RA =

fh é B= o label =|Bf :—infEdA = O) &R BYEDMHR = A; 15 Prbﬁeran@Akh
% T"iy ofima eareferegpxp points A% 7n 3msze correla¥ga with gad
estimated from the feature portions of the face in 2D space by a
pr%-gelbéfrmm@5| function. In addition, as shown in FIG. 4, the plurality of
ifage refgrgnce points 404 being marked on the 2D image 100 are

referably the left and right eyes center, nose tip, the left and right nose
%E‘?ege‘ff% SR sss et e fort %rnangﬁ‘E%WH}g 30 K¥nitsGgo-code,
mﬂdﬁﬁsmr@gmjl@ends and the chin tip contour. The head pose of the
human subject in the 2D image 1O(§H s estimated prior to deformation of
the 3D mesh Y0GRIMER. HRA3D THBEHD OGS 8ed at an azimuth angle,
and edges are extraqg%g uswg an edge deteggén algorithm such as the
Canny 25 edge detector. 3D mesh-edge maps are then computed for the
3D mesh 200 for aziahgh=aBgles ranging from -90 degrees to +90
degrees, in increments, of Igéiggf?es.

if (yfa > 3.09)or(yga > 3.09) RA=1;
yfb > 3.09)or(ygb > 3. 09) RB=1;
if

if (

(RA=1)or(RB =1) label =

if (RA=1)or(RB =0) label =
(

if (RA=0)or(RB =1) label =

Preferably, the plurality of image reference points 404 in 3D are correlated with and
estimated from the feature portions of the face in 2D space by a pre-determined
function. In addition, as shown in FIG. 4, the plurality of image reference points 404
being marked on the 2D image 100 are preferably the left and right eyes center, nose
tip, the left and right nose lobes, the left and upper contours, the left and right lower

contours, the left and right lip ends and the chin tip contour.

The head pose of the human subject in the 2D image 100 is estimated prior to
deformation of the 3D mesh 200. First, the 3D mesh 200 is rotated at an azimuth
angle, and edges are extracted using an edge detection algorithm such as the Canny
edge detector. 3D mesh-edge maps are then computed for the 3D mesh 200 for
azimuth angles ranging from —90 degrees to +90 degrees, in increments of 5 degrees.
Preferably, the 3D mesh-edge maps are computed only once and stored off-line in an

image array.
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Preferably, the 3D mesh-edge maps are computed only once and stored
off-line in an image array. 9 To estimate the head pose in the 2D image
100, the edges of the 2D image 100 are extracted using the edge
detection algorithm to obtain an image edge map (not shown) of the 2D
image 100. Each of the 3D mesh-edge maps is compared to the image
edge map to determine which pose results in the best overlap of the 3D

ieeHignaigdaansad PreccinptieD BAs iy iR Eaenh 18 BRnBaR dGE are

e e skreciseaglisiRncedRaRIBAhAP 10 Sbibm IRGRRAIEIFEMS (not
computed. For each pixel in the maS%_e%dEge map, the DT process
[

SN0k EmBetTREe K ite feats B MeRs relbe dRaMalSRBIRHROLHR the

RAJESHHOMESS BRI R HRAGR RIG8URAM He hES YadvRPHHIRLCHSImesh-
function, F, of each of the 3D mesh-edge maps is then computed. The

244 fefon, FO WATBRAUKE 1 reISRAAYILSANER hRifedR tieedherResHnaps, the

EOSRIEAAPSARSLEIR IRRAGM QU RIS itdyesagd ARipYiB Eomted. (L& each
(7) N 15where A. ={(i,]) : EM (i_j) =1} and N is the cardinality of set
Plkgh IR0RE HAYSRISR MRz dhs éijepg?ﬁ%aéﬁgmeéméaaéf rHigh EERIpSENSS the

HaAe AR CHRIBREPINERRSIOHE HaIHSIIONL N PRRIPAPRISRIJo edRaasp.

edge map. The pose for which the corresponding 3D mesh-edge map
results in the lowest value of F is the estimated head-pose for the 2D

adgiR0oRAHRNER tHaMReM, OFtherherrabpuhie DN el R aagnd 0 ithen
known, the 3D mesh 200 undergoes global deformation for spatially and

ERTBHEENAME RASIHUBRIPInE I FRLERPS G T e SHEM TR RGLMEEH. 1 dD mesh-
sejermpian@tiberigeeagh RAP isshpresetnad|G. 5. Typically, an affine

deformation model for the global deformation of the 3D 25 mesh 200 is
used and the plurality of image XeReFdhde points is used to determine a
solution for the affine pargragtée=:A typical affine if7pdel used for the
global deformation is expressed a:

where A, ={(i, j):EM(I, j) =L and N is the cardinality of set A.,, (total number
of nonzero pixels in the 3D mesh-edge map EM). F is the average distance-
transform value at the nonzero pixels of the image edge map. The pose for which
the corresponding 3D mesh-edge map results in the lowest value of F is the

estimated head-pose for the 2D image 100.

Once the pose of the human subject in the 2D image 100 is known, the 3D mesh 200
undergoes global deformation for spatially and dimensionally registering the 3D
mesh 200 to the 2D image 100. The deformation of the 3D mesh 200 is shown in
FIG. 5. Typically, an affine deformation model for the global deformation of the 3D
mesh 200 is used and the plurality of image reference points is used to determine a
solution for the affine parameters. A typical affine model used for the global

deformation is expressed as:

11 alZ 0 X bl
21 a‘22 0 Y + b2 (8)

1 1
Z o 0 O §a11+5a22 z 0
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XgballalzOXblYgbh=a21azz0Y +b2(8) 12Zgb002all+12Z010
where (X, Y, Z) are the 3D coordinates of the vertices of the 3D mesh 200,
and subscript "gb" denotes global deformation. The affine model
appropriately stretches or shrinks the 3[9 mesh 200 along the X and Y
axes and also takes into account the shearing occurring in the X-Yplane.
The affine deformation garameters are obtained 5 by minimizing the

Ypjeotidn Ordedhthe RrppIdinaigs stinte v eEiERE e tp®iAkS TBRStha00. and

§95@E§?ﬁ)ﬂﬁj@”ﬂ@l@0€é@ _a%migﬁe q‘h@%?ﬁﬁ’é‘ﬁiﬁﬂe?@pb?@%ﬁi@[ﬁ IRfREhes
2D image 100. The 2D Br%;ctlon (x f, yf) of the 3D feature points (X f,

& STFIpKe thendy RYcEs X0t EasRsAuhades Bkex intoyaceppnt the
dtdlarihg dcédrigin ted-yaRanel T @intldelerhbilad pefdndetrd é?ﬁiﬁ' obtained

+a22)Zf 10 where R12 is the matrix containing the top two rows of the

Py ARBTARS Ne T BISSHRTY G A STkt PIMEAl N BE @RS FResgsICe points

shage rdie Buersin@dreD3hedtroodinated Ot shefloraity 20mRE8ons in the 2D
reference points, equation (9) can then be reformulated into a linear

B?é%ngrQQ-ecﬂ@ti%@spfm@’éiﬁ‘ih@(defbrm&tmﬁ éQretﬁQBi@rquiﬂE [&,raX2;Z¢) on
21 a22, bl, k2 ]T are then determinable by obtaining a least-squares 15

@ﬂ%‘i@&ﬂ?@ﬁ [d%sﬁr@zér@%fgﬁ?s&déaauations. The 3D mesh 200 is

globally deformed according to thé€se parameters, thiis ensuring that the

3D head obje¢ct 6Q0 created confgrimsXvith 8hef aproximate shape of the
face of the huian| sullject and "th significagt feafuges are progerly

aligned. The 3 headrobject 600, i% S own in“FIG. & |n addition, to more
accurately adapt the mgS to-tle,huragn220 subject's face from

the 2D image 100, local deformati ns?are introduciblé in the globally
deteemrd 39 mesiiftk londdidrigrinatiess eftheca noesth@0digtion matrix

performed via displacement of the second ﬁgrality of mesh reference

LR Rt L B eLlBREh G539 Ross T (HE Sibringesr i ikXgesing the 3D
cotetRnaespeinteeA BrialiYP of image reference points, equation (9) can then be

reformulated into a linear system of equations. The affine deformation parameters

P=[a;,a,,a,,a,,b,,b,]" are then determinable by obtaining a least-squares
(LS) solution of the linear system of equations. The 3D mesh 200 is globally
deformed according to these parameters, thus ensuring that the 3D head object 600
created conforms with the approximate shape of the face of the human subject and
the significant features are properly aligned. The 3D head object 600 is shown in
FIG. 6. In addition, to more accurately adapt the 3D mesh 200 to the human
subject’s face from the 2D image 100, local deformations are introducible in the
globally deformed 3D mesh 200. Local deformations of the 3D mesh 200 is
performed via displacement of the second plurality of mesh reference points towards
corresponding portions of the plurality of the image reference points 404 in 3D
space. Displacements of the second plurality of mesh reference points are
perturbated to the vertices extending therebetween on the 3D mesh 200. The
perturbated displacements of the vertices are preferably estimated using a radial

basis function.

Once the 3D mesh 200 is adapted and deformed according to the 2D image 100, the
texture of the human subject is extracted and mapped onto the 3D head object 600
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space. Displacements of the second plurality of mesh reference points are
25 perturbated to the vertices extending therebetween on the 3D mesh
200. The perturbated displacements of the vertices are preferably
estimated using a radial basis function1©nce the 3D mesh 200 is
adapted and deformed according to the 2D image 100, the 30 texture of
the human subject is extracted and mapped onto the 3D head object 600

o isHdlzaiipratibhe PReNSEARDIGCH BRICYBBOISAHH RRaARRING AsHie 7 BRlisg onto
RNAERLPRED xR ABARRIXIBRIS IBERSRNGiRR of the eashalisetoh the

the human subject in the 2D image 100. Lastly, a series of synthesized
2B iagret08r thastitsy ResHeHRéSYBIGSIFedato limadeetieShtbsrambirst 600

ANGPES D IBdRRnBRanRAIRISAPRHE YeEsCiiealingnaca drlaRpRReA for creating a
synthesized 2D images 100 of the human subject. In addition, the 3D

HigbeshRlcPybegizetKEr IMRERSUIAR AlsthenuigngiskRiFthe BTAAEMN, the 3D
RRIgIER b i watrst liakiing erRadiliensyviresg est torslifiereobaReleso in

The database then provides the basis for performing face recognition of

EHEUHRHRRHAUBIE EUKBRO Y EbRERELIR BHTRIRISAIG e e TatSogiRfsTgsthen
prolaady prrivuReR ikt mseRPiatie cdsy Ritoh tefeiRNREMaN aUBfRet under any

recognition system. In the foregoing. manner, a method for synthesizing a
ERIPSIGRIE ONGILonsh afaseofecRINiigeIs beisal s el thaed, witig; Asgepigble

beachorientef dhe faragecobiaabissgssribed according to embodiments of
the invention for addressing at least one of 15 the foregoing

disadvantages. Although a few embodiments of the invention are

HiselosedgtingneadpareRtiodcRe sitHResinitge plubaIMe W Iflhisce images of
disclosure that numerous chaﬁﬁes_ and/or modification can be ma
i

de . .
MBI RUERh a6t el pHNasIdes. bk Mo L tRingbine JMaps LIt is
desoaHRaAckiob AUALNES EHIShai FRpIe SEMiiRdi piv e edhi forge drese iy tEleast one of

method comprising: providing an image of the image object, the image

i aoeHR0 SRk (MG So UGB HESRISGE elivention are
disclosed, it will be apparent to one skilled in the art in view of this disclosure that
numerous changes and/or modification can be made without departing from the spirit

and scope of the invention.
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providing a three-dimensional (3D) mesh having a plurality of mesh
reference points, the plurality of mesh reference points being predefined,;
identifying a plurality of feature portions of the image object from the
image; 10 identifying a plurality of imaggxeference points based on the
plurality of feature portions of the image object, the plurality of image
reference points having 3D coordinates; at least one of manipulating and
ing the 3D mesh by compensating the plurality of mesh reference

P.Oi“tS ﬂ\cﬁ%ﬁw %F%gﬁﬂﬁ’e%iﬂﬁg ]ér%}ﬂé@gﬁ(a%w&r%@é‘%j%m% andhod
mapping the image object onto the deformed 3D mesh to obtain a head
object, {BMHEAWobject being a 3D object, wherein a synthesized image of

the image objgviiimigleast PRgbRMNS IR UbRBE TBOFIIRR iBeing a two-
obtainable from the head object positioned to the 20 at least one of the

orientaBiGPERMANHL HakearesentrHaN L iR dBROmANIRFS 1, further
comprising: capiyidneytaarmsatirairmbRrGDY HaeneadrHabiesiun I @R Fhesh

one of the orientation and the position, the synthesized image being a 2D

image."6&8NGHRANENSE BiAtfhmesu raiereasepiaim e g nisdeltngg:
the head objeficfarrgARIUrMGA RIUERISKOF SHOBRZEHENARGS. ONRREFHm the

each of the plurality of synthesized face images is a 2D 30 image. 4. The
method¥J claim 1, wherein the 3D mesh is a reference 3D mesh

representatiofyehifigifcepiRIRgTsPmdge ffdrorcepthnd REda latAe blurality
wherein the image gbject is the face of a person. 6. The method as in

claim S MVRRHERPREYIE A{IREIMRARORISSHHI WAL phlmage Jefgieace paints
of the exemdIDRESIdmatee nose and the mouth of the person.

at least one of manipulating and deforming the 3D mesh by
compensating the plurality of mesh reference points accordingly towards the
plurality of image reference points; and

mapping the image object onto the deformed 3D mesh to obtain a
head object, the head object being a 3D object,

wherein a synthesized image of the image object in at least one of an
orientation and a position is obtainable from the head object positioned to the

at least one of the orientation and the position.

2. The method as in claim 1, further comprising:
capturing the synthesized image of the head object in at least one of

the orientation and the position, the synthesized image being a 2D image.

3. The method as in claim 1, further comprising:
manipulating the head object for capturing a plurality of synthesized
images,
wherein each of the plurality of synthesized face images is a 2D

image.

4. The method as in claim 1, wherein the 3D mesh is a reference 3D mesh

representation of the face of a person.
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5 7. The method as in claim 1, wherein properties of the feature portions
of the image object in the image is identified using principal components
analysis (PCA). 10 8. The method as in claim 1, wherein providing the
image of the image object comprises aggjuiring the image of the image
object using an image capture device. 9. The method as in claim 8,
wherein the image capture device is one of a 15 charge-coupled device
2cCD) HhRITBEERnH 3 R SHBRLnYsbsriRiths- 1amgs i aricioihed MO S S BeISen:
10. The method as in claim 1, wherein identifying the plurality of feature
Egrtions comprises: 20 ide_nttﬁfgin the plurality of feature portions of the

age bBFRERIPLR QM RoWNEIEI e RIIRBYY 4 TRAMMPY liphepdifhe face
capturipgytexsyeRBeFiaRcBagR:idltA 1N eRdrekicsidnrl ipaRh orerepigon.

orientation and the position comprises: 25 at least one of displacing the
head object to the at least one of the orientation and the position; and

zapturingethsetlisBlased baad QbiRbiaiAhssRyRRtan e gRARshs of the

image therefrom. 30 12. A device readable medium_ having stored therein
a pluraltipet pRIRFa A HIRdMALS iR tREAS TIRRAILANhRANSIRE figniyraents analysis
machinedag instructions cause the machine to: 14 provide an image of

the image object, the image being a two dimensional (2D) representation

of the image object; provide a three-dimensional (3D) mesh having a

glurality g meplddreiarebrmpainihdkmpiveeidingftierariemremee Pai®bject
being predefined; 5 identitha plurality of feature portions of the image

object FYAPEIFES ifgyKIng the image of the image object using an image capture
device.
9. The method as in claim 8, wherein the image capture device is one of a

charge-coupled device (CCD) and a complementary metal-oxide—
semiconductor (CMOS) sensor.

10.  The method as in claim 1, wherein identifying the plurality of feature
portions comprises:
identifying the plurality of feature portions of the image object by

edge detection.

11. The method as in claim 2, wherein capturing the synthesized image of the
head object in at least one of the orientation and the position comprises:
at least one of displacing the head object to the at least one of the
orientation and the position; and
capturing the displaced head object to thereby obtain the synthesized

image therefrom.

12. A device readable medium having stored therein a plurality of programming
instructions, which when execute by a machine, the instructions cause the

machine to:
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identify a plurality of image reference points based on the plurality of
feature portions of the image object, the plurality of image reference points
having 3D coordinates; 10 at least one of manipulate and deform the 3D
mesh by compensating the plurality of pgesh reference points accordingly
towards the plurality of image reference points; and map the image object
onto the deformed 3D mesh to obtain a head object, the head object

being a 3D olfjEXIUES §0néRsvea Py htse PRI iPRIGE! oftBe i MG e RSHECRInWO-

at !easﬁﬁﬁﬁ%ﬁﬂl @rﬂﬁﬂ@i@&ﬁﬁﬂ@ W%ﬁﬂﬂw@@@ﬂ&@?'e from the.head
object positioned to the at least one of the orientation and the position.

13. The deviclPeEEaBI&Rse e adanat i 63A) 1Pesh BRYIRG e PYEgHmATirgesh
20 instrpgdionse YIRS MEYNeXRSULEFhBIhaRASTIBDORRY BRI HiEprRashie o

further capture the synthesized image of the head object in at least one of
the orientatioleiitdM e iutibn ofEayrarHeuBersinfalie heris Lbieciirye the
14. Th ice readable medium as in claim 12, wherein the programming
25 instructions, which when executed by a machine, cause the machine to

further manipt8Rsith@ REKAIE RICiepe ApiRTREE P PILIRRSESk ) Higddivality of
imagegeg@acd iriishplor Ay inf-ge BRI QR ReriMeassiRRIGE rdféknce points

image. 15. The device readable medium as in claim 12, wherein the 3D
mesh i83Y1nh3RrePaFIRasES: mesh representation of the face of a person.

16. The devicg: leasialie oreRiHIPLASaALAEBId M WREBBINiBeh iIBlABsHiRSting

is the face of a person. 15 17. The device readable medium as in claim

16, whIRIWRIIBLPLIRESH feIRARCE RALIS AFapdnaly owerdsdpe mluslity of

the eyemaiereRstrils famtoaadsand the mouth of the person. 5 18. The
device readable medium as in claim 12, wherein theli[rggrammin

instructions, WIMPHIGHhERAERRIEEH B % HRaPRIRENES fﬂ%srf‘n@cfgm@i?o‘?‘ head
identifyopjanettichcatithisjdeatenegresiposjedtthe image object in the

wherein a synthesized image of the image object in at least one of an
orientation and a position is obtainable from the head object positioned to the

at least one of the orientation and the position.

13.  The device readable medium as in claim 12, wherein the programming
instructions, which when executed by a machine, cause the machine to
further capture the synthesized image of the head object in at least one of the

orientation and the position, the synthesized image being a 2D image.

14.  The device readable medium as in claim 12, wherein the programming
instructions, which when executed by a machine, cause the machine to
further manipulate the head object for capturing a plurality of synthesized

images, each of the plurality of synthesized face images being a 2D image.

15. The device readable medium as in claim 12, wherein the 3D mesh is a

reference 3D mesh representation of the face of a person.

16.  The device readable medium as in claim 12, wherein the image object is the

face of a person.
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image using principal components analysis (PCA). 10 19. The device
readable medium as in claim 12, wherein the image of the image object is
provided by acquiring the image of the image object using an image
capture device. 20. The device readablggnedium as in claim 19, wherein
image capture device is 15 one of a charge-coupled device (CCD) and a
complementary metal-oxide- semiconductor (CMOS) sensor. 21. The

bvice ThadisMigeneasiahte 1880 emins D CltRe inWhe BB dParRIWiAkLY of feature
inStrUCBQﬂ%ﬁé’Wﬁ'ﬂw\é"ﬁﬁé fxaecwed BM@OW@@W@S,%E%§W§T‘@@H@§&%M the
20 identify the plurality of feature portions of the image object by edge
detectiBIRUIPOTTHE BBRRR readable medium as in claim 13, wherein the
programming instructions, which when executed by a machine, cause the
machine to: 25 at least one of displace the head object to the at least one

Bihe bherflaYish Apriiate pBSHim SSditapiRire the ddisisiadife REOgRERTING
to therghyrobiiaiRs i RINIIRSI ZREciteads HRERIME. cause the machine to:

19.

20.

21.

22.

identify properties of the feature portions of the image object in the

image using principal components analysis (PCA).

The device readable medium as in claim 12, wherein the image of the image
object is provided by acquiring the image of the image object using an image

capture device.

The device readable medium as in claim 19, wherein image capture device is
one of a charge-coupled device (CCD) and a complementary metal-oxide—
semiconductor (CMOS) sensor.

The device readable medium as in claim 12, wherein the programming
instructions, which when executed by a machine, cause the machine to:

identify the plurality of feature portions of the image object by edge
detection.

The device readable medium as in claim 13, wherein the programming
instructions, which when executed by a machine, cause the machine to:

at least one of displace the head object to the at least one of the
orientation and the position; and

capture the displaced head object to thereby obtain the synthesized

image therefrom.





