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2222DDDD datadatadatadata preprocessingpreprocessingpreprocessingpreprocessing

�LogarithmicLogarithmicLogarithmicLogarithmic TotalTotalTotalTotal VariationVariationVariationVariation (LTV)(LTV)(LTV)(LTV) basedbasedbasedbased IlluminationIlluminationIlluminationIllumination NormalizationNormalizationNormalizationNormalization

ItItItIt worksworksworksworks onononon anyanyanyany singlesinglesinglesingle imageimageimageimage withoutwithoutwithoutwithout anyanyanyany priorpriorpriorprior informationinformationinformationinformation onononon 3333DDDD facefacefaceface geometrygeometrygeometrygeometry orororor

lightlightlightlight sourcesourcesourcesource.... ItItItIt notnotnotnot onlyonlyonlyonly inheritsinheritsinheritsinherits abilityabilityabilityability fromfromfromfrom thethethethe TVTVTVTV----LLLL1111 modelmodelmodelmodel totototo decomposedecomposedecomposedecompose imageimageimageimage ffff
intointointointo aaaa largelargelargelarge----scalescalescalescale outputoutputoutputoutput uuuu andandandand aaaa smallsmallsmallsmall----scalescalescalescale outputoutputoutputoutput vvvv,,,, butbutbutbut alsoalsoalsoalso bringsbringsbringsbrings propertiespropertiespropertiesproperties ofofofof

edgeedgeedgeedge----preservingpreservingpreservingpreserving andandandand multiscalemultiscalemultiscalemultiscale additiveadditiveadditiveadditive signalsignalsignalsignal decompositiondecompositiondecompositiondecomposition....
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[Ref.] T. Chen, X. S. Zhou, D. Comaniciu and T.S. Huang, [Ref.] T. Chen, X. S. Zhou, D. Comaniciu and T.S. Huang, [Ref.] T. Chen, X. S. Zhou, D. Comaniciu and T.S. Huang, [Ref.] T. Chen, X. S. Zhou, D. Comaniciu and T.S. Huang, ““““Total Total Total Total Variation Models for Variable Lighting Face Recognition,Variation Models for Variable Lighting Face Recognition,Variation Models for Variable Lighting Face Recognition,Variation Models for Variable Lighting Face Recognition,””””
IEEE Transactions on Pattern Analysis and Machine Intelligence (TPAMI)IEEE Transactions on Pattern Analysis and Machine Intelligence (TPAMI)IEEE Transactions on Pattern Analysis and Machine Intelligence (TPAMI)IEEE Transactions on Pattern Analysis and Machine Intelligence (TPAMI), vol. 28, no. 9, pp. 1519, vol. 28, no. 9, pp. 1519, vol. 28, no. 9, pp. 1519, vol. 28, no. 9, pp. 1519----1524, 2006.1524, 2006.1524, 2006.1524, 2006.
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[Ref.]  [Ref.]  [Ref.]  [Ref.]  T. F. T. F. T. F. T. F. CootesCootesCootesCootes, G. J. Edwards, and C. J. Taylor, “Active Appearance Models,” , G. J. Edwards, and C. J. Taylor, “Active Appearance Models,” , G. J. Edwards, and C. J. Taylor, “Active Appearance Models,” , G. J. Edwards, and C. J. Taylor, “Active Appearance Models,” IEEE Transactions on Pattern Analysis and IEEE Transactions on Pattern Analysis and IEEE Transactions on Pattern Analysis and IEEE Transactions on Pattern Analysis and 
Machine Intelligence (TPAMI)Machine Intelligence (TPAMI)Machine Intelligence (TPAMI)Machine Intelligence (TPAMI), vol. 23, no. 6, pp. 681, vol. 23, no. 6, pp. 681, vol. 23, no. 6, pp. 681, vol. 23, no. 6, pp. 681----685, 2001.685, 2001.685, 2001.685, 2001.
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2222DDDD----2222DDDD matchingmatchingmatchingmatching basedbasedbasedbased onononon SparseSparseSparseSparse RepresentationRepresentationRepresentationRepresentation ClassifierClassifierClassifierClassifier (SRC)(SRC)(SRC)(SRC)

kkkk classesclassesclassesclasses andandandand nnnniiii featurefeaturefeaturefeature vectors,vectors,vectors,vectors, vvvvi,ji,ji,ji,j ∈∈∈∈ RRRRmmmm areareareare utilizedutilizedutilizedutilized forforforfor trainingtrainingtrainingtraining fromfromfromfrom thethethethe iiiithththth class,class,class,class, iiii ={={={={1111,,,,

2222,,,, .... .... .... ,,,, kkkk}}}} andandandand jjjj isisisis thethethethe indexindexindexindex ofofofof thethethethe trainingtrainingtrainingtraining sample,sample,sample,sample, jjjj ={={={={1111,,,, 2222,,,, .... .... ....,,,, nnnniiii}}}}.... AllAllAllAll thethethethe trainingtrainingtrainingtraining datadatadatadata fromfromfromfrom

thethethethe iiiithththth classclassclassclass areareareare placedplacedplacedplaced inininin aaaa matrixmatrixmatrixmatrix AAAAiiii ==== [[[[vvvvi,i,i,i,1111,,,, vvvvi,i,i,i,2222,,,, …………,,,, vvvvi,nii,nii,nii,ni ]]]] ∈∈∈∈ RRRRmmmm××××nininini .... AAAA dictionarydictionarydictionarydictionary matrixmatrixmatrixmatrix AAAA forforforfor kkkk
classesclassesclassesclasses isisisis developeddevelopeddevelopeddeveloped bybybyby concatenatingconcatenatingconcatenatingconcatenating AAAAiiii,,,, iiii====1111,,,,.... .... .... ,,,, kkkk.... AAAA testtesttesttest patternpatternpatternpattern yyyy cancancancan bebebebe representedrepresentedrepresentedrepresented asasasas aaaa

linearlinearlinearlinear combinationcombinationcombinationcombination ofofofof allallallall nnnn trainingtrainingtrainingtraining samplessamplessamplessamples ((((nnnn ==== nnnniiii ×××× kkkk))))::::

wherewherewherewhere xxxx isisisis anananan unknownunknownunknownunknown coefficientcoefficientcoefficientcoefficient vectorvectorvectorvector.... ItItItIt isisisis straightforwardstraightforwardstraightforwardstraightforward totototo notenotenotenote thatthatthatthat onlyonlyonlyonly thethethethe entriesentriesentriesentries

ofofofof xxxx thatthatthatthat areareareare nonnonnonnon----zerozerozerozero correspondcorrespondcorrespondcorrespond totototo thethethethe classclassclassclass ofofofof yyyy.... ItItItIt cancancancan bebebebe solvedsolvedsolvedsolved asasasas longlonglonglong asasasas itsitsitsits solutionsolutionsolutionsolution isisisis

knownknownknownknown totototo bebebebe sufficientlysufficientlysufficientlysufficiently sparsesparsesparsesparse.... AnAnAnAn equivalentequivalentequivalentequivalent LLLL1111----normnormnormnorm minimizationminimizationminimizationminimization::::

cancancancan bebebebe solvedsolvedsolvedsolved asasasas aaaa goodgoodgoodgood approximationapproximationapproximationapproximation.... WithWithWithWith thethethethe solutionsolutionsolutionsolution xxxx1111,,,, wewewewe cancancancan computecomputecomputecompute thethethethe residualresidualresidualresidual

betweenbetweenbetweenbetween aaaa givengivengivengiven probeprobeprobeprobe facefacefaceface andandandand eacheacheacheach individualindividualindividualindividual asasasas::::

TheTheTheThe identityidentityidentityidentity ofofofof anyanyanyany givengivengivengiven probeprobeprobeprobe facefacefaceface isisisis determineddetermineddetermineddetermined asasasas thethethethe oneoneoneone withwithwithwith thethethethe smallestsmallestsmallestsmallest residualresidualresidualresidual RRRR....
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[Ref.]  J. Wright, A. Yang, A. Ganesh, S. Sastry, and Y. Ma, “Robust face recognition via sparse representation,” [Ref.]  J. Wright, A. Yang, A. Ganesh, S. Sastry, and Y. Ma, “Robust face recognition via sparse representation,” [Ref.]  J. Wright, A. Yang, A. Ganesh, S. Sastry, and Y. Ma, “Robust face recognition via sparse representation,” [Ref.]  J. Wright, A. Yang, A. Ganesh, S. Sastry, and Y. Ma, “Robust face recognition via sparse representation,” IEEE IEEE IEEE IEEE 
Transactions on Pattern Analysis and Machine Intelligence (TPAMI)Transactions on Pattern Analysis and Machine Intelligence (TPAMI)Transactions on Pattern Analysis and Machine Intelligence (TPAMI)Transactions on Pattern Analysis and Machine Intelligence (TPAMI), vol. 31, no. 2, pp. 210, vol. 31, no. 2, pp. 210, vol. 31, no. 2, pp. 210, vol. 31, no. 2, pp. 210----227, 2009.227, 2009.227, 2009.227, 2009.
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3333DDDD----2222DDDD matchingmatchingmatchingmatching basedbasedbasedbased onononon CanonicalCanonicalCanonicalCanonical CorrelationCorrelationCorrelationCorrelation AnalysisAnalysisAnalysisAnalysis (CCA)(CCA)(CCA)(CCA)

CCACCACCACCA isisisis aaaa powerfulpowerfulpowerfulpowerful analysisanalysisanalysisanalysis algorithmalgorithmalgorithmalgorithm especiallyespeciallyespeciallyespecially usefulusefulusefuluseful forforforfor relatingrelatingrelatingrelating twotwotwotwo setssetssetssets ofofofof variables,variables,variables,variables, bybybyby

maximizingmaximizingmaximizingmaximizing thethethethe correlationcorrelationcorrelationcorrelation inininin thethethethe CCACCACCACCA subspacesubspacesubspacesubspace....

GivenGivenGivenGiven NNNN pairspairspairspairs ofofofof samplessamplessamplessamples (x(x(x(xiiii,,,, yyyyiiii)))) ofofofof (X,(X,(X,(X, Y)Y)Y)Y),,,, iiii====1111,,,, 2222,,,,…………,,,, NNNN,,,, wherewherewherewhere ,,,, ,,,, withwithwithwith meanmeanmeanmean valuevaluevaluevalue

ofofofof zerozerozerozero.... TheTheTheThe goalgoalgoalgoal ofofofof CCACCACCACCA isisisis totototo learnlearnlearnlearn aaaa pairpairpairpair ofofofof directionsdirectionsdirectionsdirections wwwwxxxx andandandand wwwwyyyy totototo maximizemaximizemaximizemaximize correlationcorrelationcorrelationcorrelation

betweenbetweenbetweenbetween xxxx====wwwwxxxx
TTTTXXXX andandandand yyyy====wwwwyyyy

TTTTYYYY.... InInInIn thethethethe contextcontextcontextcontext ofofofof CCA,CCA,CCA,CCA, twotwotwotwo projectionsprojectionsprojectionsprojections:::: xxxx andandandand yyyy areareareare alsoalsoalsoalso

referredreferredreferredreferred totototo asasasas thethethethe canonicalcanonicalcanonicalcanonical variantvariantvariantvariant.... Formally,Formally,Formally,Formally, thethethethe directionsdirectionsdirectionsdirections cancancancan bebebebe foundfoundfoundfound asasasas thethethethe maximamaximamaximamaxima ofofofof

thethethethe functionfunctionfunctionfunction::::

ToToToTo testtesttesttest newnewnewnew pairspairspairspairs ofofofof variables,variables,variables,variables, wewewewe firstfirstfirstfirst projectprojectprojectproject themthemthemthem intointointointo CCACCACCACCA subspacesubspacesubspacesubspace x’x’x’x’====wwwwxxxx
TTTTXXXX’’’’;;;; y’y’y’y’====wwwwyyyy

TTTTYYYY’’’’;;;;
andandandand thenthenthenthen theirtheirtheirtheir similaritysimilaritysimilaritysimilarity isisisis calculated,calculated,calculated,calculated, andandandand biggerbiggerbiggerbigger valuevaluevaluevalue indicatesindicatesindicatesindicates higherhigherhigherhigher similaritysimilaritysimilaritysimilarity....

p
X ∈�

q
Y ∈�

[ ]

[ ] [ ]

T T

x y

T T T T

x x y y

E w XY w

E w XX w E w YY w
ρ =

( , )
x y

S x y
x y

′ ′⋅
′ ′ =

′ ′



Asymmetric 3DAsymmetric 3DAsymmetric 3DAsymmetric 3D----2D Face Recognition2D Face Recognition2D Face Recognition2D Face Recognition

ScoreScoreScoreScore fusionfusionfusionfusion

Finally,Finally,Finally,Finally, usingusingusingusing MinMinMinMin----MaxMaxMaxMax normalization,normalization,normalization,normalization, bothbothbothboth thethethethe matchingmatchingmatchingmatching scoresscoresscoresscores fromfromfromfrom 2222DDDD----2222DDDD andandandand 3333DDDD----2222DDDD areareareare

normalizednormalizednormalizednormalized totototo [[[[0000,,,, 1111],],],], andandandand aaaa weightedweightedweightedweighted sumsumsumsum rulerulerulerule isisisis usedusedusedused forforforfor fusionfusionfusionfusion....

TheTheTheThe correspondingcorrespondingcorrespondingcorresponding weightsweightsweightsweights wwwwSSSS andandandand wwwwRRRR areareareare calculatedcalculatedcalculatedcalculated dynamicallydynamicallydynamicallydynamically duringduringduringduring thethethethe onlineonlineonlineonline stepstepstepstep

usingusingusingusing::::

wherewherewherewhere iiii correspondscorrespondscorrespondscorresponds totototo thethethethe twotwotwotwo similaritysimilaritysimilaritysimilarity measuresmeasuresmeasuresmeasures:::: SSSS,,,, andandandand RRRR,,,, andandandand operatorsoperatorsoperatorsoperators minminminmin1111((((SSSSiiii)))) andandandand

minminminmin2222((((SSSSiiii)))) produceproduceproduceproduce thethethethe firstfirstfirstfirst andandandand secondsecondsecondsecond minimumminimumminimumminimum valuevaluevaluevalue ofofofof thethethethe vectorvectorvectorvector SSSSiiii....
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TheTheTheThe completecompletecompletecomplete FRGCFRGCFRGCFRGC vvvv2222....0000 datasetdatasetdatasetdataset

�4007400740074007 texturedtexturedtexturedtextured 3333DDDD facefacefaceface modelsmodelsmodelsmodels ofofofof 466466466466 subjectssubjectssubjectssubjects

�MedianMedianMedianMedian filterfilterfilterfilter isisisis utilizedutilizedutilizedutilized forforforfor removingremovingremovingremoving thethethethe spikesspikesspikesspikes

�CubicCubicCubicCubic interpolationinterpolationinterpolationinterpolation isisisis adoptedadoptedadoptedadopted forforforfor fillingfillingfillingfilling thethethethe holesholesholesholes

SettingsSettingsSettingsSettings

�TheTheTheThe firstfirstfirstfirst modelmodelmodelmodel withwithwithwith neutralneutralneutralneutral expressionexpressionexpressionexpression ofofofof eacheacheacheach subjectsubjectsubjectsubject makesmakesmakesmakes upupupup

aaaa gallerygallerygallerygallery setsetsetset ofofofof 466466466466,,,, whilewhilewhilewhile thethethethe otherotherotherother modelsmodelsmodelsmodels ((((4007400740074007----466466466466====3541354135413541)))) areareareare

usedusedusedused forforforfor testtesttesttest.... AllAllAllAll imagesimagesimagesimages areareareare croppedcroppedcroppedcropped totototo 175175175175××××190190190190 pixelspixelspixelspixels....
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FaceFaceFaceFace recognitionrecognitionrecognitionrecognition

RankRankRankRank----oneoneoneone recognitionrecognitionrecognitionrecognition raterateraterate ofofofof 2222DDDD----2222DDDD matchingmatchingmatchingmatching usingusingusingusing differentdifferentdifferentdifferent LBPLBPLBPLBP operatorsoperatorsoperatorsoperators

2D-2D R-1 R-2 R-3 R-4 R-5 R-6 R-7 R-8 Fusion

P-08 0.7617 0.8204 0.8323 0.8371 0.8456 0.8416 0.8156 0.7631 0.8735 

P-12 0.7535 0.7899 0.8250 0.8252 0.8340 0.8224 0.7959 0.7504 0.8775 

P-16 0.7521 0.7928 0.7899 0.8106 0.8128 0.8046 0.7801 0.7250 0.8662 



ResultsResultsResultsResults

3D-2D R-1 R-2 R-3 R-4 R-5 R-6 R-7 R-8 Fusion

P-08 0.6843 0.7648 0.7868 0.8080 0.8210 0.8331 0.8303 0.8204 0.8528 

P-12 0.7032 0.7436 0.7953 0.8145 0.8267 0.8233 0.8272 0.8278 0.8530 

P-16 0.7171 0.7623 0.7866 0.8086 0.8139 0.8202 0.8199 0.8182 0.8564 

FaceFaceFaceFace recognitionrecognitionrecognitionrecognition

RankRankRankRank----oneoneoneone recognitionrecognitionrecognitionrecognition raterateraterate ofofofof 2222DDDD----2222DDDD matchingmatchingmatchingmatching usingusingusingusing differentdifferentdifferentdifferent LBPLBPLBPLBP operatorsoperatorsoperatorsoperators
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FaceFaceFaceFace recognitionrecognitionrecognitionrecognition (Rank(Rank(Rank(Rank----One)One)One)One)

2D-2D Matching Results

(S1) Original faces 0.786

(S2) LBP Histograms 0.846

(S3) MS-LBP Histograms 0.876

3D-2D Matching Results

(A1) Original faces 0.815

(A2) LBP Face Map 0.833

(A3) MS-LBP Face Map 0.856

Final Matching Results

(F1): (S1) + (A1) 0.832

(F2): (S3) + (A3) 0.903
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TheTheTheThe proposedproposedproposedproposed asymmetricasymmetricasymmetricasymmetric 3333DDDD----2222DDDD facefacefaceface recognitionrecognitionrecognitionrecognition worksworksworksworks betterbetterbetterbetter thanthanthanthan 2222DDDD----
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