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when the range of pose variations is large. Finaily, thei~e were not euough experi~~ental ev~hations in the 
conventioi~ai studies to verifJv the perfonnance. The nui~~ber of subjects e~~rolied in the database w~s s~~ii, and 

the range of pose and iliumination variatiou was quite ii~ited. 

The ai~-n of this thesis is to solve these probieins by developing a i~vAW framewor~ 2D-3D f~~ce recognition 

syste~n tha~ e~nploys three-dimensiona] ~:nodeiing of appearance for recognition of 2-D irrages taken in variable 
euvirenmeuts {Figu~e i ). The goai is to achieve the_ foilowing four targets: first, n~easure 3-D sbape of human 

face with high density and accuracy within an ~cceptably short ti~~e; second, describc appea~ances in ~ny pose 
and i~iuminati0~~ conditions by a compact ~nodei; third, accv~:ately and ei~iciently esthnate the face pose; and four~ 

ve~~ify the perfon~~ances of tbc proposed methods by expexi~ne~~ts using an extensive database with images of a 

large nu~~~ber of subjects taka~ in a variety of poses and iiiunination conditions. 

~lf~~o~~~~~e~~t: 3-D ~e~~s~~~fe~~~e~~~ 
~~~':~:1::~;:-1l i"~ 

3-D scanner 

~~~~--~~~~~~~~~~ ~~~~~~~ pose es ti ~natioll 
Reee(~~~li~~~~: 2-~ ~~~age i ~~~-------* ; = ' e = '-> ~ Ili~nlination rel" roduction '----=---------------~ i sutv *iuance camers~ ~ 

. ; ~,~{)~)ile rol)ots etc ; . ' ; ~ * -' = ././' ' '+ l =nkll<*w~l ~u L~lnin~ti(+El 

.S/!~':1~~~(/::;(;I~;~i;;;t;;';~~~.~'(¥ ' ~~'=' ' ¥,j , '=' . - ,. ~>/ ¥_. * * ** e ~ 

 / j ' r,~~~ 'i = ' ' ' ',i ･,~';~ ' _ l_ , ._ , ~: v ~I"'t~~"D{wthl" i""='ri"n ) ~PS.~~ ~~ ~~ 4P~~ "~ -~;r' 
~¥S~,~ ~~~~' ~2e ~1lat~hl ~l~~ 

s*~~~~~~~~es,~!~~~~_~~.~~~n~~~~0~ M atc}1 ; ng temP I ate Target image N(' svbjecl s t:(*~)pernti(~11 
o~~ demand vas~sihie ;)ose!~hI~T~intrt;t~n ( L; !1-~:tln~l~)i i eL{ Ix)se) 

Figure I : Outline of proposed approach: 2D-3D face recognition system. 

3. 3-D Meas~~rem~~{i~ of H~im~~~!i F~e:e 

The conveutiona~ metheds could not achieve ~ccurate a'i~d dense 3-D ~~~e~surements within an acceptably 

short time for most people to keep stilL Although the conventional phase shift method can achieve high-density 

3-D ~~~easurements within a short time, its applications were ~imited to measurements of phnar targets. This is 

because the conventional methods lack a solutiou to the absolute phase determinatien alxi the phase un-wrapping 

for Ineasure~~~ents of a non-smocth surf~ce such as a face. 

New methods are proposed to solve these problelns by using Inuitipie ca~~er~s and projectors. In the frst 

proposed method, geometrica~ constr~ints bctween multiple views are utilized to deten~ine the absolute phase in 

wide-~~~nge measure~'nents. The second preposed method uses the constraints to stabilize the pbase un-wrapping 

in ~~~easureil~e~~ts of a non.-s~nooth su~:face. These methods make it fe~sible to use the phase sltift ~~ethod in 

iul~~an face ~~~easuremeuts {Figure 2). 

The proposed methods ~chieved the 3-D m*-asurei~~ent with a degree of high accuracy, O.14 ~~~, for every 

pixei wit}in O.5 seconds. Using standard-speed 30L'ps camei~~s and projectors was enough to achieve ~ 

measurement i~~ such a short period of time, thus using high-speed devices enables ?.neasurement within a shorter 

time. Consequently, e~nploying the ~ccurate and dei~se 3-D ineasurements in ~ face 1~ecognition system bas 
become feasibie. 
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Figure 2: 3-D scame~ en~~ploying proposed m.ethods (le~~ and 3-D measu~:~emen:'~s of hu~~iian face ~rig:h'~}. 

4. Aoc~~at~ 3-D Meas~~~~m~~~:+~ Using U~~-C~~brat~~ P~~tter~ P~ejecti~~~ 

The assul~nption underlying conventionai methods using pattern projection is that the projected pattem is 

exac~ly the same as that which is desig~.*~d in the th~ory. However, t_he pattem actrally projected is inevitably 

distort*~d fiiom the designed wavefon~ bccau~e of noriiinear characteristics of the aetnal devices. This distcrtion 

 induees systematic ~rrors in the reeiationship bctween the measured phase ~nd th~ corresponding position on th.･-

 projectof image, and thes~ errors directly ~ff･*ct the accuracy of th･* 3-D ~easuremeuts. To compensate fcr the 

errors, the conventionai methods ~equire an irxpractically larg:e ~mount ef calibraion data. 

New methods are proposed to ensure high ievels ef meas~:'-"*~'meut accuracy in i~*piemeutations of t',~*- 3-D 

measurem~nts using pattern projection. Tae proposed m~thods mak,*" us~ of ~ctual phase m~as~remenis of a 

pian~ to obtain 3-D measurements without bcing affected by the systematic errors. The invari~_~~e ef th** 

 cross-ratio mde~ per~pective projectons me~rs that th,~ cross=rato of tb.~* depths bctwe~~ th･* calibrated/target 

 points is equa} to that of the distances bctween cam~~ra image points at which t+~:~･~_ same phases are measured 

 wheu the phne is measured (Figure 3 ~iefi~~･ To dete~mine the points on the m**asur**men~ of the phae the 

proposed method uses measured phase as a labe~, and then t'~.~ dista~_,ce is ~abulated on the basis of the 
invariance ofthe cross-ratio. 

Tae proposed method aehieved m~as~[~~~~,"nents tbat we~e I O'/* ri~~ere ~{,ccurate than conventioral ~ethods and 

removed the systematic nois~s, which cause iraeeurate shading in coxp~~ter graphics ~~ndering ~Figure 3 ~cente~ 

 a~d right)~･ Since the m**as~remeut of th~ phne is alr~~ady inciuded in th** conventionai calibration prccess, no 

 additiora~ eost is _･equi~ed fo~ th~ proposed m'etho~s. 

' ~:'^ ~ * r~~~ : 

( ~li~~er~~ ~t~~~er * rh~~~~~~': ~~s~)ectivei)rojec~i{)~;1~~(~(~i)i ~ c~~i~~r~tedpL'!nts ~ 

'' i~~~~!z"~~~kn;Y~~¥ *~1 ~~~~ )~r kn:~1:~ ¥ ! ;il)' ~~~::~:~ c'({p ~I) ~:; ~r{{p'}) a~~';'~~~:~~~~~:¥i~~:~~'~~~~?t~~~~~F1'~~):~~~~~~~~~~~~~""--'-- -'-----""" ~ ~~;~~ '~ ~ '~ f'~-*+-*- ~~ C~ ~ ; ~~ ll ;:f{?:::;!:~¥!'~ '~'/ +~ ¥~~~~rl ~ = ~ h !~ ~  ::i:::::;:;;:i:;;::････-;::i-;)~~~'~LTj~it¥. ~ f . ...~.,j ,.~ ' -"¥~ ~ = . /~#~;~_?~~~~~_;':~~¥ . . . + ~ ~! u:;oll~t ~~ ~{~ . ;f ! *+ 'f' .. ¥ ¥ . . . 

~
 

,¥¥' ~~ '~~~ 1 
;~; ; ~;;~ 

I;;j¥~:¥:: ¥tLL:/;/:;1ii;L:,;j :! i! , ' *h' 4 jr ,__._._~i_._,_.._,__! __"Jj(_""_'r:__':~;-~~: ' ~ i t" " I 

P
 

~~ ' ; ~li~;~~~{~ rerslje~t{~:e p_r(~jfcti(';n ~O~) ;, i/~~~~~ ~~~> c~~~~!~; ~ c{{p f) ~ 
.~~~ 

//_~/J~P~ ! ' + r ¥ 
~'~~~~~~~~1~~l~~~;/~ :~_~*'~1 _' ! ~'-' "- ~~ ~' ~'~ ~ o ~~~'_ i 
P ~~" = 

¥~~~,- = 
~)irT;el~t~~r(~~::~!~r ~)r~} e~t~~F~~r~~~;n 1 :~ef~~~~n~e~'~i~ne ~ 

Figure 3 : Geometries of depth r:in~-~s~rement by proposed ~:inethod ~le~~, 3-D measurem.*-nts by conven'~ional 

method ~center, ~esulting in stripe-like ncises~ and proposed m-ethod (right~-
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Figwe 5 : Fiow of eonstruction of 3-D appe~rance modei from 3-D ~"neasure~~nents (iefi~' a~xi accuracies of iuage 
r~:eproduction by 3-D appearance ~-~odel fo~ i~ages u~xier any i~~umination condition in va~~io~~s poses {right)' 

74 p~se Est~m~~;~~; Using 3-D APpear~~~e M:~d~~ 

A ~l~~~w ~nethod is proposed to estimate poses inch~ding ~ large rot~;tion in depth' with robustaess against wid~ 
vaiatiors in the i~iumi~ton conditio~' Although the conventioral View-based methods c~nnct cope with such a 

wide range ef po~~s' the proposed method uses the 3-D appea~~~~nce model and thus obtainS tempiates in a~ay 

v~riabie pose' Tae pose is esti~~ate~ by miniiuzing the error between the target iuag~ and an image repreduced 
by ~he 3-D appe~~~-/an~v~e m~de~ (Figur~ 6 {le~~~t~)' By taking a rough initia~ estimate' the pose is iteratively updated 
so that the errcr is dec~eased by the steepes~ descen~' 

Sir~:~e i~u~~~~~ric diff~ereutiation ~eq~~~ires repeaing costly 3-D r~vndering and iihwination reproductienl tb"~Y cost 

ef caiculating the gradi~nts of th~~~v error with respect to the curren:~~" pose is high' The proposed method of~t'ers an 
efiicie~:~~ w~;y: 4ldea~ optica~ fiow' is detenrined by using tempiate matching bctween the sub~b~ccks ofthe irrage 
~ep~oduced wit_h the c~~Te~~t pose a~d the target image' The optimal pose u:pdate is deteriir{_i~~ed so as to produce 
the ib~~f' 

Ta~ perfe~m~~~ces ef our proposed met~i~ed we~e evaluated with test images that inchide variations in pose 
~'o~n io~~~~~~-1 to profiies ~nd unde~i wide variaions of i~h~naimtions' Th~Y esti~~~tien erro~ ~~/as iess ban 2'3 degrees 
even ~~!~vheu the initial e~'ro~' was as large ~s I O degrees {Figu~e 6 (right~)' it was also shown that the proposed 

~nethod is ei~~~cient eno~~~l~ ie i~mpl.eme~~t ~ real-time face tackirg system' 
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8. Eval~~~ti~~ ef ~D-3D F~~e Recog~tio~~ SV' ste~ 

The pe~'~~~~r~m'i'~ce of the proposed 2D-3D face recognition systen~ was evaluated using the extensiVe 

database' I~~ the ~xperi~ne~~t, ~4~000 test h~ages {inciuding 70 wide variations in pose and i}iuminations per 

srbject', show~~ i~~ Figure 4; were ~~~atehed to 200 e~~rolled subjects ~Figure 7 ~left}}' The co~wentional standard 

~~~ethods faiied to identify most of the tes~ iluages even those in the fronta~ Pose' In cont~~ast, the proposed 

~'net}'~0ds ~ehie~'!ed ~ highly accurate matching rate of 93'80/e for all the test images' The effiiciency of the 3-D 

appearance i~~0del was ~lso veri~~:~ed' A~though the conventional View-based n~ethods require imPractically large 

amount ef data to cope with the pose variations i~~ the test iuages~ the proposed methodS Successfu~ly worked 

e~'ie~~ thongh they ~sei o~~ly te~~ GiBS a~~d 3-D shape data (Figure 7(right)}' 
ioo 
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Pigt~{~e 7: Outline of recogli.titi0~~ by n~atching target iuage to database of 3-D appeara~..~ce models ~iefi), and 

~ecognition perib~il;~',~ances for test in~ages (sho~'vn in Fig'~~'re 4~ achieved by using various i~urrbers ofGiBS (~~ight). 

The proposed ~nethods ~chieved face recognition wit~~~ robust~~ess against wide variatio~.s of pose and 

iiiuniuation condition in which the target image is takeu. The p~'oposed 3-D ~~easure~nen~ ~~~ethods offer accurate 

and de~'~se 3-D ~~~easure~nents with e~ suft'~~ciently short ~ime measure~nent. The 3-D appea~i~nce model reproduces 

appe~rance in a~ry pose ~nd illu~~aination co~xiitio~~s with a col~~pact data. The proposed pose estin~ation ~nethod 

alig~i~.s the 3-D appearance model with the target i~l~age to feproduce the matchi~rg teiT!:piaies i~~ the sa~ne 

e~~vi'onmeu~. The pe~~~or~nances were verified by the experiments using t~ne extensive database that consists of 

i~nages tak.~*'n ~nder iarge variations in pose and iiiu~ination conditlons. The to~~~ustness against these variations 

ls the key to realize autonomous reco"gnitio~~ which is requircd in the l~ew appiications such as video survei~lance, 

presence ~~~a-i'~a'gemenis, and vision of service robots. Moreovei', the proposed 3-D measurement i~~ethods are 

hopeful to exteud the applications of 3-D models of hu~~n body to medics, clothing industiics, and graphics arts, 

~nd so on. The proposed pose estimation method is also expected to erilarge the appiications of face t~'acking in 

the areas of the hu~nan-co~~puter i~-ite~faces. The ~~~ethod is proininent i~~ great robustness against the variatioi~is of 

the e~~viro~~ine~~ts and appiicability to a iarge ra~~ge of pose vaiatiou. 
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 論文審査結果の要旨

 本論文は,顔画像を用いて一般環境における自律的な個人識別を実現するための基本的な技術課題を明ら

 かにし,その解決策としての3次元計測と画像認識の技術を論じたもので,全9章からなる。

 第!章は序論であり,従来の顔画像認識とその応用の流れを総括し,広範な環境変化,特に姿勢と照明の

 変化に対する頑強性およびそれに必要な登録データの簡便な計測が課題であることを論じている。

 第2章では,従来技術の限界と解決すべき課題を示し,その解として,顔の3次元計測を行い,顔画像の

 環境変動を3次元的にモデル化する独自の顔画像認識システムを提案している。独自の画像認識の技術に加

 え,この3次元計測技術も含めた開発を具体的に提案している点で評価できる。

 第3章では,顔画像認識に必要な高精度3次元形状計測を,一般人が静止可能な短時間内で実現する3次

 元形状計測手法を提案し,実装している。複数カメラ間の幾何拘束を利胴することで,少ない投影パターン

 数での高精度な3次元形状計測を可能とした点で,その有用性を評価できる。

 第4章では,3次元計測装置を実装する際に生じた投影パターン波形の理論との誤差に対して,計測精度

 が影響されない3次元計測手法をさらに提案している。これは実用化において重要かつ有用な成果であり,

 透視変換不変量である複比を利用して誤差を打ち消す点は独自なものと評価できる。

 第5章では,顔画像認識の性能評価を行うための,多様な環境変動を網羅した大量の画像,および,3次

 元形状データの収集について述べている。大量のデータ収集と分析用のデータ入力等膨大な作業を実行し,

 従来研究で不十分であった実際的な性能評価を可能とした点で,重要な成果である。

 第6章では,姿勢と照明環境の変動による顔の見え方の変化を少ないデータ量で効率的に記述する3次元

 アピアランスモデルを提案している。照明基底を3次元物体表面上で計算し姿勢に応じて投影することによ

 り,任意の姿勢における照明基底を生成でき,未知の照明条件を高精度に再現可能なことを示しており,独

 自性と有用性を評価できる。

 第7章では,認識対象画像の顔の姿勢を,高精度かつ効率的に推定する手法を提案している。3次元モデ

 ルを用いることで任意の姿勢変動が推定可能であり,また,この推定に用いる誤差関数の任意姿勢での微分

 値を効率的に計算する手法を示した点で独自性がある。この姿勢推定による前処理によって顔の認識性能の

 高い頑強性を実現するとともに,顔追跡などのマン・マシンインタフェース分野にも応用可能な高速処理を

 実現した点で,有用性を評価できる。

 第8章では,ここまでの各提案手法を統合したシステムの性能評価を行っている。大規模な実験データを

 用い,従来手法との比較で大きな環境変動に対する飛躍的な性能向上を実証した点で,重要な成果である。

 第9章は結論である。

 以上要するに本論文は,顔画像認識技術が一般社会において広く実用化されるための基本課題を明らかに

 し,その重要課題である姿勢と照明の変化に対し頑強な認識システムを実現するための有効な解と実用的な

 性能評価結果を示すものであり,システム情報科学の発展に貢献するところが少なくない。

 よって,本論文は博士(情報科学)の学位論文として合格と認める。
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