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Euqarist�e
Aut  h diplwmatik  ergas�a pèrase apì poll� st�dia kai apì pollè q¸re prin ft�seisthn telik  th morf , kai antiproswpeÔei èna tax�di enì qrìnou, ston kìsmo kai sthnèreuna. Tm mata th ergas�a anaptÔqjhkan, par�llhla me �lle ereunhtikè drasthriìth-te, se tre� diaforetikè Hpe�rou, xekin¸nta apì to Isra l, me èna endi�meso di�leimmasthn Ell�da, kai katal gonta sti HPA. Se autì to shme�o ja  jela na euqarist swk�poia �toma pou sunèbalan katalutik� tìso sthn an�ptuxh aut  th ergas�a ìso kaisthn apìfas  mou na suneq�sw thn pore�a mou ston q¸ro th èreuna.Arqik� euqarist¸ ton kajhght  mou Pètro Maragkì pou me ti dialèxei tou me e-nèpneuse na akolouj sw ton gohteutikì tomèa th 'Orash Upologist¸n, kai mou èdwseti pr¸te shmantikè ereunhtikè kateujÔnsei. Ep�sh euqarist¸ tou ereunhtè Bas�lh,StaÔro kai Is�dwro gia thn kajod ghsh pou mou èdwsan se arket� shme�a th diplwmatik mou.Euqarist¸ tou Yair Moshe kai Nimrod Peleg gia thn sunergas�a pou e�qame kat� thnpraktik  mou sto Technion Israel Institute of Technology, kaj¸ kai ton Peng Wang giathn sunergas�a ma kata thn praktik  mou sthn Siemens Corporate Research, kai gia thnst rixh kai ti sumboulè tou ìson afor� to epìmeno b ma th epaggelmatik  mou pore�a.Tèlo ja  jela na euqarist sw tou f�lou mou Iw�nna, Panagi¸th kai K¸sta gia thnbo jeia kai st rix  tou kat� thn teleuta�a piestik  per�odo.
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Per�lhyh
O stìqo th diplwmatik  aut  ergas�a e�nai h an�ptuxh mia eÔrwsth mejìdou giathn an�qneush tou pros¸pou kai thn ekt�mhsh th pìza tou omilht  kata thn Nohmatik Gl¸ssa. H jèsh tou pros¸pou kai h pìza tou omilht  e�nai apara�thta gia thn peraitèrwan�lush th èkfrash tou, en¸ krÔboun kai aut� glwssik  plhrofor�a. Oi idia�tere pro-kl sei pou antimetwp�zontai se autì to prìblhma e�nai h suqn  kai ektetamènh epik�luyhtou pros¸pou apì ta qèria, kai h sqetik� qamhl  an�lush th eikìna sthn periorismènhperioq  tou pros¸pou. Gia ti an�gke th efarmog , sÔgqrone mèjodoi melet¸ntai kaiprosarmìzontai sti idiaiterìthte tou sugkekrimènou probl mato. H ergas�a diaire�tai setria kef�laia:Sto pr¸to kef�laio melet�tai h plèon sÔgqronh mèjodo an�qneush pros¸pwn, u-lopoie�tai kai prosarmìzetai sto prìblhma. To deÔtero kef�laio eis�gei èna stoqastikìpla�sio suneqoÔ an�qneush tou pros¸pou pou bas�zetai sto f�ltro K�lman. Sto tr�tokef�laio parousi�zontai oi kuriìtere mèjodoi gia thn ekt�mhsh th pìza, me idia�terh èm-fash stou euèliktou gr�fou pros¸pou. Telik� anaptÔssetai mia prwtìtuph mèjodogia thn ekt�mhsh th pìza, h opo�a ekmetalleÔetai thn an�qneush tou stenoÔ plais�ou toupros¸pou, kai apodeiknÔetai idia�tera eÔrwsth se epikalÔyei.Lèxei Kleidi�An�qneush pros¸pou, ekt�mhsh th pìza, nohmatik  gl¸ssa, an�qneush upo epik�luyh
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Abstract

The goal of this thesis is to develop a robust method for face tracking and pose esti-

mation for the problem of Automatic Sign Language Analysis. The position and pose of

signer’s head are necessary for the further investigation of his facial expression but they

also hide linguistic information themselves. The particular challenges faced, are the ex-

tended and frequent occlusion by the hands and the relatively low resolution of the face

region. Current state-of-the-art methods are used and adapted to fit the specificities of

this problem. The thesis is divided into three chapters:

In the first chapter, the method of face detection based on boosted Haar features is

presented and theoretically analyzed. The second chapter introduces a tracking framework

for the face, based on the Kalman filter. In the third chapter, the most important methods

for pose estimation are presented and evaluated, with special focus on the ones based on

Active Appearance Models. A novel method is finally developed that estimates the head

pose from the relative position of the head centroid to the face center. This method

exploits the good face tracking results, and proves to be much more resilient to occlusion.

Keywords

Computer vision, machine learning, face detection, face tracking, pose estimation
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Kef�laio 1Eisagwg 
1.1 Antike�meno th diplwmatik 

Sq ma 1.1: Par�deigma an�qneush pros¸pou kai ekt�mhsh th pìza se eikìne th noh-matik  gl¸ssaAntike�meno th diplwmatik  aut  ergas�a e�nai h melèth, axiolìghsh, prosarmog kai peraitèrw an�ptuxh mejìdwn kai teqnik¸n 'Orash Upologist¸n (Computer Vision) kaiAnagn¸rish ProtÔpwn (Pattern Classification) gia thn epituq  an�qneush tou pros¸poukai ekt�mhsh th pìza, me efarmog  sto prìblhma th autìmath an�lush th nohmatik gl¸ssa.Sthn nohmatik  gl¸ssa, to prìswpo apotele� ènan idia�tera shmantikì par�gonta e-pikoinwn�a kai met�dosh plhrofor�a. Kat� thn an�lush th nohmatik  gl¸ssa, toprìswpo apotele� to kèntro b�sei tou opo�ou upolog�zetai h sqetik  jèsh twn qeri¸n, kaikatagr�fetai kai montelopoie�tai h k�nhs  tou [6℄. Gi autì ton lìgo h swst  kai akrib an�qneush tou pros¸pou e�nai apara�thth gia k�je peraitèrw melèth twn qeironomi¸n tounohmatist . Ep�sh h akrib  an�qneush tou pros¸pou apotele� to pr¸to b ma gia thnperaitèrw an�lush th èkfrash tou pros¸pou, gia thn exagwg  tou glwssikoÔ no matopou aut  krÔbei.'Oson afor� thn pìza tou kefalioÔ tou nohmatist , aut  krÔbei apì mình th shmanti-kì glwssikì nìhma [27℄. Gia par�deigma erwt sei, epibebai¸sei, arn sei kai upojetikè13



14 Kef�laio 1. Eisagwg prot�sei epikoinwnoÔntai kur�w b�sei th pìza tou kefalioÔ. Ep�sh h pìza tou kefa-lioÔ sun jw qrhsimopoie�tai gia thn anafor� se qronikè periìdou. Pio sugkekrimènah anafor� se sÔntoma qronik� diast mata sunodeÔetai sun jw apì mikrè metabolè thpìza, en¸ anaforè se meg�la qronik� diast mata g�nontai apì thn ektetamènh metabol th pìza se kateÔjunsh ant�jeth apì aut  th qeironom�a.Oi idia�tere prokl sei pou antimetwp�zontai kat� thn an�qneush tou pros¸pou kai thnekt�mhsh th pìza sthn per�ptwsh th nohmatik  gl¸ssa e�nai h sqetik� qamhl  an�lushsthn perioq  tou pros¸pou, kai h suqn  kai ektetamènh epik�luyh tou pros¸pou apì taqèria. H ergas�a aut  melet� ta epimèrou probl mata th 'Orash Upologist¸n sthngenik  tou morf , en¸ telik� prosfèrei lÔsei prosarmosmène sti idia�tere prokl seith sugkekrimènh efarmog .1.2 Suneisfor�H suneisfor� th ergas�a e�nai h kataskeu  enì pl rou enopoihmènou plais�ou giathn an�qneush pros¸pou kai ekt�mhsh th pìza, pou prosanatol�zetai kai efarmìzetaisthn epi mèrou per�ptwsh th an�lush tou pros¸pou kat� thn nohmatik  gl¸ssa. Kat�thn kataskeu  autoÔ tou plais�ou analÔontai, axiologoÔntai kai prosarmìzontai sÔgqronoialgìrijmoi kai majhmatik� montèla, en¸ ep�sh anaptÔssetai mia prwtìtuph mèjodo gia thnekt�mhsh th pìza, kat�llhlh gia to sugkekrimèno prìblhma. To pla�sio pou anaptÔssetaiaxiologe�tai p�nw se akolouj�e eikìnwn th nohmatik  gl¸ssa kai upìsqetai idia�teraeÔrwsta apotelèsmata. Pio sugkekrimèna oi suneisforè th diplwmatik  aut  ergas�asunoy�zontai se tr�a basik� shme�a:
• Arqik� g�netai analutik  melèth, perigraf  kai ulopo�hsh mia ek twn shmantikìterwn,basismènwn-se-ekpa�deush, mejìdwn th 'Orash Upologist¸n gia thn an�qneush pro-s¸pwn kai genikìtera antikeimènwn. Gia thn efarmog  th mejìdou kataskeu�zetai ektou mhdenì mia b�sh dedomènwn epa�deusei, p�nw sthn opo�a g�nontai peiramatismo�pou prosfèroun idia�tera endiafèronta sumper�smata.
• Se epìmeno st�dio h mèjodo aut  sundu�zetai me èna majhmatikì montèlo stoqastik ekt�mhsh, me skopì thn ekmet�lleush prìterh qronik  plhrofor�a gia suneq an�qneush se akolouj�e b�nteo. Arqik� dikaiologe�tai h epilog  tou f�ltrou Kalmanw tou katallhlìterou gia to sugkekrimèno prìblhma, kai sthn sunèqeia lamb�nontaiarketè sqediastikè apof�sei mèsw peiramatism¸n gia thn epituq�a kai thn eust�jeiatou sust mato. Ep�sh oi stoqastikè par�metroi pou prokÔptoun apì aut  thnan�lush qrhsimopoioÔntai gia thn apìdosh empistosÔnh thn an�qneush.
• Tèlo g�netai mia bibliografik  anaskìphsh k�poiwn ek twn kuriìterwn mejìdwn pouqrhsimopoioÔntai s mera gia to genikìtero prìblhma ekt�mhsh th pìza, en¸ pro-te�netai kai anaptÔssetai mia kainotìmo mèjodo h opo�a ekmetalleÔetai ta qarakth-ristik� tou sugkekrimènou probl mato. H mèjodo aut  bas�zetai sthn eÔrwsth



1.3 Org�nwsh tou tìmou 15an�qneush dÔo mìno kajolik¸n shme�wn tou anjr¸pinou kefalioÔ, kai thn met�fras tou se gwn�e strèyh, kai gia autì ton lìgo xepern� ti prokl sei pou antimetw-p�zontai sthn nohmatik  gl¸ssa kur�w lìgw th epik�luyh tou pros¸pou apì taqèria.1.3 Org�nwsh tou tìmouO tìmo organ¸netai se tr�a kÔria kef�laia, kai èna par�rthma w ex :Sto Kef�laio 2 parousi�zetai to genikeumèno jewrhtikì pla�sio gia thn an�qneush pro-s¸pwn, pou epilèqthke w to pio kat�llhlo, kai ulopoi jhke gia thn ep�lush tou parap�nwprobl mato. To kef�laio xekin� perigr�fonta thn pore�a exèlixh tou plais�ou sthn teli-k  tou morf , en¸ par�llhla g�netai jewrhtik  an�lush twn basik¸n qarakthristik¸n tou,kai tou algìrijmou pou qrhsimopoie�. 'Ustera g�netai mia sÔntomh perigraf  th ulopo�hshkai th prosarmog  tou plais�ou sto sugkekrimèno prìblhma, kai parousi�zontai k�poiapeir�mata pou ektelèsthkan, kaj¸ kai ta sumper�smata pou proèkuyan. Tèlo g�netaisuz thsh sqetik� me thn epituq�a tou parap�nw plais�ou kaj¸ kai tou periorismoÔ tou,kai perigr�fontai sunoptik� k�poie endiafèrouse exel�xei sthn an�qneush pros¸pou pouqrhsimopoioÔntai s mera.To Kef�laio 3 perigr�fei thn diadikas�a pou akolouj jhke gia thn an�ptuxh enì stoqa-stikoÔ plais�ou suneqoÔ an�qneush (tracking) tou pros¸pou p�nw se akolouj�e eikìnwnth nohmatik  gl¸ssa. Arqik� parèqontai stoiqe�a pou dikaiologoÔn thn epilog  tou ma-jhmatikoÔ montèlou (Kalman Filter) w tou katallhlìterou gia autì ton skopì, en¸ sthnsunèqeia perigr�fetai analutik� o sqediasmì tou, o sunduasmì tou me to up�rqon sÔsth-ma an�qneush tou Kefala�ou 2, kai h efarmog  tou sto sugkekrimèno prìblhma. Tèlo hmèjodo axiologe�tai p�nw se akolouj�e eikìnwn th nohmatik  gl¸ssa.To Kef�laio 4 apeujÔnetai sto prìblhma th ekt�mhsh th pìza tou pros¸pou tounohmatist . Arqik� g�netai mia bibliografik  an�lush twn diaforetik¸n prosegg�sewn kaimejìdwn pou èqoun qrhsimopoihje� epituq¸ gia to genikìtero prìblhma ekt�mhsh thpìza, kai g�netai suz thsh sqetik� me thn katallhlìthta th k�je mejìdou gia thn sugke-krimènh efarmog . Sthn sunèqeia prote�netai kai ulopoie�tai mia apl , prwtìtuph mèjodopou ekmetalleÔetai thn epituqhmènh suneq  an�qneush tou stenoÔ mot�bou tou pros¸pou kaiapodeiknÔetai idia�tera eÔrwsth sti prokl sei pou parousi�zei to sugkekrimèno prìblhma.Tèlo akolouje� èna par�rthma ìpou exhgoÔntai k�poioi algìrijmoi kai majhmatikèmèjodoi pou qrhsimopoioÔntai   suzht¸ntai sthn ergas�a.





Kef�laio 2
An�qneush Pros¸pwn
2.1 Eisagwg To prìblhma th an�qneush pros¸pwn apotele� mia apì ti shmantikìtere prokl seisthn ìrash upologist¸n, èqei melethje� apì polloÔ ereunhtè kai èqei proseggiste� apìpollè diaforetikè optikè gwn�e. H idia�terh shmas�a tou den ègkeitai mìno sti anar�jmh-te emporikè tou efarmogè, all� to gegonì ìti apotele� mia qarakthristik  exeid�keushtou genikìterou probl mato an�qneush antikeimènwn se eikìne. Ta prìswpa e�nai miakl�sh sÔnjetwn antikeimènwn pou parousi�zoun mikrè diaforopoi sei ìson afor� to sq -ma tou, all� mporoÔn na parousi�soun meg�le diaforopoi sei ìson afor� thn emf�nishtou (qr¸ma, uf ), apì �njrwpo se �njrwpo,   lìgw metabol  th pìza.H an�qneush pros¸pwn gia arketì kairì prosegg�zontan apì thn skopi� th an�qneushtou qr¸mato tou dèrmato (den genikeÔetai se �lla antike�mena),   apì thn skopi� toutairi�smato protÔpwn. H duskol�a pou parousi�zei autì to prìblhma ègkeitai tìso sthnkathgoriopo�hsh (classification) ìso kai sthn montelopo�hsh. Ta prìswpa e�nai sÔnjetaantike�mena, pou e�nai arket� dÔskolo na montelopoihjoÔn ¸ste na meiwje� h di�stas  toukai na mpore� na g�nei qr sh k�poia apì ti klassikè mejìdou kathgoriopo�hsh. Ep�shto prìblhma th kathgoriopo�hsh metaxÔ twn diakrit¸n kl�sewn prìswpo kai mh-prìswpo,parousi�zei duskol�e kaj¸ h kl�sh mh-prìswpo e�nai �peirh kai mh austhr¸ orismènh,en¸ h kl�sh prìswpo mpore� na parousi�zei meg�lh metablhtìthta.Met� thn katalutik  sumbol  twn Viola & Jones [26℄ to 2001, to prìblhma th an�qneu-sh pros¸pwn jewre�tai plèon lumèno, me polÔ meg�la posost� epituq�a (anexart tw thpìza) kai mikrì upologistikì kìsto pou epitrèpei real-time efarmogè. To jewrhtikìpla�sio pou anaptÔqjhke gia autì ton skopì efarmìsthke epituq¸ kai se poll� �lla pro-bl mata an�qneush antikeimènwn, se k�je ped�o efarmog  th ìrash upologist¸n, ìpwpragmatikè, disdi�state kai trisdi�state iatrikè eikìne, eikìne dorufìrou k.a..17



18 Kef�laio 2. An�qneush Pros¸pwn2.2 An�qneush Pros¸pwn me thn Bo jeia tou AdaBoostkai twn Haar Qarakthristik¸nTo 1998 oi Papageorgiou & Poggio prìteinan mia nèa mèjodo montelopo�hsh tou pro-s¸pou [20℄ pou bas�zetai sthn qr sh Haar qarakthristik¸n, h opo�a apode�qthke idia�teraepituqhmènh tìso gia to sugkekrimèno prìblhma ìso kai gia thn genikìterh an�qneush kl�-sewn antikeimènwn pou parousi�zoun omoiìthte me ta prìswpa. Oi Papageorgiou et al,epilègoun gia thn montelopo�hsh tou pros¸pou ènan peperasmèno arijmì Haar qarakthri-stik¸n (bl. enìthta 2.2.1), apì mia uperpl rh b�sh mèsw mia statistik  diadikas�a, kaimet� ekpaideÔoun mia sun�rthsh kathgoriopo�hsh mèsw tou algor�jmou Support Vector

Machine (SVM) apì ti timè aut¸n twn qarakthristik¸n p�nw se eikìne pros¸pwn kaise eikìne mh-pros¸pwn.Aut  h idèa sqetik� me thn montelopo�hsh uiojet jhke argìtera (2001) apì tou Vi-

ola & Jones [26℄, kai sundu�sthke me ton algìrijmo AdaBoost (bl. enìthta 2.2) gia thnan�ptuxh enì nèou idia�tera epituqhmènou genikeumènou plais�ou an�qneush pros¸pwn kaiantikeimènwn. Oi Viola & Jones den epilègoun ta Haar qarakthristik� me k�poia statistik diadikas�a, all� aut� epilègontai autìmata apì ton algìrijmo AdaBoost kat� thn ekpa�deu-sh th sun�rthsh kathgoriopo�hsh, enopoi¸nta ètsi thn diadikas�a th montelopo�hshme thn diadikas�a th ekpa�deush. Ta Haar qarakthristik� kai o algìrijmo AdaBoost memikrè diaforopoi sei, an�loga me thn per�ptwsh, qrhsimopoioÔntai akìmh kai s mera stimegalÔtere emporikè efarmogè anagn¸rish antikeimènwn.2.2.1 Haar-like qarakthristik�
Haar-Wavelet Metasqhmatismì Ta Haar e�nai ta pr¸ta gnwst� kumat�dia (wavelets),prot�jhkan apì ton OÔggro majhmatikì Haar to 1910, kai apoteloÔn mia orjokano-nik  b�sh se ènan Hilbert q¸ro. Ston disdi�stato q¸ro ta Haar qarakthristik�pa�rnoun thn morf  twn tri¸n pr¸twn stoiqe�wn tou Sq mato 2.1. 'Otan èna Haarqarakthristikì efarmìzetai se k�poia eikìna, oi ent�sei twn perioq¸n th eikìnapou an koun sthn leuk  kai thn maÔrh perioq  ajro�zontai, kai h diafor� aut¸n twndÔo ajroism�twn d�nei thn tim  tou Haar qarakthristikoÔ sto sugkekrimèno shme�o.W kumat�dia (wavelets) ta Haar qarakthristik� sunant¸ntai se ìle ti diestalmènemorfè twn arqik¸n protÔpwn (tr�a pr¸ta stoiqe�a, Sq mato 2.1), me pl�to 2n kaiÔyo 2k, kai se ìle ti kabntismène metatop�sei w pro n (kat� pl�to) kai k (kat�Ôyo). To sÔnolo aut¸n twn diestalmènwn kai metatopismènwn stoiqe�wn apoteloÔnmia orjokanonik  b�sh, kai or�zoun ènan antistrèyimo metasqhmatismì th eikìna,apì ton q¸ro twn pixels, ston q¸ro twn Haar qarakthristik¸n.
Quadruple Haar Transform: Oi Papageorgiou & Poggio [20℄ parat rhsan thn idiìth-ta twn Haar qarakthristik¸n na entop�zoun akmè kai gwn�e (ìtan èqoun meg�letimè) kaj¸ kai omoiìmorfe perioqè (ìtan èqoun mikrè timè), kai prìteinan tonq¸ro twn Haar qarakthristik¸n w polÔ pio kat�llhlo apì twn q¸ro twn pixels



2.2 An�qneush Pros¸pwn me thn Bo jeia tou AdaBoost kai twn Haar Qarakthristik¸n19gia thn montelopo�hsh antikeimènwn. Oi �dioi prìteinan mia epèktash tou klassikoÔmetasqhmatismoÔ Haar (Haar Transform), ìpou ta Haar qarakthristik� den metato-p�zontai kat� n, all� kat� 1
42n, gegonì pou ta k�nei pio pukn� sti eikìne 19 × 19ìpou g�netai o metasqhmatismì. Autì o metasqhmatismì onom�sthke Quadruple

Haar Transform, kai den apotele� pia orjokanonik  b�sh, all� mia uperpl rh b�shpou prosd�dei megalÔterh eukinhs�a sta Haar qarakthristik� kai tou epitrèpei naprosarmìzontai kai na perigr�foun ta idia�tera qarakthristik� twn antikeimènwn theikìna (akmè, gwn�e, omoiìmorfe perioqè). Met� apì autìn ton metasqhmatismìoi Papageorgiou & Poggio epilègoun èna mikrì sÔnolo me ta pio �perigrafik�' apìaut� ta qarakthristik�, dhlad  aut� me ti statistik� megalÔtere kai ti mikrìteretimè, gia thn montelopo�hsh twn pros¸pwn.Uperpl rh metasqhmatismì ston q¸ro Haar: Oi Viola & Jones [26℄ phga�-noun èna b ma parapèra sthn uperplhrìthta kai or�zoun ènan nèo metasqhmatismì theikìna ìpou ta Haar qarakthristik� mporoÔn pia na p�roun ìla ta pijan� megèjh(ìqi dun�mei tou 2), kai metatop�zontai se ìle ti pijanè jèsei p�nw sthn eikìna.Ep�sh eis�goun kai èna epiplèon Haar-like qarakthristikì (to tètarto tou sq mato2.1). Me autìn ton trìpo prosd�detai apìluth eleujer�a sta Haar-like qarakthristik�na prosarmostoÔn sta qarakthristik� tou antikeimènou th eikìna, en¸ t¸ra pia hb�sh g�netai makr�n megalÔterh, afoÔ apì ta 575 pixels (o metasqhmatismì g�netaise 24× 24 eikìne) phga�noume se perissìtera apì 160,000 Haar-like qarakthristik�.'Ena tètoio uperpl rh metasqhmatismì ja  tan adÔnato upologistik� an oi Viola

& Jones den e�qan eis�gei thn ènnoia th oloklhrwmènh eikìna (integral image) pouk�nei ton upologismì twn Haar kai Haar-like qarakthristik¸n polÔ gr goro (stajer upologistik  poluplokìthta O(1)).Perissìtera Haar Qarakthristik�: Oi Lienhart et al [16℄ epèkteinan to sÔnolotwn Haar qarakthristik¸n me nèa Haar-like sq mata (Sq ma 2.2 arister�) all� kaime ta aujentik� qarakthristik� upì peristrof  45 moir¸n. Ta nèa Haar-like qarakth-ristik� mporoÔn ep�sh na upologistoÔn p�nw se mia eikìna me stajer  upologistik poluplokìthta, en¸ aux�noun aisjht� ti epidìsei sthn kathgoriopo�hsh. Ep�shoi Viola & Jones sthn epèktash tou algor�jmou gia thn an�qneush pros¸pwn upìprof�l qrhsimopo�hsan dÔo epiplèon Haar-like qarakthristik� pou fa�nontai sto Sq -ma 2.2 (dexi�). Genik� se probl mata an�qneush antikeimènwn, èqoun protaje� kaiqrhsimopoihje� poll� diaforetik� Haar qarakthristik�   diaforetikè ekdoqè twnprohgoumènwn , an�loga me to prìblhma kai thn gewmetr�a tou antikeimènou proan�qneush.



20 Kef�laio 2. An�qneush Pros¸pwn

Sq ma 2.1: Ta 4 basik� e�dh twn Haar-like qarakthristik¸n [26℄

Sq ma 2.2: 'Ena epektetamèno sÔnolo apì Haar Features [16℄ [25℄2.2.2 O algìrijmo AdaBoostEisagwg To 1995 oi Yoav Freund kai Robert Schapire prìteinan ènan nèo algìrijmo pou èqeithn ikanìthta na sundu�zei polloÔ parìmoiou adÔnamou classifiers se ènan isqurì [9℄. Oalgìrijmo autì se k�je b ma br�skei ton kalÔtero adÔnamo classifier b�sh k�poia strath-gik , kai ton sundu�zei me ton bèltisto trìpo me autoÔ pou epilèqthkan se prohgoÔmenab mata ¸ste na par�gei ton telikì dunatì classifier w sunduasmì aut¸n. Oi Freund &

Schapire onìmasan autìn ton nèo algìrijmo AdaBoost giat� enisqÔei (boosts) thn ep�doshtwn adÔnamwn classifiers sundu�zont� tou, en¸ par�llhla prosarmìzei (adapt) tou nèou
classifiers pou prosjètontai, ètsi ¸ste auto� na d�noun èmfash sta stoiqe�a pou parous�asanduskol�e sthn kathgoriopo�hsh tou sta prohgoÔmena b mata.Oi Freund kai Schapire den prìteinan apl¸ ènan akìmh algìrijmo pou stìqo èqei thnkathgoriopo�hsh, all� apèdeixan kai jewrhtik� ìti o algìrijmo autì sugkl�nei asumptw-



2.2 An�qneush Pros¸pwn me thn Bo jeia tou AdaBoost kai twn Haar Qarakthristik¸n21tik� se mhdenikì l�jo (sto sÔnolo ekpa�deush) me to pèra twn epanal yewn, èdwsanende�xei gia thn epituq�a tou algor�jmou sthn genik  per�ptwsh, kai jemel�wsan kai thn pi-janotik  ermhne�a tou algor�jmou b�sei th Bayesian jewr�a. Sti epìmene paragr�fouexhge�tai o algìrijmo se b�jo kai parat�jentai ta shmantikìtera qarakthristik� tou.Perigraf  tou algor�jmou'Estw X èna sÔnolo apì antike�mena pro kathgoriopo�hsh, pou upakoÔei se mia pija-notik  katanom  D. K�je antike�meno x an kei se mia kathgor�a {0, 1} sÔmfwna me thn�gnwsth sun�rthsh (oracle) c : X → {0, 1}. Autì pou anazhtoÔme e�nai mia sun�rthsh
h : X → [0, 1], ìpou h(x) ekfr�zei thn pijanìthta to stoiqe�o x na an kei sthn kathgor�a1, en¸ h posìthta 1 − h(x) e�nai h pijanìthta na an kei sthn kathgor�a 0. To l�jo thupìjesh h e�nai h anamenìmenh tim  E(|h(x)− c(x)|), ìpou to x epilègetai sÔmfwna me thnkatanom  D. To l�jo autì jèloume na elaqistopoi soume.O algìrijmo arqikopoie� thn katanom  D w omoiìmorfh kai diamorf¸nei mia arqik upìjesh h1 kal¸nta mia sun�rthsh WeakLearn(X,D) me aut  thn katanom . SÔmfwna meto l�jo pou par�gei h upìjesh aut , h katanom  D anane¸netai ¸ste na d�nei megalÔterhpijanìthta sta antike�mena pou kathgoriopoi jhkan l�jo kai mikrìterh se aut� pou ka-thgoriopoi jhkan swst�. Sto epìmeno b ma h �dia sun�rthsh WeakLearn xanakale�tai methn ananewmènh plèon katanom  w e�sodo, kai dhmiourge� mia nèa upìjesh h2, k.o.k. Stotèlo ìle autè oi upojèsei sundu�zontai (ajro�zontai me kat�llhlou suntelestè) methn k�je mia na ephre�zei to telikì apotèlesma an�loga me thn ep�dos  th sthn kathgo-riopo�hsh (weighted majority voting). O algìrijmo parousi�zetai parak�tw:

ADABOOST:E�sodo:1. Mia akolouj�a n deigm�twn (x) me ti etikète th kathgor�a sthn opo�a an koun
(y) < (x1, y1), .., (xn, yn) >2. H arqik  katanom  D p�nw sta de�gmata x. (Sun jw e�nai omoiìmorfh)3. 'Ena algìrijmo WeakLearn pou par�gei adÔnamou classifiers gia dedomènh ka-tanom  D4. 'Ena akèraio T pou prosdior�zei ton arijmì twn epanal yewnAlgìrijmo:Arqikopo�hse ta b�rh w1

i = D(i) gia i = 1, ..., NGia t = 1, 2, ..., T :1. Ananèwse thn pijanotik  katanom  pt = wt

PN
i=1

wt
i

.



22 Kef�laio 2. An�qneush Pros¸pwn2. K�lese ton algìrijmo WeakLearn me e�sodo aut  thn pijanotik  katanom , oopo�o epistrèfei thn bèltisth upìjesh ht : X → [0, 1]3. Upolìgise to l�jo th kathgoriopo�hsh th upìjesh ht ǫt =
∑N

i=1 p
t
i|ht(xi)−

yi|.4. βt = ǫt/(1 − ǫt) (megal¸nei ìtan megal¸nei to l�jo)5. Ananèwse ta b�rh: wt+1
i = wtiβ

1−|ht(xi)−yi|
i (ìtan èqoume l�jo kathgoriopo�hshto b�ro megal¸nei, alli¸ paramènei �dio)'ExodoH telik  isqur  upìjesh d�netai apì to stajmismèno �jroisma twn adÔnamwn upojè-sewn:

hf (x) =
T

∑

t=1

log(1/βt)ht(x) ≥
1

2

T
∑

t=1

log(1/βt) (2.1)Apì thn parap�nw ex�swsh fa�netai ìti oi suntelestè twn epimèrou adÔnamwn upo-jèsewn ht megal¸noun ìso to l�jo twn upojèsewn aut¸n mikra�nei.Jewrhtik  an�lushGia ton algìrijmo Adaboost ìpw perigr�fhke parap�nw, oi Yoav & Schapire [9℄ apèdei-xan ìti anexart tw tou algor�jmou pou dhmiourge� ti adÔname upojèsei ht (WeakLearn),ìso autì d�nei l�jo kathgoriopo�hsh mikrìtero tou 50%, isqÔei to parak�tw je¸rhma:Je¸rhma AdaBoost. 'Estw o algìrijmo WeakLearn o opo�o k�je for� pou kale�taiepistrèfei mia adÔnamh upìjesh ht me l�jo ǫ1, ǫ2, ..., ǫT , ìpw perigr�fhke prohgoumènw.Tìte to sunolikì l�jo th telik  upìjesh hf pou proèrqetai apì ton AdaBoost, ǫ =

PrD[hf (x) 6= yt] e�nai �nw fragmèno sÔmfwna me thn sqèsh:
ǫ ≤ 2T

T
∏

t=1

√

ǫt(1 − ǫt) (2.2)SÔmfwna me to parap�nw je¸rhma apodeiknÔetai kai majhmatik� ìti o algìrijmo Ad-

aboost èqei thn ikanìthta na enisqÔei epituq¸ adÔnamou classifiers kai na tou sundu�zeise ènan dunatì, tou opo�ou to l�jo sugkl�nei asumptwtik� sto mhdèn me to pèra twnepanal yewn. Gia thn apìdeixh tou parap�nw jewr mato, parapèmpoume sthn ant�stoiqhdhmos�eush [9℄.To l�jo pou te�nei sto mhdèn e�nai to l�jo p�nw sta dedomèna ekpa�deush kai ìqito genikeumèno l�jo kathgoriopo�hsh, to opo�o mpore� na megal¸sei me thn aÔxhsh twnepanal yewn T (fainìmeno overfitting). Parìla aut� o algìrijmo AdaBoost ègine idia�te-ra di�shmo kai efarmìsthke epituq¸ se p�ra poll� probl mata kathgoriopo�hsh lìgw



2.2 An�qneush Pros¸pwn me thn Bo jeia tou AdaBoost kai twn Haar Qarakthristik¸n23akrib¸ th idiìtht� tou na apofeÔgei autì to fainìmeno th uperekpa�deush (overfitting).Sugkekrimèna sthn suntriptik  pleioyhf�a twn peiram�twn pou èginan me ton AdaBoost, togenikeumèno l�jo mei¸netai me thn aÔxhsh twn epanal yewn. Aut  h idiìthta tou AdaBoostpou ton kajist� tìso epituqhmèno exhg jhke argìtera apì tou Friedman kai Hastie [10℄.Oi Friedman kai Hastie [10℄ exètasan ton AdaBoost apì thn skopi� th statistik kai èdwsan mia pio sumpag  ermhne�a sto giat� o algìrijmo autì e�nai tìso epituqhmènosto na apofeÔgei to overfitting. Oi Fiedman kai Hastie apèdeixan ìti o AdaBoost, me tona elaqistopoie� se k�je epan�lhyh èna ekjetikì krit rio (eyF (x), y ∈ {−1, 1}), ousiastik�apotele� mia epanalhptik  diadikas�a gia thn ekpa�deush enì ajroistikoÔ montèlou logisti-k  palindrìmhsh (additive logistic regression model) (bl. Par�rthma). Autì to gegonìexhge� apì mìno tou thn epituq�a tou AdaBoost apènanti sto overfitting, afoÔ h efarmog enì ajroistikoÔ montèlou apl¸n sunart sewn epekte�nei thn kl�sh twn sunart sewn poumporoÔn na ektimhjoÔn, se k�je b ma. Ep�sh h elaqistopo�hsh tou ekjetikoÔ krithr�ou(eyF (x), y ∈ {−1, 1}) sump�ptei (proseggistik�) me thn megistopo�hsh th pijanof�neia,kai par�gei pio agnè lÔsei apofeÔgonta to fainìmeno th uper-ekpa�deush (overfitting).Apì thn statistik  ermhne�a tou AdaBoost apodeiknÔetai ep�sh ìti o algìrijmo autìprosegg�zei thn Ôsterh pijanotik  katanom  p(y|x) mèsw th sqèsh:
p(y|x) =

ey
PT

j=1
αjfj(x,y)

e−y
PT

j=1
αjfj(x,y) + ey

PT
j=1

αjfj(x,y)
, y ∈ {−1, 1}, (2.3)ìpou ∑T

j=1 αjfj(x, y) e�nai o telikì isqurì classifier ekpaideumèno apì ton algìrijmo
AdaBoost.Idiìthte kai epekt�seiO AdaBoost ìpw perigr�fhke parap�nw mpore� na ermhneute� apì algorijmik  sko-pi� san èna algìrijmo pou enisqÔei thn ep�dosh adÔnamwn ìmoiwn classifiers, k�je ènaapì tou opo�ou apeujÔnetai se diaforetik  pijanotik  katanom  twn deigm�twn eisìdou,ajro�zonta tou me kat�llhlou suntelestè (weighted majority voting). Ep�sh apìmajhmatik  pleur� mpore� na ermhneute� san thn efarmog  enì ajroistikoÔ montèlou lo-gistik  palindrìmish sta de�gmata eisìdou, pou se k�je b ma elaqistopoie� to ekjetikìkrit rio (eyF (x), y ∈ {−1, 1}). Pollè diaforetikè ekdoqè tou algor�jmou AdaBoost poudiathroÔn ta basik� tou aut� qarakthristik� èqoun protaje�, oi shmantikìtere apì tiopo�e parousi�zontai me suntom�a parak�tw:
Discrete AdaBoost E�nai o aujentikì algìrijmo AdaBoost ìpw akrib¸ perigr�fhkeparap�nw, mìno pou oi adÔname upojèsei ht epistrèfoun diakritè timè {-1,1} [10℄.
Real AdaBoost To prìshmo tou telikoÔ classifier apofas�zei thn kl�sh sthn opo�a ka-thgoriopoie�tai h e�sodo, en¸ to mètro tou de�qnei thn empistosÔnh autoÔ tou apote-lèsmato [10℄.
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Gentle AdaBoost Oi adÔname upojèsei ht par�gontai apì thn stajmismènh mèjodo ela-q�stwn tetrag¸nwn twn yi p�nw sta xi. Sto telikì �jroisma den sumperilamb�nontaisuntelestè [10℄.Sumper�smataSunoy�zonta o algìrijmo AdaBoost e�nai èna polÔ isqurì algìrijmo kathgorio-po�hsh pou qrhsimopoie�tai me meg�lh epituq�a se anar�jmhte efarmogè, en¸ apotele��sw thn pio epituqhmènh mèjodo sto ped�o th an�qneush antikeimènwn s mera. O �dio  parallagè tou algor�jmou pou ton sundu�zoun me dèndra apof�sewn, ìpw o algìrijmo
AdaTree [11℄   o algìrijmo Probabilistic Boosting Tree (PBT) [24℄ èqoun protaje� kaiqrhsimopoioÔntai s mera se pragmatikè emporikè efarmogè an�qneush antikeimènwn.2.2.3 H suneisfor� twn P. Viola kai M. JonesParìlo to gegonì ìti kai h idèa th qr sh Haar qarakthristik¸n gia thn montelo-po�hsh twn antikeimènwn, all� kai o algìrijmo AdaBoost pro�p rqan kai jewroÔntan  dhidia�tera epituqhmèna, h suneisfor� twn Viola & Jones e�nai idia�tera shmantik  kai apofasi-stik  sthn an�ptuxh enì jewrhtikoÔ plais�ou gia thn an�qneush pros¸pwn kai genikìteraantikeimènwn. H prosfor� twn Viola & Jones sunoy�zetai se trei basikè idèe. Oi treiautè idèe, kaj¸ kai h shmas�a tou gia thn an�qneush pros¸pwn se pragmatikì qrìnoanalÔontai parak�tw:Oloklhrwmènh eikìna (integral image)

Sq ma 2.3: Optikopo�hsh tou upologismoÔ ajro�smato tetrag¸nou mèsw th oloklhrwmè-nh eikìnaH pr¸th basik  kainotom�a pou prìteinan oi Viola & Jones e�nai h oloklhrwmènh eikìna
(integral image). H oloklhrwmènh eikìna ii èqei to �dio mègejo me thn aujentik  eikìna ikai se k�je shme�o (x, y) pa�rnei thn tim  tou ajroism�twn twn ent�sewn th eikìna i sthnperioq  (xi, yi) : 0 ≤ xi < x, 0 ≤ yi < y. H oloklhrwmènh eikìna mpore� na upologiste� me



2.2 An�qneush Pros¸pwn me thn Bo jeia tou AdaBoost kai twn Haar Qarakthristik¸n25èna pèrasma p�nw sthn aujentik  eikìna, kai me thn bo jeia th mporoÔme na upolog�soumeto �jroisma twn ent�sewn twn stoiqe�wn th eikìna mèsa se èna auja�reto orjog¸nio sestajerì qrìno. Pio sugkekrimèna to �jroisma twn ent�sewn mèsa sto orjog¸nio me akmè
(x1, y1), (x2, y2), (x3, y3), (x4, y4) (Sq ma 2.3) prokÔptei apl¸ apì thn anafor� se tèsserashme�a th oloklhrwmènh eikìna: Sum = ii(x1, y1) + ii(x4, y4) − ii(x2, y2) − ii(x3, y3).Me autìn ton trìpo mporoÔme na upolog�soume thn tim  twn Haar-like qarakthristik¸np�nw se mia eikìna se stajerì qrìno, pr�gma pou ma epitrèpei na qrhsimopoioÔme miater�stia uperpl rh b�sh apì Haar-like qarakthristik� gia thn kalÔterh montelopo�hshtwn antikeimènwn, qwr� na epibarÔnoume thn efarmog  me meg�lo upologistikì kìsto.Sunduasmì twn Haar-like qarakthristik¸n me ton algìrijmo AdaBoostH deÔterh basik  kainotom�a e�nai h qr sh tou algor�jmou AdaBoost me Haar-like qa-rakthristik� (sundiasmèna me k�poio kat¸fli kathgoriopo�hsh) w adÔnamou classifiersgia thn diadikas�a th kathgoriopo�hsh. O algìrijmo AdaBoost epilègei se k�je b ma topio perigrafikì Haar-like qarakthristikì gia thn montelopo�hsh tou pros¸pou, kai telik�sundu�zei ìla ta epilegmèna qarakthristik� se ènan dunatì classifier. Me autìn ton trì-po èkto tou ìti axiopoie�tai h ikanìthta tou AdaBoost na par�gei isquroÔ classifiers memeg�lh dunatìthta gen�keush, h diadikas�a th montelopo�hsh (epilog  twn Haar qara-kthristik¸n) automatopoie�tai kai enopoie�tai me thn diadikas�a th ekpa�deush tou telikoÔ
classifier.Oi Viola & Jones qrhsimopo�hsan ton klassikì Dircrete AdaBoost gia thn ekpa�deushtou classifier. Argìtera oi Lienhart et al peiramat�sthkan me diaforetikè ekdoqè tou Ad-

aBoost (Discrete, Gentle, Real AdaBoost) [15℄ kai pètuqan arket� kalÔtera apotelèsmataqrhsimopoi¸nta ton Gentle AdaBoost.Alus�da apì classifiers (Cascade Classifiers)H tr�th kai idia�tera shmantik  suneisfor� pou èqei na k�nei me thn taqÔthta th an�-qneush pros¸pwn se eikìne, kai epitrèpei thn efarmog  tou algor�jmou se pragmatikìqrìno (real time), e�nai h eisagwg  th ènnoia th alus�da classifiers. H basik  idèa e�naiìti k�je tm ma th eikìna pou prìkeitai na kathgoriopoihje� w prìswpo   mh-prìswpo denpern�ei apì ènan all� apì mia seir� apì classifiers (sthn telik  efarmog  tou algor�jmoutwn Viola & Jones qrhsimopoioÔntai 38 b mata classification). Oi arqiko� classifiers sthnalus�da e�nai polÔ aplo� (sunduasmì l�gwn adÔnamwn classifiers) kai elastiko�, kai èqounstìqo thn gr gorh apìrriyh tou megalÔterou mèrou twn tmhm�twn th eikìna pou s�gouraden apoteloÔn prìswpa. Ta upìloipa tm mata th eikìna pern�ne stou pio sÔnjetou kaiausthroÔ classifiers twn megalÔterwn epipèdwn ¸ste na epiteuqje� swst  kathgoriopo�hsh.H alus�da classifiers apotele� ousiastik� èna ekfulismèno dèndro apof�sewn, ìpou se k�jeb ma aporr�ptetai èna dedomèno mèro apì mh-prìswpa, kai epitugq�nei thn epit�qunsh toualgor�jmou se shmantikì bajmì.



26 Kef�laio 2. An�qneush Pros¸pwn2.3 Ulopo�hsh kai Prosarmog  sto Sugkekrimèno Prì-blhmaMèro th diplwmatik  aut  ergas�a e�nai h ulopo�hsh tou algor�jmou twn Viola &

Jones gia thn an�qneush pros¸pwn se eikìne, kai h prosarmog  tou sti idiaiterìthte toudedomènou probl mato. Sthn paroÔsa enìthta perigr�fontai me suntom�a k�poia basik�shme�a th ulopo�hsh ìson afor� thn ekpa�deush tou classifier kai thn efarmog  tou seeikìne th nohmatik  gl¸ssa. Sto tèlo th enìthta perigr�fetai h diadikas�a kata-skeu  mia mikr  b�sh dedomènwn ekpa�deush, kaj¸ kai k�poia peir�mata pou èginan meaut .2.3.1 Ulopo�hshEkpa�deushPrin thn diadikas�a th ekm�jhsh èqoun kataskeuaste� dÔo b�sei dedomènwn ekpa�-deush, mia me prìswpa kai m�a me mh-prìswpa. Tìso ta prìswpa ìso kai ta mh-prìswpaapoteloÔntai apì eikìne pou èqoun smikrunje� se kl�maka 19 × 19 pixels.Gia na elaqistopoi soume thn metablhtìthta pou ofe�letai sthn diafor� twn sunjhk¸nfwtismoÔ sti diaforetikè eikìne pros¸pwn qrei�zetai na kanonikopoi soume ti eikìneafair¸nta thn mèsh tim  th èntash kai diair¸nta me thn tupik  apìklish: I ′(x, y) =
I(x,y)−µ

σ
. Aut  h diadikas�a g�netai tìso kat� thn ekpa�deush ìso kai kat� thn an�qneu-sh kai gia autì prèpei na g�netai me mikr  upologistik  poluplokìthta. Autì g�netai methn bo jeia th tetragwnik  oloklhrwmènh eikìna (squared itegral image) ii2(xi, yi) =

∑

x<xi,y<yi
i2(x, y), h opo�a epitrèpei ton upologismì th tupik  apìklish th eikìna sestajerì qrìno.Met� thn proepexergas�a twn eikìnwn ekpa�deush, efarmìzetai p�nw tou to uperpl -re sÔnolo apì Haar-like qarakthristik� kai apojhkeÔontai ta endi�mesa apotelèsmata. Hb�sh twn qarakthristik¸n perior�zetai se aut� pou e�nai megalÔtera   �sa apì 4 × 4 pixles. Autì o periorismì g�netai gia na petÔqoume ìso to dunatìn kalÔterh gen�keush dedomè-nou ìti h b�sh ekpa�deush e�nai polÔ mikr . Met� thn efarmog  twn qarakthristik¸n p�nwsti eikìne ta apotelèsmata apojhkeÔontai gia na qrhsimopoihjoÔn gia thn ekpa�deush tou

classifier.Sto basikì st�dio th ekpa�deush ta dedomèna aut� anakaloÔntai kai d�nontai w e�so-do ston algìrijmo AdaBoost, o opo�o ekpaideÔei thn telik  sun�rthsh kathgoriopo�hsh(classifier) w èna stajmismèno �jroisma apì adÔnamou classifiers me diaforetikoÔ sunte-lestè. Gia thn ekpa�deush qrhsimopoie�tai o algìrijmo Dirscrete AdaBoost me T = 50

weak classifiers. Parak�tw perigr�fetai h diadikas�a ekpa�deush se morf  yeudok¸dika.
Training Pseudocode:



2.3 Ulopo�hsh kai Prosarmog  sto Sugkekrimèno Prìblhma 27
1.Produce all possible haar-like features for 19x19 images

2.Load all images

Convert to grayscale

Normalize images by substracting the mean and dividing

standard deviation

Calculate the corresponding integral images

3.Apply all Haar-like features on integral images

Save the results

4.Load the results

Use AdaBoost to create the strong classifier

Save the classifier

An�qneushMet� thn paragwg  tou classifier apì to st�dio th ekpa�deush autì prèpei na efar-moste� se ìla ta upotm mata 19 × 19 kai se ìle ti kl�make th nèa eikìna sthn opo�ajèloume na anagnwr�soume ta prìswpa. An to upotm ma th eikìna pou pern�ei apì ton
classifier èqei pijanìthta megalÔterh apì èna kat¸fli tìte autì anagnwr�zetai jetik� wprìswpo, alli¸ aporr�ptetai.'Ola ta upotm mata th eikìna prin mpoun sthn diadikas�a th kathgoriopo�hsh prèpeina kanonikopoihjoÔn w pro thn fwteinìthta tou, ìpw perigr�fetai sthn prohgoÔmenhpar�grafo, kai na upologiste� h oloklhrwmènh tou morf .Ant� gia thn diadikas�a th alus�da classifiers ulopoie�tai mia aploÔsterh mèjodo giathn eÔkolh apìrriyh tmhm�twn th eikìna pou s�goura den apoteloÔn prìswpa. H mèjo-do bas�zetai apokleistik� sthn metablhtìthta th eikìna kai se statistik� stoiqe�a pouapokt jhkan apì to sÔnolo ekpa�deush. Pio sugkekrimèna, apì to sÔnolo ekpa�deush e-ktimoÔme èna eÔro tupik¸n apokl�sewn pou antistoiqoÔn se eikìne pros¸pwn. An h tupik apìklish tou tm mato pro kathgoriopo�hsh den an kei se autì to eÔro tìte aporr�ptetai



28 Kef�laio 2. An�qneush Pros¸pwnqwr� na per�sei thn diadikas�a classification. Aut  h mèjodo epitrèpei thn eÔkolh apìrriyhomoiìmorfwn perioq¸n tou fìntou kai epitaqÔnei thn diadikas�a an�qneush.Tèlo met� thn diadikas�a an�qneush, akolouje� h diadikas�a kladèmato (prunning)twn perioq¸n anagn¸rish. Pio sugkekrimèna an dÔo   perissìtere epituqe� anagnwr�seiepikalÔptontai se posostì megalÔtero tou 50% tìte diathre�tai mìno h anagn¸rish me thnmegalÔterh pijanìthta.
Detection Pseudocode:

for all candidate scales

Rescale image

Calculate the integral and the square integral image

for all the 19x19 subimages of the image

Calculate the mean and standard deviation of the subimge

(using the integral and square intergal image)

if std is within face-image region

Normalize the subimage

Calculate the integral subimage

(using the original integral image)

Classify subimage

if probability>threshold

Save detection

Prune detections

H efarmog  ulopoi jhke me thn bo jeia th gl¸ssa programmatismoÔ Matlab. H ulo-po�hsh ègine kat� thn di�rkeia ekpìnhsh praktik  sthn om�da Signal and Image Processing
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Laboratory (SIPL), Technion Israel Institute of Technology. Sunolik� gia thn efarmog qrhsimopoi jhkan teqnikè vector computing gia kalÔterh apodotikìthta sthn dedomènhglwss� programmatismoÔ.Apotelèsmata

Sq ma 2.4: Apotelèsmata an�qneush pros¸pou sthn om�da SIPL (1)

Sq ma 2.5: Apotelèsmata an�qneush pros¸pou sthn om�da SIPL (2)2.3.2 Prosarmog  sto sugkekrimèno prìblhmaO genikeumèno algìrijmo gia thn an�qneush pros¸pwn aplopoi jhke kai prosarmì-sthke sto dedomèno prìblhma th nohmatik  gl¸ssa sÔmfwna me ti idiaiterìthte pouautì parousi�zei:Monadikì prìswpo sthn eikìna: Ekmetalleuìmenoi thn plhrofor�a ìti sta videoth nohmatik  gl¸ssa up�rqei èna monadikì nohmatist , kai epomènw èna mo-nadikì prìswpo epilègoume w epituqhmènh anagn¸rish to komm�ti th eikìna methn megalÔterh pijanìthta sÔmfwna me ton classifier. Epomènw den qrei�zetai naapofas�soume sqetik� me k�poio kat¸fli anagn¸rish.Mikr  k�nhsh tou pros¸pou: To prìswpo tou nohmatist  kine�tai se èna periori-smèno pla�sio se sqèsh me thn sunolik  eikìna. AfoÔ breje� epituq¸ to prìswpo



30 Kef�laio 2. An�qneush Pros¸pwnsthn pr¸th eikìna tou video, sti epìmene eikìne h anaz thsh perior�zetai se ènaperiorismèno pla�sio me kèntro to pr¸to prìswpo kai ètsi perior�zetai to upologistikìkìsto se k�je eikìna th akolouj�a.Stajer  apìstash tou pros¸pou w pro thn k�mera: H sqetik  apìstashtou pros¸pou w pro thn k�mera den metab�lletai idia�tera kat� thn di�rkeia thomil�a tou nohmatist , pr�gma pou ma epitrèpei na perior�soume kai ti klimak¸seith eikìna se timè kont� se aut n th pr¸th an�qneush.Oi parap�nw aplopoi sei beltistopoioÔn thn apìdosh tou algor�jmou ìson afor� toapotèlesma, all� kur�w ìson afor� thn upologistik  poluplokìthta. Ep�sh h anaz thshse periorismènh perioq  kajist� mh-anagka�a thn ulopo�hsh th alus�da classifiers giagr gora apotelèsmata, en¸ h anaz thsh se mikrì eÔro klimak¸sewn kajist� mh anagka�athn klim�kwsh twn qarakthristik¸n ant� th eikìna.2.4 Kataskeu  kai Peiramatismì me thn B�sh Dedo-mènwn Ekpa�deush2.4.1 Eisagwg H dhmiourg�a mia kal  b�sh dedomènwn ekpa�deush e�nai �sw pio o shmantikì par�-gonta pou ja kajor�sei thn ep�dosh tou aniqneut  pros¸pwn, dedomènou ìti o algìrijmoden diafèrei sun jw shmantik� apì ton aujentikì pou prìteinan oi Viola kai Jones. Opeiramatismì me di�fora stoiqe�a, aut  th b�sh èqei meg�lo endiafèron kai ephre�zeishmantik� to telikì apotèlesma.Sthn kataskeu  mia swst  tètoia b�sh parousi�zontai arketè prokl sei pou kur�-w èqoun na k�noun me to ter�stio mègejì th. Oi Viola & Jones [26℄ gia thn ekpa�deush toualgor�jmou tou qrhsimopo�hsan mia b�sh dedomènwn pou apotele�tai apì 5,000 prìswpa kai10,000 mh-prìswpa. Oi Lienhart & Kuranov [15℄ qrhsimopo�hsan b�sei ant�stoiqou megè-jou gia na peiramatistoÔn me diaforopoi sei tou arqikoÔ algor�jmou. Tèlo h ulopo�hshth OpenCV e�nai ekpaideumènh me mia ant�stoiqa meg�lh b�sh dedomènwn, oi kataskeuastèden parèqoun ìmw plhrofor�e sqetik� me to pìse kai poie eikìne qrhsimopo�hsan.'Ola aut� ta prìswpa prèpei na eujugrammistoÔn, na kopoÔn kai na apojhkeutoÔn qeirw-naktik� kaj¸ tètoie meg�le b�sei den parèqontai eleÔjere. Ep�sh gia na ekpaideute�èna classifier me mia b�sh dedomènwn tètoia t�xh megèjou qrei�zetai per�pou mia ebdom�daqrìnou ektèlesh, e�n den èqei up�rxei kat�llhlh parallhlopo�hsh.Gia autoÔ tou lìgou, se aut  thn diplwmatik  ergas�a, periorizìmaste se mia polÔmikr  b�sh ekpa�deush pou apotele�tai apì 140 mìno eikìne pros¸pwn kai apì 300 per�poueikìne mh-pros¸pwn gia ton peiramatismì sqetik� me paramètrou pou aforoÔn ti eikìneekpa�deush. Tèlo me mia b�sh tètoia t�xh megèjou ekpaideÔetai èna aniqneut  pro-s¸pou pou d�nei polÔ kal� apotelèsmata ga to sugkekrimèno prìblhma. Shmei¸netai ìtisti b�sei dedomènwn ekpa�deush den qrhsimopoi jhkan prìswpa   tm mata tou fìntou



2.4 Kataskeu  kai Peiramatismì me thn B�sh Dedomènwn Ekpa�deush 31apì ti eikìne th nohmatik  gl¸ssa sti opo�e efarmìsthke h an�qneush pros¸pou.Ta prìswpa anakt jhkan apì eikìne sto internet kai apì thn b�sh pros¸pwn CUAVE[22℄.2.4.2 Peir�mata me thn b�sh dedomènwn ekpa�deushSe aut  thn upoenìthta perigr�fontai k�poia peir�mata pou ektelèsthkan p�nw sthnb�sh dedomènwn pou qrhsimopoie�tai gia thn ekpa�deush tou classifier. Ta peir�mata aut�èqoun skopì tìso thn belt�wsh twn posost¸n epituq�a th an�qneush, ìso kai thn kalÔ-terh katanìhsh twn dunatot twn kai periorism¸n tou parap�nw plais�ou. Apì ta peir�mataaut� prokÔptoun arket� endiafèronta sumper�smata, ta opo�a analÔontai sthn teleuta�aupoenìthta.Gia thn ekt�mhsh thn ep�dosh tou Aniqneut  Pros¸pwn kat� tou peiramatismoÔ, dh-miourg jhkan 2 benchmarks pou apoteloÔntai apì suneqìmena frames th nohmatik  gl¸s-sa, pou anakt jhkan apì thn b�sh dedomènwn BU400 [19℄. Se k�je frame shmei¸jhkan oijèsei twn mati¸n kai tou stìmato tou pros¸pou. An ta tr�a aut� shme�a br�skontai mèsasto tetr�gwno pou epistrèfei w apotèlesma h an�qneush, tìte autì jewre�tai epituqhmè-no. An èstw kai èna apì aut� ta tr�a shme�a br�sketai ektì tetrag¸nou tìte h an�qneushjewre�tai apotuqhmènh. To benchmark 1 apotele�tai apì ta 370 diadoqik� frames th noh-matik  kai qarakthr�zetai apì shmantikè allagè sthn pìza kai epik�luyh tou pros¸pouapì ta qèria, en¸ to benchmark 2 apotele�tai apì 500 frames kai èqei mikrìtere allagèsthn pìza all� perilamb�nei kai autì shmantik  epik�luyh.Pe�rama 1: Metabol  th perioq  est�ash tou pros¸pouTo pr¸to kai shmantikìtero pe�rama p�nw sti eikìne pros¸pwn th b�sh ekpa�deushèqei na k�nei me thn est�ash th perioq  tou pros¸pou. Dokim�sthkan tèssera diaforetik�montèla sta opo�a h perioq  tou pros¸pou metab�lletai apì olìklhro to kef�li, mèqri tostenì mot�bo m�tia-stìma (Sq ma 2.6). To pr¸to montèlo proèrqetai apì thn an�qneushmèsw tou aniqneut  th OpenCV, kai antapokr�netai sthn ant�stoiqh b�sh dedomènwn ekpa�-deush (ant�stoiqa sthn b�sh ekpa�deush twn Viola & Jones, ìpw kai twn Rainer Lienhart

& Alexander Kuranov ). Ta epìmena montèla proèkuyan met� apì prosektik  shme�wshtwn mati¸n kai tou stìmato se ìle ti eikìne kai kat�llhlh tom . Me autì ton trìpokai ta tr�a aut� montèla e�nai kal� eujugrammismèna, me thn ènnoia ìti ta m�tia kai to stìmase ìle ti eikìne e�nai sto �dio ep�pedo. Sto Sq ma 2.6 ektì apì thn optik  perigraf kai apeikìnish twn tess�rwn aut¸n montèlwn fa�netai kai h el�qisth, h mègisth, kai h mèshtupik  apìklish pou parousi�zoun. H tupik  apìklish th èntash sta pixel th eikìnae�nai èna kalì de�kth th poluplokìthta mia eikìna. To pr¸to montèlo parousi�zeishmantik� megalÔtere tupikè apokl�sei apì ta tr�a epìmena, kai epomènw megalÔterhpoluplokìthta, lìgw twn malli¸n kai twn perioq¸n tou fìntou pou perilamb�nontai.Sto Sq ma 2.7 fa�netai to posostì epituq�a pou pètuqe o algìrijmo ekpaideumènome k�je èna apì ta tèssera aut� montèla kai sta dÔo benchmarks. E�nai axioshme�wth h
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Sq ma 2.6: Metab�llonta thn perioq  est�ash tou pros¸pou (4 diaforetik� montèla)
diakÔmansh th ep�dosh tou aniqneut  se sqèsh me thn perioq  est�ash tou pros¸pou(kai sunep¸ me thn metablhtìthta twn upoeikìnwn). Ta qeirìtera apotelèsmata ta d�neito pr¸to montèlo to opo�o profan¸ emperièqei peritt  plhrofor�a (malli�, fìnto) kaiperitt  poluplokìthta pr�gma pou aposugkentr¸nei ta epilegmèna Haar qarakthristik�,poll� apì ta opo�a epikentr¸nontai ston fìnto. To teleuta�o montèlo ep�sh den d�nei kal�apotelèsmata pr�gma pou ofe�letai �sw sthn elleip  plhrofor�a aut  th for�, afoÔ tomot�bo tou pros¸pou e�nai uperbolik� stenì. Apì to montèlo 2, to 3 d�nei elafr¸ kalÔteraapotelèsmata pr�gma pou pijanìtata ofe�letai sto gegonì ìti e�nai  dh tetragwnismèno,kai epomènw oi eikìne den upìkeintai shmantik  paramìrfwsh ìtan metasqhmat�zontai setetr�gwna 19 × 19.Sta epìmena peir�mata kai efarmogè ja qrhsimopoie�tai mìno to montèlo 3, to opo�oe�nai kai to pio epituqhmèno.
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Sq ma 2.7: Posost� An�qneush gia ta 4 diaforetik� montèla est�ash tou pros¸pouPe�rama 2: Prìsjesh eikìnwn prof�l sthn b�sh dedomènwnTo deÔtero pe�rama pou diex qjh èqei na k�nei me thn metabol  th pìza tou pros¸poukat� thn omil�a tou nohmatist . H arqik  upìjesh e�nai ìti me thn prìsjesh pros¸pwnupì diaforetikè pìze sthn b�sh dedomènwn ekpa�deush, ja katafèroume na aux soumeta posost� epituq�a tou aniqneut . Mhn gnwr�zonta se ti posostì aut� ta prìswpa jae�nai euergetik� gia thn b�sh ekpa�deush, dokim�zetai h prìsjesh diaforetik¸n posost¸npros¸pwn upì diaforetikè gwn�e prof�l. Ta nèa prìswpa pou prostèjhkan kuma�nontaimèqri gwn�e 45o, kai anakt jhkan apì di�fore b�sei dedomènwn, en¸ eujugramm�sthkansÔmfwna me to montèlo 3. Ta apotelèsmata tou peir�mato pou perigr�fhke parap�nwfa�nontai sto Sq ma 2.8.Ta apotelèsmata aut� de�qnoun ìti h prosj kh twn eikìnwn pros¸pwn upì diaforetikègwn�e den belti¸nei sun jw thn ep�dosh th an�qneush ìpw ja  tan arqik� anamenìmeno,all� antijètw ti perissìtere forè thn qeirotereÔoun. Autì apod�detai sto gegonì ìtito stenì mot�bo tou pros¸pou pou qrhsimopoie�tai efarmìzetai kal� kai sthn elafri� meta-bol  th pìza, en¸ h prosj kh twn prof�l qal�ei thn omoiomorf�a th b�sh ekpa�deushkai kajist� duskolìterh thn montelopo�hsh tou pros¸pou apì ton algìrijmo AdaBoost.Pe�rama 3: Prìsjesh eikìnwn qeiromorf¸n sthn b�sh twn mh-pros¸pwnGia thn kataskeu  th b�sh dedomènwn twn mh-pros¸pwn qrhsimopoi jhkan tuqa�akomm�tia apì ton fìnto twn eikìnwn apì ti opo�e anakt jhkan ta prìswpa. Gia ènanisqurì aniqneut  pros¸pwn, h b�sh mh-pros¸pwn ja prèpei na perilamb�nei mia meg�lhpoikil�a eikìnwn. 'Opw èqei anaferje� parap�nw, h kl�sh mh-prìswpo den e�nai austhr¸orismènh, kai epomènw se aut n ja prèpei na perilamb�netai mia meg�lh poikil�a eikìnwn,
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Sq ma 2.8: Posost� An�qneush me diaforetik� posost� pros¸pwn prof�l sthn b�shekpa�deushkaj¸ kai eikìne pou lamb�nontai suqn� lanjasmèna w prìswpa. Sun jw gia autìnton lìgo efarmìzontai bootstrapping teqnikè, oi opo�e sumperilamb�noun sthn kl�sh mh-prìswpo tm mata eikìna pou o aniqneut  anagn¸rise l�jo w prìswpa se prohgoÔmenost�dio. Gia ton sugkekrimèno aniqneut  pou apeujÔnetai se èna tìso sugkekrimèno prìblhmata mh-prìswpa ja  tan idanik� komm�tia apì to s¸ma tou anjr¸pou pou ja mporoÔsan namoi�zoun me prìswpo, kaj¸ kai k�poie genikè eikìne pou ja apeujÔnontai se pijanoÔfìntou.Ta komm�tia tou anjr¸pinou s¸mato pou suqnìtera lamb�nontai lanjasmèna w prì-swpa e�nai ta qèria tou, idia�tera sthn per�ptwsh th nohmatik  gl¸ssa, ìpou ta qèriaepid�dontai se di�fore qeiromorfè pollè apì ti opo�e lìgw sq mato kai ski¸n moi�zounarket� me prìswpo.Gia autìn ton lìgo ègine prosp�jeia na perilhfjoÔn mèrh twn di�forwn qeiromorf¸n apìto alf�bhto th nohmatik  pou moi�zoun sqetik� me prìswpa sthn b�sh twn mh-pros¸pwn.Met� thn ekpa�deush me thn ananewmènh b�sh, ta apotelèsmata twn posost¸n an�qneushp�nw sta dÔo benchmarks fa�nontai sto Sq ma 2.9. Ta apotelèsmata de�qnoun mia mikr belt�wsh kaj¸ k�poie peript¸sei lanjasmènh anagn¸rish qeiromorf¸n w prìswpaplèon aporr�ptontai. Par� ìla aut� h kl�sh ìlwn twn pijan¸n qeiromorf¸n e�nai ter�stiakai profan¸ den mpore� na lhfje� ex� olokl rou upìyin kat� thn ekpa�deush.2.4.3 Sumper�smataApì ta parap�nw peir�mata kai thn genikìterh diadikas�a kataskeu  mia b�sh epa�-deush gia thn an�qneush pros¸pwn prokÔptoun arket� endiafèronta sumper�smata sqetik�me thn metablhtìthta pou parousi�zoun ta anjr¸pina prìswpa, kaj¸ kai thn ex�rths  thme to apaitoÔmeno mègejo th b�sh ekpa�deush.
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Sq ma 2.9: Posost� an�qneush met� thn prosj kh qeiromorf¸n sthn kl�sh mh-pros¸pwnPar�gonte metablhtìthta twn pros¸pwnMia kal  b�sh ekpa�deush èqei skopì thn swst  montelopo�hsh tou anjr¸pinou pro-s¸pou. Kat� thn kataskeu  th prèpei na lhfjoÔn upìyin oi shmantikìteroi par�gontemetablhtìthta th emf�nish tou anjr¸pinou pros¸pou se eikìne, pou e�nai oi parak�tw:Diaforopoi sei apì �njrwpo se �njrwpo: O trìpo na l�boume upìyin autèti diaforopoi sei e�nai apl¸ na sumperil�boume ìso to dunatìn perissìtera ende-qìmena sthn b�sh ekpa�deush. Mia kal  b�sh ekpa�deush prèpei na pa�rnei up ìyindiaforopoi sei lìgw fÔlou, ful , èkfrash tou pros¸pou, kaj¸ kai idia�terastoiqe�a pou mpore� na parousi�zontai se èna prìswpo (guali�, moÔsi).Diaforopoi sei lìgw metabol  th pìza: Parìlo pou èqoun g�nei prosp�-jeie gia thn kataskeu  kajolik¸n aniqneut¸n gia ìle ti pìze tou anjr¸pinoupros¸pou, autì genik� e�nai dÔskolo me ènan mìno classifier. H prìsjesh sthn b�shdedomènwn eikìnwn apì ìle ti pijanè pìze kajist� dÔskolh thn montelopo�hshtou pros¸pou (kaj¸ h kl�sh prìswpo antiproswpeÔei plèon èna antike�meno me po-lÔ meg�lh metablhtìthta tìso sthn emf�nish ìso kai sto sq ma), kai d�nei genik�qeirìtera apotelèsmata sthn an�qneush, gegonì pou antikatoptr�zetai kai apì tope�rama 2. To prìblhma th metabol  th pìza antimetwp�zetai ed¸ me thn sten est�ash tou pros¸pou (montèlo 3). Autì to stenì montèlo den metab�lletai idia�terame thn metabol  th pìza pr�gma pou epitrèpei thn swst  montelopo�hsh me ènanmìno classifier se èna sqetik� meg�lo eÔro pìza, gegonì pou epibebai¸netai kaiapì ta posost� an�qneush.Diaforopoi sei exait�a tou fwtismoÔ: Aut  h kathgor�a perilamb�nei tìso thnèntash (intensity) tou fwtismoÔ ìso kai thn kateÔjunsh prìsptwsh tou fwtì (illu-

mination). Oi diaforopoi sei lìgw gwn�a prìsptwsh tou fwtì den lamb�nontaisun jw up' ìyin w amelhtèe, en¸ oi diaforopoi sei sthn èntash apale�fontai kat�thn kanonikopo�hsh th eikìna, diadikas�a pou perigr�fetai sthn enìthta 2.3.1.



36 Kef�laio 2. An�qneush Pros¸pwnSqèsh metablhtìthta tou antikeimènou - megèjou th b�sh'Oson afor� ti dunatìthte tou en lìgw plais�ou sthn montelopo�hsh twn antikei-mènwn, apì ta parap�nw peir�mata g�netai xek�jaro ìti up�rqei mia isqur  sÔndesh thpoluplokìthta tou antikeimènou kai tou megèjou th apaitoÔmenh b�sh ekpa�deush.Me to tèqnasma na perior�soume thn perioq  est�ash tou pros¸pou kai na eujugramm�sou-me swst� ta prìswpa, h metablhtìthta tou pros¸pou mei¸jhke, epitugq�nonta polÔ kal�apotelèsmata me mia mikr  b�sh ekpa�deush. Gia na petÔqoume ant�stoiqa posost� epituq�-a efarmìzonta to montèlo 1, to opo�o parousi�zei shmantik� megalÔterh poluplokìthta,ja èprepe na qrhsimopoihje� mia polÔ megalÔterh b�sh ekpa�deush.Parìla aut�, anex�rthta apì to mègejo kai thn poiìthta th b�sh dedomènwn ekpa�deu-sh, to pla�sio an�qneush antikeimènwn pou parousi�sthke se aut  thn enìthta antimetwp�-zei polÔ sugkekrimènou periorismoÔ. An to antike�meno pou epidi¸koume na aniqneÔsoumeparousi�zei meg�lh metablhtìthta tìso sto sq ma kai sthn emf�nish (pq prìswpa se ì-le ti pijanè pìze,   qeiromorfè), tìte h parap�nw mèjodo e�nai m�llon akat�llhlh.Diaforopoi sei kai exel�xei th parap�nw mejìdou, pou epitrèpoun thn montelopo�hsh kaian�qneush pio polÔplokwn antikeimènwn, kai antikeimènwn pou parousi�zoun metabolè stosq ma anafèrontai sthn epìmenh enìthta.2.5 Axiolìghsh th Mejìdou kai Exel�xei sthn An�-qneush Pros¸pwnTo framework gia thn an�qneush pros¸pwn (kai genikìtera antikeimènwn) pou perigr�-fetai se autì to kef�laio, kai bas�zetai ston sunduasmì tou algor�jmou AdaBoost meta Haar-like qarakthristik�, jewre�tai akìmh kai s mera �sw to pio epituqhmèno gia thnan�qneush, se pragmatikì qrìno, antikeimènwn me mikr  metablhtìthta sto sq ma. Dedomè-nwn kai twn posost¸n epituq�a pou parousi�sthkan sthn prohgoÔmenh enìthta, mporoÔmena isquristoÔme ìti to parap�nw framework e�nai to plèon kat�llhlo gia thn an�qneushpros¸pwn se b�nteo th nohmatik  gl¸ssa. Efìson sun jw h pìza tou omilht  denmetab�lletai èntona (to polÔ mèqri 45o prof�l) o algìrijmo AdaBoost parèqei thn duna-tìthta kal  montelopo�hsh kai kathgoriopo�hsh. Oi mìne peript¸sei ìpou h mèjodoapotugq�nei na aniqneÔsei swst� to prìswpo, e�nai eikìne ìpou parousi�zetai shmantik epik�luyh tou pros¸pou apì ta qèria. Autì to k¸luma, den mpore� na antimetwpiste� mekalÔtero classifier par� mìno me mia stoqastik  mèjodo suneqoÔ an�qneush (tracking),pou anaptÔssetai sto epìmeno kef�laio.Se aut  thn enìthta parousi�zontai sÔntoma, gia bibliografikoÔ lìgou, k�poie en-diafèrouse exel�xei tou parap�nw framework pou èqoun protaje� ta teleuta�a qrìnia, kaiskopì èqoun thn epit�qunsh th diadikas�a   thn kalÔterh montelopo�hsh pio polÔplo-kwn antikeimènwn. Kai oi dÔo nèoi algìrijmoi pou parousi�zontai bas�zontai sto parap�nw
framework, kai sundu�zoun ton algìrijmo AdaBoost me mia dendrik  dom .
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Sq ma 2.10: Peript¸sei swst¸n kai l�jo aniqneÔsewn se memonwmène eikìne th noh-matik 2.5.1 AdaTreeTo 2004 o Etienne Grossman prote�nei ton algìrijmo AdaTree [11℄ pou sundu�zei ton
AdaBoost me ta dèndra apof�sewn (Decision Trees). Autì o algìrijmo bas�zetai sthn �dialogik  tou sunduasmoÔ adÔnamwn classifiers se ènan isqurì, all� aut  thn for� o telikì
classifier èqei dendrik  dom , me k�je kìmbo tou dèndrou na apotele�tai apì ènan adÔnamo
classifier. Kat� th diadikas�a tou classification to nèo prìtupo pern�ei apì ton classifierpou br�sketai sthn r�za tou dèndrou. An autì epistrèyei jetik  tim , tìte h diadikas�asuneq�zetai me ton kìmbo sta dexi� tou, alli¸, me autìn sta arister� tou. Sto tèlo oitimè twn adÔnamwn classifiers apì tou opo�ou pèrase to �gnwsto prìtupo ajro�zontaime kat�llhlou suntelestè, kai h telik  aut  tim  kajor�zei thn apìfash sqetik� me thnkathgor�a sthn opo�a an kei to prìtupo. 'Etsi, se ant�jesh me ta decision trees h kathgor�asthn opo�a antistoiq�zetai to antike�meno den exart�tai mìno apì ton teleuta�o kìmbo toudèndrou, all� apì to stajmismèno �jroisma ìlwn twn adÔnamwn classifiers apì tou opo�ou



38 Kef�laio 2. An�qneush Pros¸pwnpèrase to antike�meno.Kat� thn ekpa�deush tou algor�jmou akolouje�tai h �dia logik  pou epikrate� kai ston
AdaBoost sqetik� me thn anane¸simh katanom  puknìthta pijanìthta tou sunìlou de-domènwn ekpa�deush, all� se k�je kìmbo to sÔnolo ekpa�deush perior�zetai mìno stadedomèna pou ja katèlhgan eke� apì tou classifiers twn prohgoÔmenwn epipèdwn. Me autìnton trìpo o algìrijmo AdaTree diathre� thn polÔ shmantik  idiìthta tou AdaBoost sqe-tik� me to fragmèno l�jo th telik  upìjesh, en¸ tautìqrona eis�gei to pleonèkthmath taqÔthta pou èqoun ta decision treesO algìrijmo AdaTree èqei dokimaste� gia thn per�ptwsh th anagn¸rish pros¸pwnkai prosfèrei ant�stoiqa apotelèsmata me ton AdaBoost se megalÔtere taqÔthte, pr�gmapou ton k�nei akìmh pio kat�llhlo gia efarmogè pragmatikoÔ qrìnou.2.5.2 Probabilistic boosting tree

Sq ma 2.11: Optikopo�hsh th diadikas�a kathgoriopo�hsh me thn bo jeia tou algor�jmou
Probabilistic Boosting Tree [24℄'Ena akìmh sunduasmì tou algor�jmou AdaBoost me dendrik  dom  e�nai o algìrijmo
Probabilistic Boosting Tree [24℄ pou anaptÔqjhke to 2005 sthn Siemens Corporate Re-

search kai qrhsimopoie�tai s mera me meg�lh epituq�a gia thn an�qneush antikeimènwn twnopo�wn to sq ma kai h emf�nish mporoÔn na parousi�zoun shmantikè metabolè. O algì-rijmo autì kai p�li akolouje� ti basikè arqè tou AdaBoost, all� ant� na sundu�zeiìlou tou adÔnamou classifiers se ènan isqurì mèsw enì aploÔ stajmismènou ajro�smato,akolouje� mia pio polÔplokh �dia�rei kai bas�leue� (divide and conquer) strathgik .K�je kìmbou tou dèndrou se aut  thn per�ptwsh apotele�tai apì ènan isqurì classifierekpaideumèno me thn bo jeia tou algor�jmou AdaBoost. H r�za tou dèndrou ekpaideÔetai meolìklhro to sÔnolo ekpa�deush, en¸ se k�je b ma, o kìmbo sta dexi� ekpaideÔetai me tade�gmata pou kathgoriopoioÔntai w jetik�, en¸ o kìmbo sta arister� me aut� pou kath-goriopoioÔntai w arnhtik�. Aut  h diadikas�a moi�zei se meg�lo bajmì me ton algìrijmo
AdaTree, all� h ousi¸dh diafor� den ègkeitai sthn ekpa�deush, all� sthn diadikas�a thkathgoriopo�hsh.



2.5 Axiolìghsh th Mejìdou kai Exel�xei sthn An�qneush Pros¸pwn 39O algìrijmo Probabilistic Boosting Tree upolog�zei thn Ôsterh pijanìthta p(y|x) ìpou
y e�nai h kathgor�a kai x to �gnwsto de�gma, me mia anadromik  diadikas�a h opo�a anatrèqeiìlou tou kìmbou tou dèndrou. Se k�je kìmbo h pijanìthta upolog�zetai mèsw thanadromik  sqèsh:

p(y|x) = q(+1|x)pright(y) + q(−1|x)pleft(y),ìpou q(+ − 1|x) e�nai h tim  pou epistrèfei o classifier tou sugkekrimènou kìmbou gia thnant�stoiqh kathgor�a kai pright (pleft) e�nai h Ôsterh pijanìthta tou sta dexi� (arister�ant�stoiqa), h opo�a upolog�zetai me thn �dia diadikas�a. 'Etsi xekin¸nta apì thn r�za,anatrèqetai k�je kìmbo tou dèndrou, kai upolog�zetai h sunolik  Ôsterh pijanìthta thkl�sh sthn opo�a an kei to �gnwsto de�gma. Mia optik  anapar�stash th strathgik kathgoriopo�hsh pou efarmìzei o en lìgw algìrijmo parousi�zetai sto Sq ma 2.11.'Opw anafèretai kai parap�nw, o algìrijmo autì èqei thn ikanìthta na montelopoie�kal� antike�mena ta opo�a parousi�zoun shmantikè diaforopoi sei sto sq ma   thn emf�-nish. M�a apì ti qarakthristikè efarmogè tou algor�jmou Probabilistic Boosting Treee�nai h an�qneush pros¸pwn gia ìle ti pìze, prìblhma sto opo�o o klassikì algìrij-mo AdaBoost apotugq�nei. To meionèkthm� tou e�nai ìti e�nai sun jw pio argì apì ton
AdaBoost dedomènwn ìlwn twn kìmbwn - classifiers apì tou opo�ou prèpei na per�sei to�gnwsto prìtupo prin upologiste� h Ôsterh pijanìthta sqetik� me thn kl�sh sthn opo�aan kei.





Kef�laio 3Suneq  An�qneush seAkolouj�e B�nteo thNohmatik 
3.1 Eisagwg Sto Kef�laio 2 ègine mia ekten  melèth kai ulopo�hsh enì aniqneut  pros¸pwn, oopo�o efarmìsthke se memonwmène eikìne th nohmatik  me arket� kal� apotelèsmata.Par� ìla aut� to pla�sio pou anaptÔqjhke antimetwp�zei polÔ sugkekrimènou periorismoÔ,kai apotugq�nei se peript¸sei ìpou to prìswpo epikalÔptetai shmantik� apì ta qèria tounohmatist . Se autì to kef�laio epidi¸ketai na antimetwpiste� o parap�nw periorismì,efarmìzonta suneq  an�qneush (tracking) sti akolouj�e b�nteo.Se mia akolouj�a diadoqik¸n eikìnwn (frames) mporoÔme na qrhsimopoi soume thn prì-terh plhrofor�a sqetik� me thn prohgoÔmenh swst  an�qneush ¸ste na epitÔqoume k�poiaprìbleyh gia thn epìmenh. Sundu�zonta aut  thn prìbleyh me thn nèa an�qneush, mporoÔmena p�roume pio akrib  apotelèsmata, akìmh kai se peript¸sei ìpou to prìswpo epikalÔ-ptetai shmantik�   e�nai dÔskolo na aniqneute�. Uiojet¸nta aut  thn pore�a, anaferìmasteplèon se èna stoqastikì montèlo ìpou h prìbleyh ìpw kai h mètrhsh den e�nai apìlute ti-mè all� ekfr�zontai apì k�poia sun�rthsh puknìthta pijanìthta p�nw ston disdi�statoq¸ro.Sto majhmatikì montèlo pou ja perigrafe� parak�tw kuriarqoÔn trei stoqastikè meta-blhtè: H x(k|k) pou antiproswpeÔei thn eswterik  kat�stash tou sust mato (pragmatik jèsh tou pros¸pou) thn qronik  stigm  k, h x(k|k− 1) pou ekfr�zei thn prìbleyh sqetik�me thn qronik  stigm  k, kai h z(k) pou antiproswpeÔei thn mètrhsh sqetik� me to poubr�sketai to prìswpo (tim  pou epistrèfei o aniqneut  tou Kefala�ou 2). Oi metablhtèautè montelopoioÔntai w qwrikè sunart sei puknìthta pijanìthta, oi opo�e metab�l-lontai qronik�. Stìqo tou kefala�ou e�nai h montelopo�hsh kai o sunduasmì aut¸n twnstoqastik¸n metablht¸n, me skopì thn stoqastik  ekt�mhsh th eswterik  kat�stash,wste na beltiwje� poiotik� kai qronik� h an�qneush.41



42 Kef�laio 3. Suneq  An�qneush se Akolouj�e B�nteo th Nohmatik 3.2 To prìblhma Observer DesignTo majhmatikì montèlo pou uiojete�tai gia thn ekt�mhsh th eswterik  kat�stash tousust mato (jèsh tou pros¸pou) b�sh k�poia mètrhsh kai k�poia prìbleyh, e�nai tomontèlo State Observer th Jewr�a Elègqou [28℄. H basik  paradoq  pou g�netai e�nai otito sÔsthma e�nai grammikì, dhlad  h eswterik  kat�stash xk exart�tai grammik� tìso apìthn prohgoÔmenh eswterik  kat�stash ìso kai apì thn mètrhsh yk. Upì aut  thn paradoq ,oi exis¸sei tou sust mato e�nai oi 3.1 kai 3.2 pou parousi�zontai kai analÔontai parak�tw.To nèo stoqastikì montèlo qarakthr�zetai apì m�a eswterik  kat�stash (stoqastik metablht  xk ) aìrath ston exwterikì kìsmo, thn opo�a prospajoÔme na ektim soume methn bo jeia dÔo exis¸sewn, thn ex�swsh 3.1 (Process Model) kai thn ex�swsh 3.2 (Mea-

surement Model). Ousiastik� autì pou epidi¸koume na ektim soume, e�nai h sun�rthshpuknìthta pijanìthta th eswterik  kat�stash, dedomènwn ìlwn twn mèqri t¸ra me-tr sewn: P (xk|z1,2,...,k).
xk = Axk−1 +Buk + wk−1 (3.1)

yk = Hxk + vk (3.2)Sto montèlo prìbleyh (Process Model), h eswterik  kat�stash xk ektim�tai me b�shthn prohgoÔmenh eswterik  kat�stash xk−1 kai k�poie eisìdou sto sÔsthma uk (ìpwpq mia exwterik  taqÔthta   dÔnamh pou aske�tai sto sÔsthma), en¸ se aut n prosjètetaip�nta kai k�poia abebaiìthta (tuqa�a metablht  jorÔbou prìbleyh wk−1)Sto montèlo mètrhsh (Measurement Model), h exwterik  mètrhsh pou pa�rnoume apìton aniqneut  pros¸pwn yk ekfr�zetai sunart sei th pragmatik  eswterik  kat�stash
xk kai k�poia tuqa�a metablht  jorÔbou (mhdenik  mèsh tim ) vk pou antiproswpeÔeito l�jo mètrhsh.3.3 Genikeumènh LÔshSthn genik  per�ptwsh, jewrhtik� bèltisth lÔsh se autì to prìblhma d�nei to f�ltro
Bayes (Recursive Bayesian Estimator). To f�ltro Bayes e�nai mia epanalhptik  diadika-s�a, h opo�a ektim� thn eswterik  kat�stash mèsw dÔo bhm�twn (predict & update) sek�je epan�lhyh. To b ma prìbleyh (predict) (Ex�swsh 3.3) upolog�zei mia prìterh su-n�rthsh puknìthta pijanìthta gia thn metablht  xk dedomènwn twn mèqri ed¸ metr sewn:
P (xk|z1,2,...,k−1), en¸ to b ma diìrjwsh (update) (Ex�swsh 3.4) br�skei thn Ôsterh sun�r-thsh puknìthta pijanìthta (pdf) P (xk|z1,2,...,k) sunart sei th prìterh sun�rthsh kaith mètrhsh P (zk|xk):

P (xk|Zk−1) =

∫

p(xk|xk−1)p(xk−1|Zk−1) (3.3)
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P (xk|Zk) =

p(zk|xk)p(xk|Zk−1)

p(zk|Zk−1)
(3.4)Ean oi sunart sei puknìthta pijanìthta tìso th arqik  eswterik  kat�stash

x0 ìso kai twn sfalm�twn mètrhsh kai prìbleyh mporoÔn na montelopoihjoÔn w polu-metablhtè gkaousianè, tìte to f�ltro Bayes ekful�zetai ousiastik� sto f�ltro Kalman,to opo�o d�nei tìte thn bèltisth lÔsh. An mia tètoia montelopo�hsh den mpore� na sth-riqje�, tìte to Kalman f�ltro den ja èdine kal� apotelèsmat�. Se tètoie peript¸seiqrhsimopoie�tai sun jw h mèjodo Particle filters (Condensation Algorithm) [13℄ h opo�aqrhsimopoie� diakrit  sun�rthsh puknìthta pijanìthta gia thn montelopo�hsh th eswte-rik  kat�stash.3.4 Epilog  tou F�ltrou Kalman3.4.1 UpìjeshSe aut  thn enìthta ereun�tai kai dikaiologe�tai h upìjesh sqetik� me thn beltistì-thta tou f�ltrou Kalman gia thn suneq  an�qneush tou pros¸pou sti akolouj�e b�nteo.'Opw exhg jhke kai prohgoumènw, gia na sthriqje� mia tètoia upìjesh prèpei na dojoÔnende�xei, oti ìloi oi par�metroi tou montèlou State Observer mporoÔn na montelopoih-joÔn epituq¸ me disdi�state qwrikè gkaousianè sunart sei puknìthta pijanìthta.Se aut n thn enìthta prosomoi¸netai, me thn bo jeia tou aniqneut  pros¸pou, h qwrik sun�rthsh puknìthta pijanìthta th mètrhsh kai ektim¸ntai oi basikè par�metroi th.3.4.2 Prosomo�wsh'Opw prokÔptei apì thn jewr�a sqetik� me ton algìrijmo AdaBoost, o aniqneut pros¸pou pou perigr�fhke sthn prohgoÔmenh enìthta d�nei mia kal  ekt�mhsh sqetik� me thnpijanìthta Ôparxh   mh pros¸pou sto komm�ti th eikìna pou efarmìzetai. Efarmìzontaloipìn ton aniqneut  se k�je shme�o mia perioq  th eikìna kont� sto prìswpo (Sq ma3.1), kai apotup¸nonta thn tim  (pijanìthta) pou autì d�nei, mporoÔme na p�roume miaekt�mhsh sqetik� me thn qwrik  sun�rthsh puknìthta pijanìthta gia thn Ôparxh   mhpros¸pou. To apotèlesma fa�netai sto Sq ma 3.2 arister�. Blèpoume oti se mia perioq kont� sto prìswpo o aniqneut  pros¸pou d�nei apotelèsmata ta opo�a moi�zoun se meg�lobajmì me mia disdi�stath gkaousian . M�lista kinoÔmenoi kat� m ko twn axìnwn x kai ymporoÔme na k�noume kai moa arqik  ekt�mhsh th tupik  apìklish aut  th gkaousian se k�je �xona (σx , σy pixels ) h opo�a ekfr�zetai se pixels kai exart�tai fusik� tìsoapì thn kl�maka th eikìna ìso kai apì to mègejo tou pros¸pou (gia par�deigma sthnparoÔsa efarmog  e�nai σx = 6.3 , σy = 6.9 pixels).Me autì ton trìpo kataskeu�zetai mia disdi�stath gkaousian  sun�rthsh (Sq ma 3.2dexi�) h opo�a montelopoie� thn qwrik  sun�rthsh puknìthta pijanìthta th mètrhshpou prokÔptei apì ton aniqneut  pros¸pwn. 'Opw g�netai optik� fanerì apì to Sq ma 3.2,



44 Kef�laio 3. Suneq  An�qneush se Akolouj�e B�nteo th Nohmatik oi dÔo disdi�state katanomè den diafèroun kai polÔ se perioqè kont� sto prìswpo, kaiepomènw h parap�nw montelopo�hsh den apèqei polÔ apì thn pragmatikìthta.Sto Sq ma 3.3 parousi�zontai ta apotelèsmata tou �diou peir�mato, ìpou o aniqneut pros¸pou èqei ekpaideute� me thn b�sh ekpa�deush tou montèlou 1 (bl. enìthta 2.4.2).Kai se aut  thn per�ptwsh h mètrhsh prosegg�zei mia disdi�stath gkaousian  me megalÔ-tero ìmw eÔro (megalÔterh abebaiìthta) idia�tera ston �xona twn x. Aut  h parat rhshepibebai¸nei kai p�li thn uperoq  tou montèlou 3 th b�sh ekpa�deush, ìson afor� thnakr�beia twn apotelesm�twn.3.4.3 Sumper�smata kai epiplèon paradoqèTo parap�nw pe�rama dikaiologe� thn montelopo�hsh tìso tou sf�lmato mètrhsh ìsokai th arqik  eswterik  kat�stash me disdi�state qwrikè gkaousianè sunart seipuknìthta pijanìthta, gia ti opo�e ègine ep�sh ekt�mhsh twn paramètrwn mèsh tim  kaitupik  apìklish. Epomènw k�nonta thn epiplèon paradoq  oti kai to sf�lma prìbleyhja èqei thn morf  disdi�stath gkaousian  (oi par�metroi th opo�a ja ektimhjoÔn pei-ramatik�) mpore� na uiojethje� h ekdoq  tou f�ltrou Kalman w h bèltisth gia thn suneq an�qneush tou pros¸pou sti akolouj�e b�nteo.

Sq ma 3.1: Perioq  prosomo�wsh
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Sq ma 3.2: Optik  anapar�stash th disdi�stath an�qneush, kai montelopo�hsh me gka-ousian 
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46 Kef�laio 3. Suneq  An�qneush se Akolouj�e B�nteo th Nohmatik 3.5 Sqediasmì kai Ulopo�hsh enì F�ltrou Kalman3.5.1 F�ltro KalmanSthn prohgoÔmenh enìthta dikaiolog jhke h gkaousian  montelopo�hsh th mètrhshpou upagoreÔei thn epilog  tou f�ltrou Kalman, w th bèltisth mèjodo gia ton sunduasmì(fusion) th mètrhsh me thn prìbleyh. To f�ltro Kalman [3℄ w mia upoper�ptwsh touf�ltrou Bayes, e�nai kai autì èna anadromikì algìrijmo dÔo bhm�twn (prìbleyh kaiananèwsh) se k�je qronik  stigm . Sto b ma prìbleyh ektim�tai h eswterik  kat�stashth qronik  stigm  t san sun�rthsh th eswterik  kat�stash sthn t− 1, en¸ to b maananèwsh, h eswterik  kat�stash anane¸netai me b�sh thn mètrhsh th qronik  stigm 
t. Oi exis¸sei tou f�ltrou Kalman se aut� ta dÔo b mata fa�nontai parak�tw:

Time Update

xt|t−1 = Axt−1|t−1 +But (3.5)
Pt|t−1 = APt−1A

T +Q (3.6)
Measurement Update

Kt = Pt|t−1H
T (HPt|t−1H

T +R)−1 (3.7)
xt|t = xt|t−1 +Kt(yt −Hxt|t−1) (3.8)

Pt|t = Pt|t−1 +KtHPt|t−1 (3.9)
xt|t: e�nai h mèsh tim  th sun�rthsh puknìthta pijanìthta (pdf) th eswterik  kat�-stash thn stigm  t.
xt|t−1 e�nai h ekt�mhsh th mèsh tim  th sun�rthsh puknìthta pijanìthta th eswterik kat�stash thn stigm  t mèsw th prìbleyh.
Pt|t: e�nai h metablhtìthta (variance) th sun�rthsh puknìthta pijanìthta th eswteri-k  kat�stash thn stigm  t.
Pt|t−1: e�nai h ekt�mhsh th metablhtìthta th sun�rthsh puknìthta pijanìthta theswterik  kat�stash thn stigm  t mèsw th prìbleyh.
yt: h mèsh tim  th qwrik  pdf th mètrhsh (ed¸ h jèsh pou epistrèfei o aniqneut pros¸pou).
ut: h e�sodo tou sust mato sto b ma th prìbleyh (mpore� na anafèretai se exwterik taqÔthta   dunamik ).
A: ed¸ o monadia�o p�naka I.
H: o p�naka pou sundèei thn mètrhsh me thn eswterik  kat�stash.
B: o p�naka me ton opo�on ja pollaplasiaste� h e�sodo (ed¸ o monadia�o p�naka I).
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Q: H metablhtìthta th qwrik  pdf th prìbleyh.
R: H metablhtìthta th qwrik  pdf th mètrhsh.3.5.2 Sqediastikè apof�sei gia thn ulopo�hsh tou f�ltrou KalmanGia na ulopoihje� to f�ltro Kalman kai na entaqje� epituq¸ sto up�rqon pla�sioan�qneush pros¸pou, prèpei na parjoÔn k�poie sqediastikè apof�sei kai na ektimhjoÔnoi suntelestè twn exis¸sewn pou perigr�fhkan sthn prohgoÔmenh enìthta. Se aut  thnenìthta analÔontai k�poie paradoqè pou èginan sqetik� me ti metablhtè th anadromik diadikas�a, kaj¸ kai oi timè twn suntelest¸n pou epilèqjhkan w oi katallhlìtere giathn ulopo�hsh tou f�ltrou:Eswterik  kat�stash (x, P )Efìson den diajètoume kam�a plhrofor�a gia thn metablhtìthta th taqÔthta, oÔteèqoume k�poia mètrhsh th taqÔthta, e�nai pio swstì na mhn thn sumperil�boume sthneswterik  kat�stash (x, P ). Ex�llou h k�nhsh tou kefalioÔ e�nai sqetik� mikr  kai spa-smwdik , gegonì pou upodeiknÔei èna aplì kinhtikì (stajer  taqÔthta w e�sodo sthnprìbleyh) par� k�poio dunamikì montèlo (epit�qunsh w e�sodo) . Epomènw sthn eswte-rik  kat�stash sumperilamb�netai mìno h disdi�stath jèsh th an�qneush. H eswterik kat�stash arqikopoie�tai me thn jèsh (x) th an�qneush sthn pr¸th eikìna th akolouj�ab�nteo, kai ton p�naka P na e�nai diag¸nio, me ta stoiqe�a th diagwn�ou na e�nai ta σ2

x kai
σ2
y ìpw aut� upolog�sthkan apì thn prosomo�wsh th prohgoÔmenh enìthta.Mètrhsh yH mètrhsh y e�nai fusik� h jèsh pou epistrèfei o aniqneut  pros¸pwn, kai epomènwo p�naka H e�nai o monadia�o 2 × 2E�sodo sto sÔsthma uEfìson h eswterik  kat�stash perilamb�nei mìno thn jèsh tou antikeimènou, h e�sodosto b ma th prìbleyh antiproswpeÔei k�poia ekt�mhsh sqetik� me to pw ja kinhje�to antike�meno thn epìmenh qronik  stigm  (taqÔthta). Sqetik� me aut  thn metablht ,dokim�sthkan tr�a kinhtik� montèla ta opo�a perigr�fontai analutik� sthn epìmenh enìthta.Metablhtìthta tou jorÔbou mètrhsh R'Oson afor� thn metablhtìthta th mètrhsh, h prosomo�wsh pou epiqeir jhke sthnprohgoÔmenh enìthta d�nei k�poia enìrash sqetik� me thn tim  (se pixels) pou mpore� nap�rei. Parìla aut�, o jìrubo autì diafèrei apì eikìna se eikìna, kai e�nai logikì naexart�tai apì thn tim  pou epistrèfei o aniqneut  pros¸pwn se k�je per�ptwsh. Giaautìn ton lìgo uiojete�tai èna montèlo ìpou h metablhtìthta th mètrhsh e�nai p�nta èna
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x/detection value) kai (σ2

y/detection value) ìpou detection

value e�nai h tim  (apì 0 mèqri 1) pou epistrèfei o aniqneut  pros¸pwn, kai σx, σy oi timèth prosomo�wsh. Me b�sh to parap�nw montèlo, h metablhtìthta e�nai mikr  ìtan han�qneush epistrèfei mia meg�lh tim , all� megal¸nei polÔ an h an�qneush e�nai entel¸l�jo. Me autì ton trìpo, se tètoie peript¸sei, d�netai megalÔterh empistosÔnh sthnprìbleyh, par� sthn mètrhsh.Metablhtìthta tou jorÔbou sto b ma prìbleyh QO jìrubo tou b mato prìbleyh jewre�tai gkaousianì me metablhtìthta ep�sh dia-g¸nio p�naka. Oi timè twn stoiqe�wn th diagwn�ou exart¸ntai apì to kinhtikì montèlo pouuiojete�tai (bl. epìmenh enìthta), kai upolog�zontai peiramatik�.Enswm�twsh tou F�ltrou sto up�rqwn pla�sio an�qneushMe b�sh ta parap�nw kai me ta kinhtik� montèla pou ja analujoÔn sthn epìmenh pa-r�grafo e�nai dunat  h enswm�twsh th prìbleyh kai tou f�ltro Kalman sto up�rqonpla�sio an�qneush pros¸pou. Prin thn an�qneush se k�je eikìna, prohge�tai to st�dio thprìbleyh, ìpou me b�sh thn eswterik  kat�stash th prohgoÔmenh qronik  stigm ,upolog�zetai h pijanìterh jèsh th epìmenh san mia sun�rthsh puknìthta pijanìthta.Efìson up�rqei empistosÔnh sthn prìbleyh, h an�qneush epiqeire�tai plèon mìno sthn pe-rioq  ìpou h pijanìthta, b�sei th prìbleyh, e�nai mh amelhtèa. Pio sugkekrimèna, epeid sqedìn to sÔnolo th pijanìthta perior�zetai sthn perioq  metaxÔ x+ 3σ kai x− 3σ, aut ja e�nai kai h perioq  ìpou ja epiqeirhje� an�qneush sthn epìmenh eikìna. Me autì tontrìpo epitugq�netai shmantik  epit�qunsh th sunolik  diadikas�a,3.5.3 Kinhtik� montèla'Oson afor� to st�dio th prìbleyh, ulopoi jhkan kai dokim�sthkan 3 diaforetik� ki-nhtik� montèla. Dedomènou oti h k�nhsh tou pros¸pou e�nai sqetik� arg , to pr¸to montèloupojètei akinhs�a, problèponta thn epìmenh jèsh tou pros¸pou akrib¸ sto shme�o thprohgoÔmenh. Sthn sunèqeia prote�nontai dÔo pio sÔnjeta montèla, ta opo�a upojètoundiat rhsh th up�rqousa k�nhsh, en¸ g�netai peiramatismì me ti paramètrou tou ¸stena apofeuqje� h ast�jeia tou sust mato.Gia thn axiolìghsh twn tri¸n aut¸n kinhtik¸n montèlwn, kai sunolik� tou plais�ousuneqoÔ an�qneush pou anaptÔssetai se aut  thn enìthta, qrhsimopoioÔntai ta dÔo sh-meiwmèna benchmarks akolouji¸n b�nteo pou qrhsimopoi jhkan kai sto prohgoÔmeno kef�-laio gia thn axiolìghsh th an�qneush. 'Opw anafèrjhke kai prohgoumènw, to prìswpose aut� ta b�nteo kine�tai sqetik� arg�. Gia na prosomoiwjoÔn pio gr gore kin sei kaina kataskeuaste� èna kalì f�ltro gia thn genik  per�ptwsh, kataskeu�zontai pio araièakolouj�e, qrhsimopoi¸nta èna an� n (ìpou h par�metro n kuma�netai apì 1 mèqri 13)diadoqik� frames twn akolouji¸n b�nteo. To f�ltro pou kataskeu�zetai me k�je èna apì taparak�tw kinhtik� montèla efarmìzetai p�nw se ìle autè ti akolouj�e kai axiologe�tai



3.5 Sqediasmì kai Ulopo�hsh enì F�ltrou Kalman 49me autìn ton trìpo se èna meg�lo f�sma taqut twn. Se k�je m�a apì ti parak�tw upoenì-thte analÔontai oi sqediastikè apof�sei pou aforoÔn to ek�stote kinhtikì montèlo, kaiparousi�zontai ta posost� an�qneush pou epitugq�nontai upì ti diaforetikè taqÔthtek�nhsh tou pros¸pou.Ak�nhto montèloSe autì to kinhtikì montèlo h prìbleyh sqetik� me thn epìmenh jèsh tou pros¸poue�nai akrib¸ h jèsh tou sthn prohgoÔmenh eikìna th akolouj�a b�nteo. Met� apì pei-ramatismoÔ p�nw sthn abebaiìthta th prìbleyh (jìrubo w), epilèqjhke h tim  twn 6
pixels kai w pro tou dÔo �xone w kat�llhlh gia thn tupik  apìklish. 'Otan autì tomontèlo efarmoste� kai sta 2 benchmarks d�nei 100% swst� apotelèsmata, epitugq�nontaswst  an�qneush akìmh kai sti peript¸sei ìpou to prìswpo epikalÔptetai pl rw apìta qèria. Par� ìla aut�, dokim�zonta to parap�nw montèlo se megalÔtere taqÔthte taapotelèsmata e�nai arket� qeirìtera, kaj¸ h an�qneush adunate� na akolouj sei thn ta-qÔtath k�nhsh tou pros¸pou. Ta posost� epituq�a gia ìle ti taqÔthte parousi�zontaisto Sq ma 3.4.

0 2 4 6 8 10 12 14
0.7

0.75

0.8

0.85

0.9

0.95

1

Frame Rate

D
et

ec
tio

n 
R

at
e

Detection Results using static model with Kalman Filter (benchmark1)

0 2 4 6 8 10 12 14
0.88

0.9

0.92

0.94

0.96

0.98

1

Frame Rate

D
et

ec
tio

n 
R

at
e

Detection Results using static model with Kalman Filter (benchmark2)

Sq ma 3.4: Posost� an�qneush upo auxanìmene proshmeiwmène taqÔthte sto ak�nhtomontèlo, sta dÔo benchmarksAplì kinhtikì montèloGia thn belt�wsh twn apotelesm�twn se peript¸sei ìpou h k�nhsh tou pros¸pou e�naigr gorh, dokim�sthke èna kinhtikì montèlo pou upojètei oti to antike�meno pro an�qneushja suneq�sei na kine�tai pro thn �dia kateÔjunsh, kai me thn �dia taqÔtht�. H tupik apìklish th prìbleyh (abebaiìthta) arqik� diathre�tai sta 6 pixels ìpou to montèlo èdinekal� apotelèsmata gia mikrè taqÔthte. Apì to di�gramma posost¸n an�qneush (Sq ma3.5) fa�netai oti kai autì to montèlo apotugq�nei se meg�le taqÔthte, gia diaforetikoÔlìgou aut  thn for�. T¸ra to sÔsthma g�netai astajè, me thn ènnoia oti ìtan h taqÔthta



50 Kef�laio 3. Suneq  An�qneush se Akolouj�e B�nteo th Nohmatik g�nei meg�lh, h an�qneush q�nei to prìswpo kai met� talant¸netai gÔrw tou qwr� na mpore�na stajeropoihje� xan�. K�nonta peir�mata me megalÔtere timè th tupik  apìklishth prìbleyh, to fainìmeno autì g�netai ligìtero sÔnhje all� suneq�zei na up�rqei, en¸par�llhla ta apotelèsmata g�nontai qeirìtera sthn per�ptwsh twn mikr¸n taqut twn. Togegonì autì upodeiknÔei oti h abebaiìthta th prìbleyh den prèpei na e�nai stajer , all�prèpei na exart�tai apì to mètro th taqÔthta. 'Etsi katal goume sto teleuta�o, piopolÔploko kinhtikì montèlo pou parousi�zetai sthn epìmenh enìthta.
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Sq ma 3.5: Posost� an�qneush upo auxanìmene prosomoiwmène taqÔthte sto aplì ki-nhtikì montèlo, sta dÔo benchmarksSÔnjeto kinhtikì montèloTo teleuta�o kinhtikì montèlo pou dokim�zetai apotele� ènan sunduasmì twn dÔo proh-goumènwn. Epidi¸kei na ekmetalleute� ta polÔ kal� apotelèsmata tou statikoÔ montèlougia mikrè taqÔthte, kai na ta genikeÔsei sti meg�le. Kai autì to montèlo upojètei thndiat rhsh th k�nhsh, all� uiojete� mia pio metriopaj  prìbleyh gia thn taqÔthta, h opo�ae�nai t¸ra èna mèro mìno (ed¸ to èna tr�to) th prohgoÔmenh. Me autìn ton trìpo hprìbleyh den ja apomakrÔnetai epik�nduna se peript¸sei apìtomh enallag  th k�nhsh.M�a epiplèon exèlixh se sqèsh me to prohgoÔmeno kinhtikì montèlo e�nai oti plèon habebaiìthta th prìbleyh den e�nai mia stajer� all� exart�tai apì to mètro th proble-pìmenh taqÔthta. Pio sugkekrimèna oi tupikè apokl�sei kai w pro tou dÔo �xoneja e�nai �se me mia stajer� (6 pixels) sun to tripl�sio th sunist¸sa th taqÔthta proaut  thn kateÔjunsh. 'Etsi akìmh kai an h upìjesh e�nai l�jo, kai to prìswpo kinhje�pro thn ant�jeth kateÔjunsh me thn �dia taqÔthta, p�li ja br�sketai mèsa sta ìria thabebaiìthta.Autì to kinhtikì montèlo shmei¸nei 100% epituq�a sqedìn se olìklhro to f�sma twntaqut twn (Sq ma 3.6). To gegonì oti èqoume meg�lh epituq�a anexart tw taqÔthta,kajist� to montèlo axiìpisto sthn genik  per�ptwsh.
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Sq ma 3.6: Posost� an�qneush upo auxanìmene prosomoiwmène taqÔthte sto sÔnjetokinhtikì montèlo, sta dÔo benchmarks3.6 Apìdosh EmpistosÔnh sthn An�qneushTo pla�sio gia apl  kai suneq  an�qneush pros¸pou pou anaptÔqjhke se autì kai stoprohgoÔmeno kef�laio, epistrèfei p�nta w apotèlesma m�a perioq  th eikìna, h opo�aapotele� to pio pijanì prìswpo, akìmh kai an to apotèlesma autì e�nai arket� abèbaio. Togegonì autì mpore� na apotelèsei prìblhma se pio polÔploke efarmogè pou sthr�zontaisthn swst  an�qneush tou pros¸pou gia peraitèrw an�lush, ìpw gia par�deigm� h an�-qneush th pìza (bl. epìmeno kef�laio). Se tètoie efarmogè e�nai �sw protimìtero namhn epistrafe� kanèna apotèlesma (kai na qrhsimopoihje� apl� prìterh gn¸sh), apì to nadoje� m�a entel¸ l�jo an�qneush. Gia autì ton lìgo, se aut  thn enìthta epiqeire�tai hapìdosh empistosÔnh sto apotèlesma th an�qneush, ¸ste na mporoÔn na aporrifjoÔnapotelèsmata pou pijan¸ na e�nai lanjasmèna.Oi metablhtè pou sundèontai me thn poiìthta th an�qneush e�nai h tim  pou epistrè-fei o aniqneut  pros¸pwn (detection value) pou perigr�fhke sto pr¸to kef�laio, kai hmetablhtìthta th eswterik  kat�stash (P ) pou or�sthke kat� thn stoqastik  an�lushautoÔ tou kefala�ou. Apì thn tim  m�a ek twn dÔo aut¸n metablht¸n mporoÔme na p�roumek�poia enìrash sqetik� me thn empistosÔnh pou apod�detai sthn an�qneush.Gia thn paragwg  statistik¸n stoiqe�wn sqetik� me ti timè twn dÔo aut¸n metablh-t¸n se peript¸sei swst¸n kai l�jo aniqneÔsewn kataskeu�zetai èna akìmh pio dÔskolo
benchmark akolouj�a eikìnwn th nohmatik , ìpou h suneq  an�qneush apotugq�nei k�-poie forè se meg�le taqÔthte. Oi timè tìso th metablht  an�qneush (detection
value) ìso kai th tupik  apìklish th eswterik  kat�stash (P ) apojhkeÔontai tìsose peript¸sei swst  ìso kai se peript¸sei l�jou an�qneush kai qrhsimopoioÔntai giathn ekpa�deush apl¸n grammik¸n classifiers pou apofas�zoun sqetik� me thn poiìthta thepistrefìmenh an�qneush. An�loga me thn anoq  se l�jo aniqneÔsei pou mporoÔme naepitrèyoume, mporoÔme na apod¸soume b�rh sti swstè kai l�jo anagnwr�sei kat� thndiadikas�a th ekpa�deush.



52 Kef�laio 3. Suneq  An�qneush se Akolouj�e B�nteo th Nohmatik Sthn sugkekrimènh efarmog  ekpaideÔontai 2 classifiers, èna apì thn tupik  apìklishth eswterik  kat�stash P , kai èna apì thn tim  pou epistrèfei o aniqneut  pros¸pwntou Kefala�ou 1. Apì ta posost� an�qneush pou parousi�zontai ston parak�tw p�naka,g�netai fanerì oti h tupik  apìklish th stoqastik  metablht  th eswterik  kat�stashe�nai èna pio isqurì de�kth th poiìthta th an�qneush, apì thn tim  pou epistrèfei oaniqneut  pou ekpaideÔthke b�sei tou algor�jmou AdaBoost.
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Sq ma 3.7: Parous�ash twn tupik¸n apokl�sewn se peript¸sei swst¸n kai l�jo aniqneÔ-sewn
Classifiction feature Classification error (weighted) Classification error (unweighted)

Inner State Std 10.3% 17.5%

Detection Value 11.91% 23.26%3.7 Sumper�smataSunoy�zonta, se autì to kef�laio ègine melèth, sqediasmì kai ulopo�hsh mia sto-qastik  mejìdou suneqoÔ an�qneush (tracking) tou pros¸pou, basismènh sto f�ltro
Kalman. Arqik� analÔjhke to prìblhma kai dikaiolog jhke h epilog  tou f�ltrou Kalmanw tou bèltistou. Sthn sunèqeia ègine ektetamènh perigraf  twn paradoq¸n kai twn sqedia-stik¸n apof�sewn pou p�rjhkan kat� thn ulopo�hsh tou f�ltrou, en¸ par�llhla h mèjodoaxiolog jhke p�nw sta benchmarks th nohmatik . Tèlo, megèjh autoÔ tou stoqastikoÔmontèlou qrhsimopoi jhkan gia thn apìdosh empistosÔnh sthn an�qneush. Tìso h epilo-g  tou f�ltrou Kalman, ìso kai oi paradoqè pou p�rjhkan kat� ton sqediasmì kai thnulopo�hs  tou dikai¸nontai apì ta telik� posost� an�qneush.Me thn efarmog  tou parap�nw stoqastikoÔ f�ltrou, oi epidìsei tou aniqneut  bel-ti¸jhkan stou parak�tw tome�:
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Sq ma 3.8: Parous�ash twn tim¸n an�qneush se peript¸sei swst¸n kai l�jo aniqneÔsewn3.7.1 Posost� an�qneush'Opw f�nhke kai apì ta parap�nw diagr�mmata ta posost� an�qneush kai sta 2 shmeiw-mèna benchmarks, pou kataskeu�sthkan kai qrhsimopoi jhkan sto Kef�laio 1, anèbhkanft�nonta to 100% sqedìn gia ìle ti prosomoiwmène taqÔthte. Autì den shma�nei o-ti h suneq  an�qneush èqei p�nta pl rh epituq�a, all� sti perissìtere peript¸sei taapotelèsmata e�nai polÔ ikanopoihtik�. An to prìswpo kine�tai sun jw me mikrè taqÔ-thte (ìpw sumba�nei sun jw sta b�nteo th nohmatik ), tìte to aplì ak�nhto montèlod�nei polÔ ikanopoihtik� kai arket� stajer� apotelèsmata. Gia megalÔtere taqÔthte ka-lÔtera apotelèsmata d�nei to sÔnjeto kinhtikì montèlo, all� up�rqei p�nta o k�nduno thast�jeia tou sust mato.3.7.2 TaqÔthta an�qneushO aniqneut  pros¸pwn met� thn stoqastik  an�lush pou prohg jhke kai b�sh tou ge-gonìto oti plèon h an�qneush g�netai mìno se perioqè ±3σ apì thn problepìmenh epìmenhjèsh, g�netai polÔ pio gr goro apì prin. En¸ sto prohgoÔmeno b ma, kai met� apì ìleti prosp�jeie beltistopo�hsh h taqÔthta e�qe ft�sei apì ta 0.15 frames/sec (apl  an�-qneush sto sÔnolo th eikìna kai se ìle ti kl�make) sta 2.85 frames/sec (an�qneush seperiorismènh perioq  k�nhsh tou pros¸pou kai mìno se kontinè kl�make), t¸ra h taqÔthtaan�qneush ft�nei ta 4.15 frames/sec. H tim  twn 4 frames/sec e�nai kont� se pragmatikìqrìno, kai dedomènou oti h efarmog  e�nai ulopoihmènh se gl¸ssa programmatismoÔ Matlab,uponoe� el�qisto upologistikì kìsto se mia pio qamhloÔ epipèdou gl¸ssa.
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Sq ma 3.9: Apotelèsmata suneqoÔ an�qneush upì metaballìmenh pìza kai ekten  epik�-luyh3.7.3 EmpistosÔnh kai apìfash sqetik� me thn poiìthta th an�-qneushSto teleuta�o mèro aut  thn melèth ègine fanerì oti h tupik  apìklish th eswteri-k  kat�stash tou stoqastikoÔ montèlou, e�nai èna kalÔtero de�kth th poiìthta than�qneush apì thn tim  pou epistrèfei o aniqneut . Qrhsimopoi¸nta autì to mègejoplèon, kai ènan aplì classifier, e�nai dunatìn na epilèxoume an ja empisteutoÔme to apotè-lesma th an�qneush gia to epìmeno st�dio th efarmog ,   an ja basistoÔme se prìterhplhrofor�a sthn per�ptwsh pou h an�qneush emperièqei meg�lh pijanìthta l�jou.



Kef�laio 4Ekt�mhsh th Pìza
4.1 Eisagwg H autìmath ekt�mhsh th trisdi�stath pìza tou anjr¸pinou pros¸pou (Head Pose

Estimation) apì upologist , mia leitourg�a tìso eÔkolh gia ton �njrwpo, èqei apasqol seipolloÔ melethtè kai èqei proseggiste� me polloÔ diaforetikoÔ trìpou ta teleuta�aqrìnia. Maz� me ton entopismì kai thn anagn¸rish tou pros¸pou, apotele� èna apì ta tr�akÔria probl mata th montelopo�hsh tou anjr¸pinou pros¸pou me anar�jmhte efarmogè,apì èxupna sust mata gia gr goro   enallaktikì qeirismì H/U mèqri thn parakoloÔjhshth prosoq  tou odhgoÔ gia thn apofug  atuqhm�twn.To anjr¸pino prìswpo èqei trei bajmoÔ eleujer�a ìson afor� thn strèyh. Sthnbibliograf�a oi trei autè strèyei anafèrontai w Pitch, Yaw kai Roll. H strèyh Roll,e�nai h peristrof  tou pros¸pou p�nw sto disdi�stato ep�pedo th eikìna, to Yaw e�naih trisdi�stath strèyh apì prof�l se prof�l, en¸ to Pitch e�nai h k�jeth sti �lle dÔotrisdi�stath strèyh. Oi trei autè strèyei fa�nontai parastatik� sto Sq ma 4.1.'Oson afor� thn nohmatik  gl¸ssa, h pìza tou pros¸pou apotele� shmantikì stoiqe�oplhrofor�a gia ta legìmena tou nohmatist . Gia par�deigma erwt sei, arn sei kai u-pojetikè prot�sei ekfr�zontai p�nta me thn bo jeia th pìza tou kefalioÔ. Ep�sh hekt�mhsh th pìza e�nai èna shmantikì pr¸to b ma gia thn ekt�mhsh tou blèmmato touomilht  (gaze), stoiqe�o pou ep�sh mpore� na ephre�sei shmantik� ta legìmena tou.Oi idiaiterìthte pou parousi�zontai sti akolouj�e eikìnwn th nohmatik  gl¸ssae�nai ìti sun jw den up�rqei est�ash sto prìswpo kai epomènw oi eikìne tou pros¸poue�nai qamhl  an�lush, en¸ polÔ suqn� parousi�zetai to fainìmeno merik    olik  epi-k�luyh tou pros¸pou apì ta qèria. Ta dÔo aut� qarakthristik� kajistoÔn thn autìmathanagn¸rish th pìza se autì to prìblhma arket� dÔskolh, kai oi perissìtere klassi-kè prosegg�sei apotugq�noun. Ant�jeta, o nohmatist  perior�zetai se sqetik� mikrèstrèyei Yaw kai Pitch (mèqri 45 ◦), en¸ h strèyh Roll e�nai sun jw mikr  èw amelhtèa.Sto kef�laio autì g�netai arqik� mia sunoptik  parous�ash kai kathgoriopo�hsh k�poiwnapì ti shmantikìtere mejìdou gia thn ekt�mhsh th pìza tou anjr¸pinou pros¸pou, meidia�terh èmfash se prosegg�sei euèliktwn gr�fwn pros¸pou, ìpw ta Active Appearance55



56 Kef�laio 4. Ekt�mhsh th Pìza

Sq ma 4.1: Bajmo� Eleujer�a tou Anjr¸pinou Pros¸pou [8℄.
Models. Sto tèlo th enìthta prote�netai mia enallaktik  idèa gia thn an�qneush thpìza, pou ekmetalleÔetai ti aplopoi sei ìson afor� thn nohmatik  gl¸ssa (mikrì eÔrogwni¸n strèyh), kai apodeiknÔetai idia�tera eÔrwsth sthn per�ptwsh th epik�luyh apìta qèria.4.2 Diaforetikè Prosegg�sei gia thn Ekt�mhsh thPìzaH paroÔsa enìthta k�nei mia bibliografik  anaskìphsh k�poiwn ek twn shmantikìterwnmejìdwn pou èqoun protaje� kai qrhsimopoihje� epituq¸ gia thn ekt�mhsh th pìza touanjr¸pinou pros¸pou. Oi diaforetikè mèjodoi mporoÔn na kathgoriopoihjoÔn se om�dean�loga me thn skopi� apì thn opo�a prosegg�zoun to prìblhma. H k�je om�da mejìdwnantimetwp�zei diaforetikè duskol�e kai periorismoÔ, en¸ parousi�zei kai an�loga pleo-nekt mata [8℄.4.2.1 Kathgoriopo�hsh me b�sh thn emf�nishAut  h kathgor�a antimetwp�zei to prìblhma apì thn skopi� th kathgoriopo�hsh twneikìnwn pros¸pwn se diakritè kl�sei. Oi kl�sei autè antistoiqoÔn se k�poie proepi-legmène diakritè pìze, en¸ gia thn kathgoriopo�hsh èqoun protaje� arketè diaforetikèmèjodoi.H pio apl  mèjodo kathgoriopo�hsh e�nai h diadoqik  sÔgkrish th eikìna tou pros¸-pou me eikìne pros¸pwn se diakritè proshmeiwmène pìze. Gia k�je pijan  diakrit  pìza
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Sq ma 4.2: Ekt�mhsh th pìza me diakrit  kathgoriopo�hsh me b�sh thn emf�nish [8℄.kataskeu�zetai mia kl�sh pou apotele�tai apì èna sÔnolo diaforetik¸n pros¸pwn se aut thn pìza. To nèo, pro anagn¸rish, prìswpo sugkr�netai sthn sunèqeia me k�je eikìna sek�je m�a apì ti diakritè autè kl�sei, kai epilègetai w swst  h kl�sh ìpou epitugq�-netai to kalÔtero ta�riasma [12℄. Gia na doje� èmfash sthn pìza, par� sthn emf�nish toupros¸pou kat� thn kathgoriopo�hsh, oi eikìne filtr�rontai me kateujuntik� f�ltra Ga-

bor. Me autìn ton trìpo amblÔnontai oi leptomèrei th emf�nish, en¸ ente�nontai k�poiakateujunìmena qarakthristik� tou pros¸pou ìpw h mÔth   to stìma.Se aut  thn kathgor�a mejìdwn, sumperilamb�nontai kai oi mèjodoi pollapl¸n aniqneu-t¸n (detector arrays), ìpou mia seir� apì aniqneutè k�je èna apì tou opo�ou èqei ek-paideute� gia diaforetik  diakrit  pìza efarmìzontai sto prìswpo, kai w swst  pìzaepilègetai aut  th opo�a o ant�stoiqo aniqneut  d�nei jetik  ap�nthsh. Oi aniqneutèekpaideÔontai me b�sh k�poion algìrijmo ekm�jhsh, ìpou ta jetik� de�gmata e�nai eikìnepros¸pwn se mia sugkekrimènh pìza, kai ta arnhtik� de�gmata apoteloÔntai apì prìswpa segeitonikè pìze. Oi algìrijmoi ekm�jhsh pou èqoun qrhsimopoihje� gia aut  thn mèjodoe�nai oi AdaBoost, SVM ìpw ep�sh kai Neural Networks.Mia enallaktik  prosèggish sthn diakrit  kathgoriopo�hsh th pìza, prote�nei h mè-jodo idioq¸rwn th pìza (pose eigenspaces) [23℄. Me b�sh aut  thn idèa, kataskeu�zetaièna upoq¸ro gia k�je diakrit  pìza efarmìzonta ton metasqhmatismì An�lush Prw-teÔouswn Sunistws¸n (Principal Component Analysis) (bl. Par�rthma) p�nw se eikìne



58 Kef�laio 4. Ekt�mhsh th Pìzapros¸pwn aut  th pìza. H nèa eikìna pros¸pou prob�lletai p�nw se k�je ènan apìtou diakritoÔ autoÔ upoq¸rou, kai w swst  pìza epilègetai aut  ìpou h enèrgeia thprobol  megistopoie�tai.Oi parap�nw mèjodoi èqoun dokimaste� se meg�lo bajmì kai apod�doun sqetik� kal� seeikìne tìso uyhl  ìso kai qamhl  an�lush. Par� ìla aut� èqoun to basikì meionèkthm�ìti mporoÔn na d¸soun mìno diakrit� apotelèsmata ìson afor� thn pìza, e�nai arket� argèkat� thn efarmog  tou, kai profan¸, kaj¸ bas�zontai sthn emf�nish tou pros¸pou,ephre�zontai se polÔ meg�lo bajmì apì thn pijan  epik�luyh.4.2.2 Efarmog  euèliktwn montèlwn gr�fwn pros¸pouEisagwg Gia thn montelopo�hsh tou anjr¸pinou pros¸pou, èqoun protaje� arket� diaforetik�montèla euèliktwn gr�fwn, oi opo�oi èqoun thn idiìthta na prosarmìzontai sto anjr¸pinoprìswpo kai na montelopoioÔn to sq ma   kai thn emf�nis  tou. DÔo apì ta spoudaiìteraaut� montèla e�nai ta Active Shape Models (ASMs) [14℄ kai ta Active Appearance Models

(AAMs) [5℄ [17℄, ta opo�a qrhsimopoioÔn ton metasqhmatismì Principal Component Analysisgia aut  thn montelopo�hsh. Oi idèe twn ASM kai twn AAM sthr�zontai sto gegonì ìtito sq ma kai h emf�nish tou anjr¸pinou pros¸pou èqoun peperasmènh metablhtìthta, kaimporoÔn na perigr�foun apì ènan q¸ro sqetik� mikr  di�stash. O metasqhmatismì Prin-

cipal Component Analysis (PCA) p�nw se gr�fou sq mato   se eikìne pros¸pwn èqeithn idiìthta na kataskeu�zei tètoiou q¸rou perigraf . Me autì ton trìpo, tìso to sq -ma ìso kai h emf�nish tou pros¸pou, mporoÔn na parastajoÔn me èna grammikì montèlo ¸èna stajmismèno �jroisma apì ti kÔrie sunist¸se tou q¸rou p�nw ston opo�on prob�lleio metasqhmatismì Principal Component Analysis. O metasqhmatismì autì kaj¸ kai oibasikè idèe gia thn montelopo�hsh kai thn efarmog  twn Active Shape Models kai Active

Appearance Models perigr�fontai sto Par�rthma. Se aut  thn upoenìthta suzhtiètai hdunatìtht� tou na parèqoun eÔrwsth kai akrib  ekt�mhsh th pìza, mèsw tou elègqoutwn sunistws¸n tou ston q¸ro probol  pou dhmiourge�tai apì ton metasqhmatismì PCA.
Active Shape ModelsH efarmog  twn euèliktwn gr�fwn Active Shape Models (bl. Par�rthma) p�nw stoanjr¸pino prìswpo parèqei thn dunatìthta epituqoÔ anapar�stash twn prwtogen¸n pa-ragìntwn paramìrfwsh tou sq matì tou. H pìza tou pros¸pou apotele� ènan apì toukÔriou par�gonte paramìrfwsh tou sq mato, kai ìpw fa�netai sto Sq ma 4.3, h pa-ramìrfwsh lìgw metabol  th pìza sugkentr¸netai sti pr¸te kÔrie sunist¸se pouprokÔptoun apì ton metasqhmatismì Principal Component Analysis. Pio sugkekrimèna,h efarmog  tou PCA p�nw stou gr�fou pros¸pou (ASM) te�nei na diaqwr�zei ti treistrèyei tou pros¸pou Yaw, Pitch kai Roll kai na ti anaparist� apì ti trei pr¸te kÔ-rie sunist¸se. Aut  h parat rhsh prote�nei ìti apl¸ elègqonta ti trei pr¸te kÔrie



4.2 Diaforetikè Prosegg�sei gia thn Ekt�mhsh th Pìza 59sunist¸se tou gr�fou sq mato mpore� na doje� mia sumpag  ekt�mhsh th pìza.Par� ìla aut� autì o diaqwrismì e�nai dunatì mìno ìtan h metabol  th pìza e�naiidia�tera mikr  (apì -20 mèqri 20 mo�re). 'Opw ja parousiaste� parak�tw, sti peript¸-sei pou h pìza tou pros¸pou metab�lletai shmantik�, o metasqhmatismì PCA diaqwr�zeimen thn paramìrfwsh lìgw strèyh apì �llou e�dou paramorf¸sei, all� den parèqei thndunatìthta diaqwrismoÔ twn epimèrou sunistws¸n th strèyh, kajist¸nta ètsi to prì-blhma ekt�mhsh th pìza pio dÔskolo. Ep�sh, ta Active Shape Models den e�nai idia�teraeÔrwsta sthn efarmog  tou, idia�tera se peript¸sei epik�luyh.

Sq ma 4.3: KÔrie sunist¸se tou sq mato tou gr�fou pros¸pou ASM [14℄.
View-Based combined Active Appearance ModelsH mèjodo twn sundiasmènwn (combined) AAMs (bl. Par�rthma), parametropoie� methn bo jeia tou metasqhmatismoÔ PCA ti metabolè sto sq ma kai thn emf�nish tou pro-s¸pou se èna monadikì di�nusma kur�wn sunistws¸n c to opo�o ti perigr�fei apì koinoÔ.Efìson ta Active Appearance Models qrhsimopoioÔn pia thn emf�nish san par�gonta giathn efarmog  tou, g�nontai polÔ pio eÔrwsta sthn efarmog  tou se nèa prìswpa (fitting)kai mporoÔn na parèqoun pio akrib  perigraf  tou sq mato. Ta sunduasmèna AAMs, ìpwkai ta ASMs, mporoÔn na qrhsimopoihjoÔn gia thn ekt�mhsh th pìza apì ton èlegqo toudianÔsmato sunistws¸n c to opo�o perigr�fei se aut  thn per�ptwsh tìso to sq ma ìsokai thn emf�nish tou pros¸pou [4℄.Upojètonta ìti to to di�nusma twn paramètrwn c ja exart�tai apì thn gwn�a strèyhtou anjr¸pinou pros¸pou sÔmfwna me thn Ex�swsh 4.1, e�nai dunatìn na ektimhjoÔn oipar�metroi c0, cx kai cy apì èna sÔnolo pros¸pwn ekpa�deush upì gnwst  strèyh.

c = c0 + cxcos(θ) + cysin(θ) (4.1)



60 Kef�laio 4. Ekt�mhsh th PìzaMe aut  thn montelopo�hsh g�netai dunat  h ekt�mhsh th pìza tou anjr¸pinou pro-s¸pou all� me orismènou periorismoÔ. H efarmog  twn AAMs kaj�statai sun jw ane-pituq  ìtan to prìswpo br�sketai upì strèyh megalÔterh apì 45o. Autì sumba�nei lìgwth epik�luyh apara�thtwn shme�wn tou gr�fou upì megalÔtere gwn�e. Gia xeperaste�autì o periorismì ekpaideÔetai mia seir� apì AAMs, k�je èna apì ta opo�a apeujÔnetaise diaforetikì eÔro gwni¸n ¸ste na kalÔptetai olìklhro to f�sma (−90o, 90o).H parap�nw idèa, onom�sthkeView-Based AAMs [4℄ kai èqei efarmoste� gia thn ekt�mhs th pìza tou anjr¸pinou pros¸pou. H ep�dos  tou sthn per�ptwsh ekt�mhs  th strèyh
Yaw, fa�netai sto Sq ma 4.4, en¸ me an�logh diadikas�a e�nai dunat  kai h ekt�mhs  thk�jeth strèyh Pitch.

Sq ma 4.4: Apotelèsmata ekt�mhsh th pìza me thn mèjodo View-Based AAMs [4℄.Sthn genik  per�ptwsh h ekt�mhsh g�netai me apìklish 10o, all� ìpw fa�netai sto di�-gramma to l�jo mpore� pollè forè na ft�sei kai ti 20o. Ektì autoÔ h efarmog  twnsundiasmènwn AAMs sto anjr¸pino prìswpo e�nai arket� polÔplokh kai sqetik� arg  dia-dikas�a, en¸ h epituq�a anagn¸rish th pìza bas�zetai p�nta sthn epituqhmènh efarmog 
(fitting) tou montèlou, gegonì pou den e�nai egguhmèno idia�tera se peript¸sei qamhl an�lush kai ektetamènh epik�luyh. Tèlo den èqei dokimaste� pw aut  h teqnik  sum-perifèretai se k�poion sunduasmì Yaw kai Pitch. Gia ìlou autoÔ tou lìgou h mèjodoekt�mhsh th pìza apì ti paramètrou twn combined AAMs den efarmìzetai sun jwsthn pr�xh.
Indepedent AAMsTa indepedent AAMs (bl. Par�rthma) parametropoioÔn anex�rthta to sq ma kai thnemf�nis  tou anjr¸pinou pros¸pou, me thn bo jeia tou metasqhmatismoÔ PCA kai sti dÔopeript¸sei. To sq ma perigr�fetai apì ènan euèlikto gr�fo, o opo�o ekfr�zetai san ènastajmismèno �jroisma twn kÔriwn sunistws¸n paramìrfwsh (ìpw sthn per�ptwsh twn
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ASMs), en¸ h emf�nish w stajmismèno �jroisma idiopros¸pwn. Me thn bo jeia tou algo-r�jmou Inverse Compositional Image Alignment, ta indepedent AAMs èqoun thn ikanìthtana efarmìzoun polÔ kalÔtera sto anjr¸pino prìswpo akìma kai se peript¸sei ekteta-mènh metabol  th pìza (self-occlusion)   epik�luyh apì �lla antike�mena (occlusion).Gia to prìblhma th pìza mporoÔme na epikentrwjoÔme sto sq ma tou gr�fou kai na adia-for soume sqetik� me thn emf�nish, efìson pia oi dÔo autè par�metroi antimetwp�zontaianex�rthta.Efìson h metabol  th pìza apotele� ton shmantikìtero lìgo paramìrfwsh tou sq -mato tou anjr¸pinou pros¸pou, anamènetai ìti kai se aut  thn per�ptwsh oi pr¸te suni-st¸se tou metasqhmatismoÔ PCA ja sqet�zontai me thn pìza. Metab�llonta ti pr¸tekÔrie sunist¸se tou sq mato se AAMs pou ekpaideÔthkan apì eikìne pros¸pou thnohmatik  gl¸ssa prokÔptoun gr�foi pros¸pou pou fa�nontai sta Sq mata 4.5, 4.6 kai4.7. E�nai emfanè oti oi pr¸te dÔo sunist¸se emperièqoun thn plhrofor�a th pìzatou pros¸pou, en¸ oi epìmene (pou e�nai kai ligìtero shmantikè) emperièqoun plhrofor�asqetik� me ti diaforetikè ekfr�sei tou pros¸pou. Ax�zei na shmeiwje�, oti akrib¸ h �diasumperifor� sqetik� me ti pr¸te sunist¸se tou sq mato tou pros¸pou epideiknÔetai kaisthn aujentik  dhmos�eus  twn indepedent AAMs [17℄ (Sq ma 4.8), gegonì pou faner¸neioti anexart tw tou sunìlou ekpa�deush, me thn pro�pìjes  oti autì perilamb�nei arket�meg�lh metabol  th pìza tou pros¸pou, o metasqhmatismì PCA èqei thn ikanìthta naapomon¸nei thn paramìrfwsh sto sq ma pou ofe�letai sthn metabol  th pìza, kai na thnsugkentr¸nei sti dÔo pr¸te sunist¸se. Gia thn ekpa�deush kai efarmog  twn AAMs stab�nteo th nohmatik  qrhsimopoi jhke o anoiqtì k¸dika twn Papandreou et. al. [21℄ kaih b�sh dedomènwn BU400 [19℄Par� ìla aut�, ìpw e�nai emfanè apì ta sq mata, o metasqhmatismì PCA den dia-qwr�zei ti gwn�e strèyh Yaw kai Pitch, kai epomènw h ekt�mhsh th pìza apeuje�aapì thn probol  p�nw ston idioq¸ro tou sq mato den e�nai autìmath. H strèyh Roll denemfan�zetai kan san par�gonta paramìrfwsh tou sq mato sti kÔrie sunist¸se. Autìofe�letai sto gegonì oti kat� thn ekpa�deush, to Roll (pou ekfr�zei thn peristrof  stoep�pedo th eikìna) èqei afaireje� me thn bo jeia tou algor�jmou Procrustis Analysis, oopo�o efarmìzetai prin ton PCA kai afaire� ìle ti steraiè (rigid) paramorf¸sei tousq mato (metatìpish kai disdi�stath peristrof  sto ep�pedo th eikìna). Autè oi para-morf¸sei tou sq mato antimetwp�zontai anex�rthta kai kat� thn diadikas�a th efarmog tou montèlou (fitting) kai mporoÔn eÔkola na d¸soun me kal  akr�beia thn gwn�a Roll.Epeid  oi strèyei Yaw kai Pitch den e�nai diaqwr�sime apì ton metasqhmatismì PCA dene�nai dunat  h autìmath ekt�mhs  th pìza apì tou suntelestè twn kÔriwn sunistws¸ntou sq mato. Parìla aut�, met� thn epituq  efarmog  twn AAMs sto prìswpo, mpore�na ekpaideute� mia disdi�stath sun�rthsh antisto�qish twn prwteÔouswn sunistws¸n stipragmatikè gwn�e apì èna sÔnolo pros¸pwn ekpa�deush upì gnwstè strèyei,   naqrhsimopoihje� k�poia gewmetrik  mèjodo gia thn ekt�mhsh th pìza b�sei th jèsh twnshme�wn tou efarmosmènou gr�fou. Tètoie gewmetrikè mèjodoi anafèrontai parak�tw.
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Sq ma 4.5: Metab�llonta thn pr¸th kÔria sunist¸sa tou sq mato apì −3
√
λ to 3

√
λ.4.2.3 Gewmetrikè mèjodoiGewmetrik� to jèma th pìza tou anjr¸pinou pros¸pou mpore� na proseggiste� sanèna prìblhma eÔresh th trisdi�stath peristrof  twn topik¸n axìnwn tou pros¸pouw pro tou �xone th k�mera. To prìswpo antimetwp�zetai san èna mh paramorf¸simostereì s¸ma oi topiko� �xone tou opo�ou fa�nontai sto Sq ma 4.1 tou kefala�ou, ¸ste nasump�ptoun me tou �xone th k�mera ìtan to prìswpo koit�ei eujèw thn k�mera. 'Etsisthn euje�a jèsh oi trei gwn�e peristrof  gÔrw apì tou �xone e�nai mhdenikè, en¸ anto prìswpo peristrafe� oi topiko� tou �xone all�zoun prosanatolismì se sqèsh me autoÔth k�mera kai upolog�zonta ti gwn�e autè th peristrof  br�skoume amèsw thn pìzatou pros¸pou.Trisdi�state gewmetrikè mèjodoiSthn genik  per�ptwsh, arke� h antisto�qish tri¸n shme�wn (landmarks) tou q¸rou sthnarqik  jèsh me tr�a shme�a sthn telik  jèsh gia na prosdioriste� tìso h metatìpish ìso kaiperistrof  tou stereoÔ. Sthn ous�a epeid  p�nta o prosdiorismì trisdi�statwn shme�wnapì disdi�stath k�mera emperièqei se meg�lo bajmì k�poio sf�lma, antistoiq�zetai ènasÔnolo poll¸n shme�wn, kai h telik  peristrof  br�sketai qrhsimopoi¸nta k�poia mèjodoelaq�stwn tetrag¸nwn.Gia na prosdioriste� h trisdi�stath jèsh shme�wn p�nw sto anjr¸pino prìswpo, èqounprotaje� kai qrhsimopoihje� arketè mèjodoi. K�poie apì ti basikìtere pou èqoun qrh-
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Sq ma 4.6: Metab�llonta thn deÔterh kÔria sunist¸sa tou sq mato apì −3
√
λ to 3

√
λ.

Sq ma 4.7: Metab�llonta thn tr�th kai tètarth kÔria sunist¸sa tou sq matosimopoihje� gia thn ekt�mhsh th pìza perigr�fontai me suntom�a parak�tw:
3D Morphable Models Ta 3D Morphable Models [2℄ apoteloÔn trisdi�stata montèlapros¸pou pou ekpaideÔontai apì sar¸sei laser p�nw se prìswpa, kai efarmìzoun sekainoÔrgia prìswpa pa�rnonta thn trisdi�stath epif�neia tou. Me autìn ton trìpod�noun plhj¸ra trisdi�statwn shme�wn p�nw sthn epif�neia tou pros¸pou me arket�kal  akr�beia tou b�jou apì m�a kai monadik  eikìna. To meionèkthm� tou gia miatètoiou e�dou efarmogè e�nai oti e�nai polÔ polÔploka sthn ulopo�hsh, eua�sjhtase epikalÔyei kai p�ra polÔ arg� kat� thn efarmog  tou, mhn epitrèponta ètsiapotelèsmata se pragmatikì qrìno.
3D AAMs Ta Active Appearance Models e�nai dunatìn na epektajoÔn se trei diast�-sei me thn bo jeia k�poiou algìrijmou structure from motion [1℄, krat¸nta ìla taupìloipa pleonekt mata pou aut� prosfèroun, dhlad  thn eurwst�a se metabolè thpìza kai epikalÔyei. H trisdi�stath ekdoq  twn AAMs efarmìzei ènan trisdi�sta-
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Sq ma 4.8: KÔrie sunist¸se metabol  tou sq mato [17℄.to gr�fo p�nw sto prìswpo, parèqonta me autìn ton trìpo thn trisdi�stath jèshshme�wn (landmarks) p�nw sto prìswpo.Efìson k�poia qarakthristik� shme�a tou trisdi�statou q¸rou 3D landmarks èqounprosdioriste� p�nw sto prìswpo, h pìza tou pros¸pou mpore� na breje� me �meso trìpoqrhsimopoi¸nta k�poia mèjodo elaq�stwn tetrag¸nwn. To prìblhma ekful�zetai plèonsthn peristrof  tou sust mato axìnwn th k�mera (pou sump�ptei me to sÔsthma axìnwntou pros¸pou sthn mhdenik  pìza) (E1, E2, E3) ¸ste na sumpèsei me to sÔsthma axìnwn toupros¸pou sthn auja�reth pìza (e1, e2, e3). To deÔtero sÔsthma prokÔptei apì to pr¸tomet� apì ton pollaplasiasmì me ton kat�llhlo Euler p�naka peristrof  (Euler Rotation

Matrix). O p�naka peristrof  Euler mpore� na p�rei diaforetikè morfè an�loga me tou�xone peristrof  kai ti ant�stoiqe gwn�e Euler pou èqoume epilèxei. Gia thn �meshekt�mhsh twn gwni¸n Yaw, Pitch, Roll mporoÔme na epilèxoume ti gwn�e Euler 3-2-1, kaiton ant�stoiqo p�naka peristrof . Se aut  thn per�ptwsh oi �xone peristrof  fa�nontaisto Sq ma 4.9, en¸ o Euler p�naka peristrof  Q d�netai apì thn sqèsh:
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cosθcosψ sinθsinφcosψ − cosφsinψ cosφsinθcosψ + sinφsinψ

cosθsinψ sinθsinφsinψ − cosφcosψ cosφsinθsinψ + sinφcosψ

−sinθ sinφcosθ cosφcosθ







An gnwr�zoume ti suntetagmène sthn mhdenik  X = [x1, ..., xn] kai sthn tuqa�a pe-ristrof  X ′ = [x′1, ..., x
′
n], o p�naka peristrof  Euler or�zei thn sqèsh X ′ = QX kaimpore� na breje� me thn bo jeia th mejìdou elaq�stwn tetrag¸nwn mèsw th sqèsh
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Sq ma 4.9: 'Axone strèyh Yaw, Pitch kai Roll

Q = X ′XT (XXT )−1, kai apì ton p�naka peristrof  mporoÔn na prosdioristoÔn oi gw-n�e ψ, θ, φ pou d�noun ta Yaw, Pitch kai Roll ant�stoiqa.To sÔsthma e�nai uperorismèno kaj¸ o p�naka peristrof  èqei 9 agn¸stou, en¸ oigwn�e peristrof  e�nai mìno 3. Epeid  den endiaferìmaste gia ton p�naka peristrof  all�sugkekrimèna gia ti trei gwn�e, mporoÔme ant� na epilÔsoume to uperorismèno sÔsthma naprosdior�soume �mesa ti gwn�e apì ta trisdi�stata shme�a qrhsimopoi¸nta mh grammik mèjodo elaq�stwn tetr�gwno (non-linear least squares method) (bl. Par�rthma).Disdi�state gewmetrikè mèjodoiEktì apì trisdi�state gewmetrikè mejìdou, oi opo�e apaitoÔn ton prosdiorismìtrisdi�statwn shme�wn p�nw sto anjr¸pino prìswpo, up�rqoun kai disdi�state gewme-trikè mèjodoi gia thn ekt�mhsh th pìza. Autè oi mèjodoi aniqneÔoun kai p�li shme�a(landmarks) p�nw sto anjr¸pino prìswpo upì gnwst  gewmetr�a, kai qrhsimopoioÔn k�poiagewmetrik  mèjodo gia thn exagwg  th pìza upojètwnta sun jw prooptik  probol .Tètoia shme�a mpore� na e�nai gia par�deigma oi eswterikè kai exwterikè gwn�e twn mati¸nkai tou stìmato (sunep�peda) kai h koruf  th mÔth   to sÔnolo twn shme�wn tou gr�foupros¸pou, ìpw aut� br�skontai apì thn efarmog  enì montèlou euèliktou gr�fou.Pro�pojètonta gn¸sh sqetik� me thn gewmetr�a twn shme�wn aut¸n p�nw sto prìsw-po, h pìza mpore� na ektimhje� apì k�poia lÔsh kleistoÔ tÔpou   apì k�poion algìrijmopou qrhsimopoie� èna uper-pl re sÔnolo shme�wn gia pio eÔrwste, sthn l�jo an�qneush,lÔsei. Tètoie lÔsei mpore� na e�nai apì thn apl  eÔresh tou metasqhmatismoÔ omograf�a
(planar homography) apì tèssera sunep�peda shme�a (gwn�e twn mati¸n kai to stìmato),mèqri thn efarmog  enì kajolikoÔ algor�jmou an�qneush th pìza ìpw o alìrijmo
POSIT, o opo�o apaite� ìmw gn¸sh sqetik� me thn trisdi�stath gewmetr�a tou pros¸pou,ìpw kai twn eswterik¸n qarakthristik¸n th k�mera.Autè oi mèjodoi e�nai sun jw aplè kai gr gore sthn ulopo�hs  tou, kai mporoÔn naektim soun me arket� meg�lh akr�beia thn pìza. Par� ìla aut�, gia thn epituq  ulopo�hs tou apaite�tai o entopismì enì sunìlou shme�wn, me polÔ meg�lh akr�beia, gegonì pouti kajist� akat�llhle se peript¸sei qamhl  an�lush   epik�luyh.



66 Kef�laio 4. Ekt�mhsh th Pìza4.3 An�qneush th Pìza mèsw th SuneqoÔ An�qneu-sh tou StenoÔ Mot�bou tou Pros¸pou4.3.1 Eisagwg Sthn prohgoÔmenh enìthta perigr�fhkan k�poie apì ti shmantikìtere mejìdou giathn ekt�mhsh th pìza tou anjr¸pinou pros¸pou pou sunant¸ntai sthn bibliograf�a, ka-thgoriopoihmène se trei upoenìthte an�loga me thn skopi� apì thn opo�a antimetwp�zounto prìblhma. Oi mèjodoi pou bas�zontai sthn kathgoriopo�hsh th emf�nish e�nai sun jweÔkole sthn ulopo�hs  tou, �lla mporoÔn na d¸soun mìno diakrit� kai anakrib  apote-lèsmata, en¸ e�nai sqetik� argè. Eidik� sthn per�ptwsh th nohmatik  gl¸ssa ìpou oigwn�e strèyh e�nai sqetik� mikrè (mikrìtere apì 40o) mia tètoia mèjodo ja adunatoÔsean d¸sei epituq  apotelèsmata.Ta euèlikta montèla gr�fwn, parìlo pou parèqoun thn dunatìthta apomìnwsh thpìza apì tou upìloipou par�gonte paramìrfwsh tou sq mato, den epitugq�noun tondiaqwrismì twn tri¸n sunistws¸n strèyh. 'Etsi, apaite�tai peraitèrw epexergas�� mèswth ekpa�deush k�poia disdi�stath sun�rthsh pou antistoiqe� ti idiotimè se gwn�e,  k�poia gewmetrik  mejìdou pou ja anakt sei thn gwn�a apì ti sqetikè jèsei twnshme�wn (landmarks) tou gr�fou pros¸pou. Se peript¸sei ìmw qamhl  an�lush kaiektetamènh epik�luyh, ìpw e�nai h per�ptwsh pou melet�tai, h akrib  efarmog  tougr�fou pros¸pou kaj�statai suqn� dÔskolh   adÔnath, gegonì pou ja par gage anakrib kai mh axiìpisth ekt�mhsh th pìza.Se aut  thn enìthta prote�netai mia kainotìmo mèjodo h opo�a prosegg�zei to prìblhmaapì mia skopi� pou sundu�zei thn gewmetrik  gn¸sh me thn ekpa�deush mia sun�rthsh(regression) gia thn ekt�mhsh th pìza tou anjr¸pinou pros¸pou. H mèjodo bas�zetaiston entopismì dÔo kajolik¸n shme�wn tou kefalioÔ (landmarks), to kèntro tou pros¸pou,kai to kentroeidè (kèntro m�za) tou sunolikoÔ kefalioÔ. Efìson aut� ta shme�a e�naikajolik�, mporoÔn na aniqneutoÔn eÔrwsta akìmh kai se peript¸sei qamhl  an�lush kaiektetamènh epik�luyh, gegonì pou kajist� aut  thn mèjodo idia�tera epituqhmènh gia tosugkekrimèno prìblhma. H mèjodo pou ja perigrafe� upojètei mhdenikè gwn�e Roll, oiopo�e e�nai �llwste sun jw amelhtèe sthn per�ptwsh th nohmatik  gl¸ssa.4.3.2 Yuqofusik  kai gewmetrik  ermhne�a th idèa'Eqei parathrhje� oti o anjr¸pino egkèfalo antilamb�netai thn metabol  th pìzatou anjr¸pinou pros¸pou apì thn sqetik  jèsh th sten  perioq  tou pros¸pou w proto sunolikì kef�li [8℄. H mèjodo pou ja anaptuqje� se autì to kef�laio ekmetalleÔetaiaut  thn diaisjhtik  ant�lhyh gia thn an�ptuxh mia kainotìma prosèggish gia thn suneq ekt�mhsh twn gwni¸n Yaw kai Pitch tou anjr¸pinou pros¸pou se akolouj�e eikìnwn thnohmatik . H mèjodo aut , an kai sqetik� apl  sthn ulopo�hs  th, apodeiknÔetai arket�akrib  kai axiìpisth, idia�tera se peript¸sei epik�luyh me ta qèria, ìpou pio polÔplokemèjodoi apotugq�noun.
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Sq ma 4.10: Optik  anapar�stash twn dianusm�twn v, v1 kai v2 p�nw sto anjr¸pinoprìswpo.Sto Sq ma 4.10 parist�netai mia �poyh tou anjr¸pinou kefalioÔ upì peristrof , ìpouèqei shmeiwje� to kèntro tou pros¸pou, kaj¸ kai to kèntro m�za tou kefalioÔ. Todi�nusma v e�nai to di�nusma tou trisdi�statou q¸rou apì to kèntro m�za sto kèntrotou pros¸pou, en¸ v1 kai v2 e�nai oi sunist¸se th probol  tou p�nw sthn disdi�statheikìna. An jewr soume mhdenik  gwn�a strèyh Roll, kai perior�soume thn strèyh se dÔobajmoÔ eleujer�a (Yaw kai Pitch), tìte upojètonta orjografik  probol  mporoÔme naektim soume �mesa ti dÔo autè gwn�e apì ta dianÔsmata v, v1 kai v2 apì tou parak�twtÔpou:
θY aw = arcsin(

v2

||v|| ) (4.2)
θPitch = arcsin(

v1

||v|| ) (4.3)H upìjesh orjografik  probol  eggu�tai thn anexarths�a twn dianusm�twn v1 kai v2(bl. Sq ma 4.11 ), kai aplopoie� thn ekt�mhsh twn gwni¸n sti parap�nw aplè exis¸sei.An kai h parap�nw idèa gia thn ekt�mhsh th pìza fa�netai aploÔstath sthn efarmog th, kai d�nei ènan kleistì tÔpo gia ti gwn�e Yaw kai Pitch, sthn ous�a e�nai adÔnatonna efarmoste� akrib¸, kaj¸ e�nai adÔnaton na aniqneuje� to kèntro m�za tou kefalioÔ,



68 Kef�laio 4. Ekt�mhsh th Pìzaìpw kai to di�nusma tou trisdi�statou q¸rou v. Mia mèjodo pou epidi¸kei na prosegg�seiaut  thn idèa prote�netai sthn epìmenh enìthta.
Sq ma 4.11: Optikopo�hsh prooptik  kai orjografik  probol  dianÔsmato.4.3.3 Perigraf  th mejìdou'Opw perigr�fhke parap�nw h apl  gewmetrik  idèa pou prot�jhke, kai ektim� ti gw-n�e Yaw kai Pitch mèsw dÔo kleist¸n tÔpwn e�nai adÔnaton na ulopoihje� akrib¸, efìsonden mpore� na breje� to kèntro m�za tou kefalioÔ,   to trisdi�stato di�nusma v. Se aut thn enìthta prote�netai mia ubridik  mèjodo, pou epidi¸kei na prosegg�sei thn prohgoÔmenhidèa. To kèntro m�za tou kefalioÔ, prosegg�zetai apì to kentroeidè tou kefalioÔ, en¸h apous�a gn¸sh sqetik� me to trisdi�stato di�nusma v antistajm�zetai me thn ekpa�deu-sh mia sun�rthsh antisto�qish twn dianusm�twn tou epipèdou sti gwn�e strèyh, apìdiaforetik� prìswpa se proshmeiwmène pìze.H mèjodo mpore� na qwriste� se dÔo mèrh. Sto pr¸to mèro ex�gontai ta dÔo shme�aendiafèronto apì thn eikìna tou kefalioÔ, kai prosdior�zetai to disdi�stato di�nusma pouta en¸nei. Se èna deÔtero b ma, to di�nusma autì metafr�zetai sti gwn�e Yaw kai Pitchmèsw th sun�rthsh pou ekpaideÔthke offline apì prìswpa se proshmeiwmène pìze. TadÔo aut� b mata perigr�fontai sti epìmene upoenìthte.Entopismì twn shme�wn endiafèronto kai exagwg  tou qarakthristi-koÔ dianÔsmato (VY aw, VPitch)Sto Sq ma 4.12 fa�netai to kef�li me shmeiwmèna ta shme�a endiafèronto. To kèntrotou pros¸pou (Fx, Fy) anakt�tai eÔkola, w to kèntro th perioq  pou epistrèfetai apìthn suneq  an�qneush pros¸pou pou perigr�fhke sto Kef�laio 2. Gia na proseggiste� tokèntro m�za (Mx,My), aniqneÔetai pr¸ta to kentroeidè tou kefalioÔ (Cx, Cy).To kentroeidè tou kefalioÔ ektim�tai w to kèntro tess�rwn shme�wn, dhlad  toukat¸tatou mèrou tou pros¸pou, kai twn �nw, dexi� kai arister� akrìtatwn tou pros¸pou,ìpw fa�netai sto sq ma. To kat¸tato mèro tou pros¸pou anakt�tai kai ed¸ apì thnan�qneush tou pros¸pou, en¸ ta upìloipa akrìtat� shme�a tou kefalioÔ anakt¸ntai,seaut  thn ulopo�hsh, met� apì katwfl�wsh kai an�qneush twn akm¸n mèsw tou algor�jmou

Canny. Gia thn an�kthsh twn shme�wn aut¸n se k�poia pio dÔskolh efarmog  ja mporoÔse



4.3 An�qneush th Pìza mèsw th SuneqoÔ An�qneush tou StenoÔ Mot�bou touPros¸pou 69

Sq ma 4.12: Shme�a endiafèronto p�nw sto prìswpo.na qrhsimopoihje� k�poio pio polÔploko algìrijmo Background Substraction   Active

Countors gia ton suneq  entopismì tou perigr�mmato tou kefalioÔ.AfoÔ proseggiste� to kentroeidè tou kefalioÔ (Cx, Cy), to kèntro m�za prosegg�zetaimèsw twn sqèsewn Mx = Cx kai My = Cy − N , ìpou h par�metro kanonikopo�hsh
N or�zetai w h diafor� Cy − Fy ìtan to prìswpo br�sketai sthn mhdenik  pìza. AfoÔprosdioristoÔn ta shme�a (Fx, Fy) kai (Mx,My), or�zetai to disdi�stato di�nusma apìstas tou w:

v = (vx, vy) = (Cx −Mx, Cy −My) (4.4)Ta dianÔsmata vx kai vy kanonikopoioÔntai me stajerè ìpw to pl�to tou pros¸pou kaih par�metro kanonikopo�hshN ¸ste na apaleifje� o par�gonta apìstash tou pros¸pouapì thn k�mera, kai diaforopoi sei lìgw th gewmetr�a tou pros¸pou:
VY aw =

vx
width(head)

(4.5)
VPitch =

vy
N

(4.6)Ta nèa kanonikopoihmèna dianÔsmata VY aw kai VPitch e�nai mhdèn sthn euje�a pìza, kaikuma�nontai mèsa sto di�sthma (-1,1) gia mikrè gwn�e strèyh.Ekpa�deush sunart sewn gia thn met�frash sti gwn�e Yaw kai PitchGia thn suneq  antisto�qish twn kanonikopoihmènwn dianusm�twn VY aw kai VPitch stipragmatikè gwn�e θY aw kai θPitch ekpaideÔontai dÔo sunart sei, m�a gia k�je strèyh, apìeikìne pros¸pwn se gnwst  proshmeiwmènh pìza.Gia thn ekpa�deush twn sunart sewn antisto�qish, qrhsimopoi jhke mia b�sh eikìnwnapì tèssera diaforetik� prìswpa, upì gnwstè proshmeiwmène pìze, oi opo�e anakt -jhkan apì thn b�sh dedomènwn INRIA [18℄. Sti eikìne autè, shmei¸jhke to kèntro tou



70 Kef�laio 4. Ekt�mhsh th Pìzapros¸pou kai to kèntro m�za, ìpw aut� or�sthkan sthn prohgoÔmenh enìthta (bl. Sq ma4.13) kai anakt jhkan ta kanonikopoihmèna dianÔsmata VY aw kai VPitch . Apì ta dedomè-na aut�, kai me thn bo jeia grammik  palindrìmhsh elaq�stwn tetrag¸nwn, ekpaideÔthkemia grammik  sun�rthsh gia k�je ènan apì tou dÔo bajmoÔ eleujer�a Yaw kai Pitch, hopo�a antistoiqe� ta kanonikopoihmèna dianÔsmata VY aw kai VPitch sti pragmatikè gwn�estrèyh θY aw kai θPitch. Qrhsimopoie�tai apl  grammik  palindrìmhs , upo thn paradoq oti gia mikrè gwn�e strèyh to hm�tono pou jewrhtik� antistoiqe� to di�nusma sthn gwn�a(Exis¸sei 4.2 kai 4.3) mpore� na proseggiste� apì mia grammik  sqèsh:
θY aw = a1VY aw (4.7)
θPitch = a2VPitch (4.8)'Opou oi suntelestè a1 kai a2 anakt¸ntai apì thn grammik  palindrìmhs  elaq�stwntetrag¸nwn (bl. Sq ma 4.14).

Sq ma 4.13: Kèntro pros¸pou kai kentroeidè kefalioÔ upo metabol  th pìza [−45o,45o℄4.3.4 Apotelèsmata kai proteinìmene epekt�seiSunoy�zonta se aut  thn enìthta prote�netai mia kainotìmo mèjodo gia thn suneq ekt�mhsh th pìza tou anjr¸pinou pros¸pou, h opo�a bas�zetai sthn suneq  an�qneush toustenoÔ plais�ou tou pros¸pou pou perigr�fhke sto Kef�laio 3. H mèjodo aut  uperèqei�llwn gnwst¸n mejìdwn sto gegonì oti e�nai polÔ eÔrwsth sthn epik�luyh, kai se mikrèanalÔsei, kaj¸ bas�zetai ston entopismì kajolik¸n shme�wn tou anjr¸pinou kefalioÔ,par� memonwmènwn qarakthristik¸n shme�wn pou apaitoÔn leptomèreia. Ta meionekt mata
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Sq ma 4.14: Sunart sei antisto�qish twn kanonikopoihmènwn dianusm�twn VY aw kai VPitchsti gwn�e Yaw kai Pitchth mejìdou e�nai oti agnoe� thn strèyh Roll, en¸ apaite� arqikopo�hsh sthn mhdenik  pìzagia thn ekt�mhsh tou dianÔsmato kanonikopo�hsh N . Ep�sh, kaj¸ bas�zetai sthn suneq an�qneush tou pros¸pou, den mpore� na efarmoste� se memonwmène eikìne, par� mìno seakolouj�e b�nteo.Sto epìmeno sq ma fa�nontai k�poia apotelèsmata efarmog  aut  th mejìdou se a-kolouj�e eikìnwn th nohmatik . H optik  anapar�stash twn apotelesm�twn de�qnei oti hmèjodo e�nai arket� epituqhmènh, kai oi gwn�e pou aniqneÔontai sumbad�zoun me thn anjr¸-pinh dia�sjhsh. Gia thn pl rh axiolìghsh th mejìdou, efìson aut  bas�zetai sthn suneq an�qneush kai den mpore� na efarmoste� se memonwmène eikìne, apaite�tai mia akolouj�ab�nteo me proshmeiwmène gwn�e strèyh tou pros¸pou, k�ti pou e�nai arket� dÔskolo nakataskeuaste�. Par� ìla aut� oi sunart sei palindrìmhsh pou parousi�zontai sto Sq ma4.14, prote�noun oti to l�jo ekt�mhsh, dedomènh th swst  an�qneush twn dÔo qara-kthristik¸n shme�wn, kuma�netai mèqri 5o gia to Yaw kai mèqri 10o gia to Pich. Autì de�qneioti h mèjodo e�nai arket� akrib , kai sugkr�simh me �lle mejìdou an�qneush th pìza.H kainotìmo idèa pou perigr�fhke se autì to kef�laio den apotele� mia pl rh mèjo-do gia thn an�qneush th pìza, par� mia pr¸th prosèggish h opo�a ìmw fa�netai arket�epituq , idia�tera se peript¸sei qamhl  an�lush kai epik�luyh ìpw h paroÔsa. Giana apotelèsei oloklhrwmènh mèjodo ja prèpei na g�nei pio emperistatwmènh melèth, tìsosthn exagwg  twn qarakthristik¸n shme�wn, ìso kai sthn ekpa�deush th sun�rthsh an-tisto�qhsh tou dianÔsmato se gwn�e. 'Oson afor� thn an�qneush tou kentroeidoÔ toukefalioÔ, mia mellontik  ergas�a ja mporoÔse na epiqeir sei k�poia pio oloklhrwmènh mè-jodo afa�resh fìntou   energ¸n kampul¸n, kaj¸ kai èna stoqastikì pla�sio suneqoÔan�qneush tou kentroeidoÔ, to opo�o ja perilamb�nei prìterh gn¸sh sqetik� me thn gewme-tr�a tou kefalioÔ. 'Oson afor� ti sunart sei antisto�qhsh twn dianusm�twn sti gwn�estrèyh, ja prèpei na g�nei mia pio emperistatwmènh melèth me polÔ megalÔtero de�gma ek-pa�deush, ¸ste na melethje� kat� pìson h mèjodo ephre�zetai, par� ti kanonikopoi sei,



72 Kef�laio 4. Ekt�mhsh th Pìzaapì ti diaforetikè gewmetr�e pros¸pwn. Ep�sh, oi sunart sei antisto�qhsh twn qara-kthristik¸n dianusm�twn se gwn�e, ja mporoÔsan na ekpaideutoÔn me b�sh to GenikeumènoGrammikì Montèlo (Generalized Linear Model) me sun�rthsh sundèsmou (link function) tohm�tono, ¸ste na sumbad�zoun me thn gewmetrik  upìjesh. Tèlo h mèjodo ja prèpei naaxiologhje� p�nw se akolouj�e b�nteo me gnwst  pìza se k�je eikìna.

Sq ma 4.15: Yaw = 26 , Pitch = -23 Sq ma 4.16: Yaw = 20 , Pitch = -10

Sq ma 4.17: Yaw = 26 , Pitch = 15 Sq ma 4.18: Yaw = 22 , Pitch = 9

Sq ma 4.19: Yaw = -17 , Pitch = -9 Sq ma 4.20: Yaw = 14 , Pitch = -45Sq ma 4.21: Apotelèsmata an�qneush th pìza (se mo�re) se akolouj�e eikìnwn thnohmatik 



Kef�laio 5Par�rthma
5.1 Statistik  Ermhne�a tou Algor�jmou AdaBoostOi Friedman et al. apèdeixan [10℄ oti o algìrijmo AdaBoost apotele� èna prosjetikìmontèlo logistik  palindrìmhsh (Additive Logistic Regression Model), gegonì sto o-po�o apod�detai h uyhl  ikanìthta tou gia gen�keush. Se aut  thn par�grafo epidi¸koumena d¸soume mia enìrash se aut  thn statistik  ermhne�a tou AdaBoost, kaj¸ kai sthn a-pìdeixh twn Friedman et al., qwr� ìmw na proqwr soume se majhmatikè leptomèreie. Giathn pl rh apìdeixh kai peraitèrw leptomèreie parapèmpoume sthn ant�stoiqh dhmos�eush[10℄.5.1.1 Prosjetikì MontèloH apìkrish tou algor�jmou AdaBoost den e�nai par� to stajmismèno �jroisma twn adÔ-namwn classifiers:

F (x) = c1f1 + ...+ cnfnAutì apotele� ousiastik� èna ajroistikì montèlo ìpou mia polÔplokh sun�rthsh F (x)prosdior�zetai w to �jroisma apl¸n sunart sewn fi(x) me kat�llhlou suntelestè ci.5.1.2 Logistik  PalindrìmhshOi suntelestè ci = log(1−ei

ei
) pou epilègei o AdaBoost se k�je b ma èqoun thn i-diìthta na elaqistopoioÔn to ekjetikì krit rio ey(F (x)+cifi) se k�je epan�lhyh i. AutìapodeiknÔetai apì tou Friedman et al. sthn ant�stoiqh dhmos�eush, me thn ant�strofh dia-dikas�a, dhlad  anazht¸nta ènan suntelest  c tètoio ¸ste na elaqistopoie�tai to krit rio

ey(F (x)+cifi), y ∈ {−1, 1}, kat� thn diadikas�a efarmog  enì prosjetikoÔ montèlou se mia�gnwsth sun�rthsh, prokÔptei akrib¸ o suntelest  ci pou epilègei o AdaBoost.Tèlo apodeiknÔetai oti h sun�rthsh pou elaqistopoie� to ekjetikì krit rio J(F ) =

eyF (x), den e�nai �llh apì thn F (x) = 1
2 log(

P (y=1|x)
P (y=−1|x)) kai epomènw:

P (y = 1|x) = p(x) =
eF (x)

e−F (x) + eF (x)
=

e2F (x)

1 + e2F (x)73



74 Kef�laio 5. Par�rthmaH sun�rthsh th pijanìthta e�nai h logistik  (Logit) sun�rthsh se deÔterh dÔnamh, kaiepomènw o AdaBoost se k�je ananèwsh elaqistopoie� to krit rio E(e−yF (x)), pou e�naiousiastik� mia bhmatik  diadikas�a gia thn ekpa�deush enì ajroistikoÔ montèlou logistik palindrìmhsh.5.1.3 Sumper�smataSunoy�zonta, ston algìrijmo AdaBoost, tìso h ananèwsh twn pijanotik¸n katanom¸nìso kai oi suntelestè pou apod�dontai stou adÔnamou classifiers gia thn paragwg  toutelikoÔ isquroÔ, den e�nai tuqa�oi. H ananèwsh twn pijanotik¸n katanom¸n e�nai tètoia ¸-ste an efarmoste� p�nw tou o prohgoÔmeno adÔnamo classifier ja d¸sei mìno 50% swst kathgoriopo�hsh. Epomènw ta b�rh anane¸nontai ètsi ¸ste na k�noun to prìblhma thkathgoriopo�hsh mègista dÔskolo gia ton epìmeno adÔnamo classifier. Ep�sh, oi suntele-stè pou apod�dontai stou adÔnamou classifiers gia thn kataskeu  tou telikoÔ isquroÔ,e�nai tètoioi ¸ste na elaqistopoie�tai to ekjetikì krit rio J(F ) = eyF (x), kai gi' autì tonlìgo o algìrijmo AdaBoost prosomoi¸nei èna ajroistikì montèlo logistik  palindrìmh-sh (additive logistic regression model) th sun�rthsh pijanìthta tou apotelèsmato y,apì ti epimèrou sunart sei twn adÔnamwn upojèsewn.5.2 Ekt�mhsh twn gwni¸n Euler apì trisdi�stata sh-me�a tou q¸rou (landmarks)H trisdi�stath peristrof  enì sust mato axìnwn (E1, E2, E3) ¸ste na sumpèsei meto sÔsthma axìnwn (e1, e2, e3) mpore� na prosdioriste� mèsw twn gwni¸n Euler, oi opo�eexart¸ntai apì tou �xone peristrof  pou èqoume epilèxei kai thn seir� tou. An�loga meti gwn�e Euler pou epilègoume mporoÔme na prosdior�soume ton p�naka peristrof  Euler:
Q =







f1(φ,ψ, θ) f2(φ,ψ, θ) f3(φ,ψ, θ)

f4(φ,ψ, θ) f5(φ,ψ, θ) f6(φ,ψ, θ)

f7(φ,ψ, θ) f8(φ,ψ, θ) f9(φ,ψ, θ)





Apì ta trisdi�stata shme�a X (mhdenikè gwn�e) kai X ′ (auja�rete gwn�e pou jèloumena prosdior�soume) mporoÔme na prosdior�soume �mesa ton p�naka Q mèsw th grammik mejìdou elaq�stwn tetrag¸nwn kai èpeita na lÔsoume to uperorismèno sÔsthma ¸ste naapokt soume ti Euler gwn�e peristrof . O p�naka peristrof  Q mpore� na breje� mèswtwn 3D sunistws¸n twn shme�wn mèsw th sqèsh:
Q = X ′XT (XXT )−1 ⇒







f1(φ,ψ, θ) f2(φ,ψ, θ) f3(φ,ψ, θ)

f4(φ,ψ, θ) f5(φ,ψ, θ) f6(φ,ψ, θ)

f7(φ,ψ, θ) f8(φ,ψ, θ) f9(φ,ψ, θ)






=







y1 y2 y3

y4 y5 y6

y7 y8 y9





Efìson ìmw den endiaferìmaste gia ton p�naka peristrof  p�ra mìno gia ti gwn�e pe-ristrof  mporoÔme na ti prosdior�soume �mesa mèsw th mh grammik  mejìdou elaq�stwn



5.3 An�lush se PrwteÔouse Sunist¸se 75tetrag¸nwn h opo�a met� apì diadoqikè epanal yei sugkl�nei sti gwn�e peristrof .Arqik� epilègoume k�poie auja�rete timè gia ti gwn�e (φ0, ψ0, θ0) kai upolog�zoumeti timè twn sunart sewn f1, .., f9. Or�zoume to sf�lma βi = yi−fi kai apì autì to sf�lmapa�rnoume thn grammik  ekt�mhsh gia thn metabol  twn gwni¸n dλ = (dφ, dψ, dθ) mèsw twnsqèsewn:
dβi =

ϑf

ϑφ
dφ+

ϑf

ϑψ
dψ +

ϑf

ϑθ
dθOi parap�nw exis¸sei gr�fontai sthn morf :

dβi = Aijdλjme ton 9 × 3 p�naka
A =













ϑf1
ϑφ

ϑf1
ϑψ

ϑf1
ϑθ

ϑf2
ϑφ

ϑf2
ϑψ

ϑf2
ϑθ

... ... ...
ϑf9
ϑφ

ϑf9
ϑψ

ϑf9
ϑθ











kai epomènw mporoÔme na broÔme ti diorj¸sei twn gwni¸n dλ = (dφ, dψ, dθ) lÔnonta tosÔsthma:
ATAdλ = ATdβAkolouj¸nta aut  thn diadikas�a epanalhptik�, telik� oi gwn�e sugkl�noun se autè pouepilÔoun to sÔsthma, kai apoteloÔn ti gwn�e peristrof  tou arqikoÔ sust mato ¸stena sumpèsei to nèo.5.3 An�lush se PrwteÔouse Sunist¸seO metasqhmatismì an�lush prwteÔouswn sunistws¸n (Principal Component Analy-

sis) apotele� ènan orjog¸nio metasqhmatismì pou metafèrei èna sÔnolo apì susqetismèneparathr sei se ènan q¸ro ìpou autè parousi�zontai asusqètiste. H di�stash tou nèouq¸rou e�nai mikrìterh   �sh apì to pl jo twn arqik¸n metablht¸n. O metasqhmatismì or�-zetai ètsi ¸ste h metablhtìthta twn dedomènwn na sugkentr¸netai sti pr¸te sunist¸setou nèou q¸rou.'Estw oti èqoume k de�gmata dedomènwn {x1, x2, ..., xk} di�stash n, me mèso:
xmean =

1

k

k
∑

i=1

xiO p�naka summetablhtìthta tou sunìlou autoÔ e�nai:
S =

k
∑

i=1

(xi − xmean)(xi − xmean)
T



76 Kef�laio 5. Par�rthmaO q¸ro probol  pou or�zei o metasqhmatismì PCA kataskeu�zetai apì ta idiodianÔsmata(Eigenvectors) e tou p�naka summetablhtìthta S:
Se = λeApodeiknÔetai oti se autìn ton q¸ro h enèrgeia twn deigm�twn sugkentr¸netai sti pr¸tesunist¸se, en¸ ta de�gmata e�nai plèon asusqètista. Gia perissìtere plhrofor�e kaiapode�xei sqetik� me ton metasqhmatism¸n PrwteÔouswn Sunistws¸n parapèmpoume stosÔggrama [7℄.5.4 Active Shape kai Active Appearance ModelsTa Active Shape Models prot�jhkan apì ton Tim Cootes to 1994 [14℄ kai apoteloÔneuèliktou gr�fou pou montelopoioÔn to sq ma kai prosarmìzontai sta anjr¸pina prìsw-pa. Gia thn ekpa�deush tou shmei¸nontai oi kìmboi tou gr�fou se èna sÔnolo apì prìswpa.To sq ma tou gr�fou parametropoie�tai w to �jroisma twn pr¸twn kÔriwn sunistws¸n pouprokÔptoun apì ton PCA me diaforetikoÔ suntelestè h k�je m�a. Ep�sh apojhkeÔetaito prìtupo th emf�nish th geitoni� k�je qarakthristikoÔ ¸ste na mpore� na entopiste�se mia kainoÔrgia eikìna. 'Etsi kat� thn efarmog  tou montèlou se èna nèo prìswpo, tosq ma anane¸netai diadoqik� (w grammikì sunduasmì twn kÔriwn sunistws¸n) ¸ste toprof�l k�je kìmbou na tairi�zei me to apojhkeumèno prìtupo.Ta Active Appearance Models epekte�noun thn idèa twn ASM kai montelopoioÔntìso to sq ma ìso kai thn emf�nish tou anjr¸pinou pros¸pou me thn bo jeia tou PCA.Ta AAMs prot�jhkan arqik� apì ton Tim Cootes to 1998 [5℄, all� epekt�jhkan kai bel-ti¸jhkan apì tou Matthiews kai Baker ¸ste na p�roun thn shmerin  tou morf  to 2004[17℄. Se aut  thn enìthta perigr�fetai o trìpo me to opo�on ta ASMs kai ta AAMs monte-lopoioÔn to sq ma kai thn emf�nish tou gr�fou pros¸pou, en¸ den parèqontai analutikèplhrofor�e sqetik� me tou algor�jmou pou qrhsimopoioÔntai gia thn efarmog  tou stoprìswpo. Gia perissìtere plhrofor�e sqetik� me ta Active Shape kai Active Appearance

Models parapèmpoume sti ant�stoiqe dhmosieÔsei [14℄ [5℄ [17℄.5.4.1 Active Shape ModelsTo sq ma tou gr�fou pros¸pou sthn per�ptwsh twn ASMs or�zetai apì èna uper-di�nusma pou perilamb�nei ìle ti sunist¸se ìlwn twn shme�wn:
x = (x1, x2, ..., xn, y1, y2, ..., yn)Or�zonta to mèso sq ma pros¸pou w:

xmean =
1

k

k
∑

i=1

xi,



5.4 Active Shape kai Active Appearance Models 77kai efarmìzonta PCA sto sq ma tou gr�fou br�skonta ta idiodianÔsmata φi kai ti idio-timè λi tou p�naka summetablhtìthta:
S =

k
∑

i=1

(xi − xmean)(xi − xmean)
T ,mporoÔme plèon na montelopoi soume to sq ma tou gr�fou w ènan grammikì sunduasmìtou mèsou sq mato, kai twn prwteÔouswn sunistws¸n:

x = xmean + ΦbTo di�nusma b parametropoie� to sq ma tou gr�fou, en¸ h idiotim  λi k�je idiodi�stash
φi de�qnei thn metablhtìthta th di�stash aut  sto sÔnolo ekpa�deush. Metab�llontak�je di�stash tou dianÔsmato b se timè mèsa sto ped�o (−3

√
λi, 3

√
λi) dhmiourgoÔmesq mata ant�stoiqa me aut� tou sunìlou ekpa�deush.5.4.2 Indepedent Active Appearance ModelsTa AAMs, ìpw eip¸jhke kai parap�nw, parametropoioÔn tìso to sq ma ìso kai thnemf�nish mèsw tou metasqhmatismoÔ PCA. To sq ma parametropoie�tai ìpw akrib¸ pe-rigr�fhke kai sthn per�ptwsh twn ASMs, en¸ h emf�nish tou pros¸pou parametropoie�taimìno p�nw sto mèso sq ma xmean. Oi gr�foi pros¸pou se aut  thn per�ptwsh e�nai trigw-nopoihmènoi, kai epomènw k�je prìswpo tou sunìlou mpore� na metasqhmatiste� mèsw enìtmhmatikoÔ afinikoÔ metasqhmatismoÔ (piecewise affine transform) sto mèso sq ma tou. E-p�sh k�je �kampth paramìrfwsh (rigid deformation) apì to mèso sq ma apale�fetai mèswtou metasqhmatismoÔ Procrustes Analysis.Epomènw met� apì thn proepexergas�a mèsw tou metasqhmatismoÔ Procrustes Analysiskai tou tmhmatikoÔ afinikoÔ metasqhmatismoÔ, ìla ta prìswpa tou sunìlou ekpa�deushmetasqhmat�zontai sto mèso sq ma, kai h emf�nish, pou apotele�tai apì ta pixels entì toumèsou sq mato parametropoie�tai mèsw tou metasqhmatismoÔ PCA sthn morf :

A(x) = A0(x) +
m

∑

i=1

λiAi(x)ìpou A0 e�nai h mèsh emf�nish, en¸ Ai(x) e�nai oi idioemfan�sei,   idioprìswpa (eigen-

faces).Efìson sta anex�rthta AAMs to sq ma kai h emf�nish parametropoioÔntai xeqwrist�,mporoÔme na epexergastoÔme to sq ma anex�rthta gia thn exagwg  th pìza. Ep�sh,efìson prin thn parametropo�hsh tou sq mato ìle oi �kampte paramorf¸sei èqounexaleifje�, autè den montelopoioÔntai sti kÔrie sunist¸se tou sq mato. Mia tètoiaparamìrfwsh e�nai h strèyh Roll, h opo�a mpore� na upologiste� anex�rthta se èna pr¸imob ma kat� thn efarmog  twn AAMs sto anjr¸pino prìswpo.



78 Kef�laio 5. Par�rthma5.4.3 Combined Active Appearance ModelsTa sunduasmèna AAMs parametropoioÔn to sq ma tou gr�fou kai thn emf�nish toupros¸pou maz� se èna monadikì di�nusma c, sto opo�o ofe�letai h sunduasmènh metabol tou. Met� thn efarmog  tou PCA p�nw sto sq ma tou gr�fou kai sthn emf�nish toupros¸pou, gia thn an�kthsh tou dianÔsmato b gia thn perigraf  tou sq mato, kai toudianÔsmato λ gia thn perioq  th emf�nish, ta dÔo aut� dianÔsmata pou perigr�foun tadedomèna ekpa�deush sundu�zontai se èna nèo uperdi�nusma
s = (b1, b2, ..., bn, λ1, λ2, ...λn)Sto di�nusma s efarmìzetai ek nèou o metasqhmatismì PCA:

s = PccTèlo, to di�nusma c e�nai to sunduasmèno di�nusma pou elègqei plèon tìso to sq maìso kai thn emf�nish



Kef�laio 6Ep�logo
6.1 SÔnoyh kai Suneisfor�Sunoy�zonta, aut  h ergas�a melet� ta probl mata pr¸imh 'Orash pou sqet�zontai methn an�qneush tou pros¸pou kai thn ekt�mhsh th pìza tou nohmatist , kat� thn ektèleshnohmatik  gl¸ssa. H ergas�a den asqole�tai me thn peraitèrw axiopo�hsh th sqetik plhrofor�a gia thn exagwg  no mato apì ta legìmena tou nohmatist , par� mìno me thneÔrwsth kai akrib  exagwg  aut  kaj� aut  th plhrofor�a.Ta probl mata pou sqet�zontai me thn an�qneush pros¸pwn, thn suneq  an�qneush b�seistoqastik  ekt�mhsh, kai thn ekt�mhsh th trisdi�stath pìza tou pros¸pou, apoteloÔntr�a apì ta pio di�shma kai klassik� probl mata th 'Orash Upologist¸n. To anjr¸pinoprìswpo apotele� �sw to pio agaphmèno antike�meno epexergas�a th 'Orash, en¸ teqni-kè pou anaptÔssontai kai efarmìzontai arqik� sto anjr¸pino prìswpo (ìpw to pla�sioan�qneush pou melet�tai se aut  thn ergas�a), genikeÔontai sun jw argìtera gia thn ep�-lush mia plhj¸ra problhm�twn pou anafèrontai tìso se pragmatikè ìso kai se iatrikè  doruforikè eikìne.H ergas�a melet� ta genikeumèna probl mata th 'Orash pou aforoÔn sthn an�qneushantikeimènwn, stoqastik  ekt�mhsh gia suneq  an�qneush, kai an�qneush th pìza sthngenik  tou morf , en¸ par�llhla prosarmìzei kai ulopoie� gnwstè mejìdou, kai prote�neikainotìme lÔsei pou apeujÔnontai sti idiaiterìthte th sugkekrimènh efarmog  thnohmatik  gl¸ssa.Telik�, h ergas�a prosfèrei mia emperistatwmènh melèth kai ulopo�hsh enì kajolikoÔenopoihmènou plais�ou an�qneush tou pros¸pou kai ekt�mhsh th pìza to opo�o efarmì-zetai kai axiologe�tai p�nw se b�nteo th nohmatik  gl¸ssa. Ta apotelèsmata de�qnounìti to pla�sio autì e�nai idia�tera akribè kai axiìpisto, en¸ epitugq�nei na xeper�sei tiprokl sei pou parousi�zontai sto sugkekrimèno prìblhma, kai sqet�zontai kur�w me thnepik�luyh tou pros¸pou apì ta qèria. To pla�sio pou prote�netai, den perior�zetai mìnosto epimèrou prìblhma th nohmatik , all� mpore� na genikeute� se ìle ti peript¸seiìpou antimetwp�zontai ant�stoiqa qarakthristik� ìpw suqn  kai ektetamènh epik�luyh.79



80 Kef�laio 6. Ep�logo6.2 KateujÔnsei gia Mellontik  'EreunaOi kateujÔnsei gia mellontik  èreuna prosanatol�zontai tìso sta genikìtera probl -mata 'Orash Upologist¸n pou antimetwp�zontai se aut  thn ergas�a, ìso kai sthn antime-t¸pish epìmenwn prokl sewn pou aforoÔn sthn nohmatik  gl¸ssa. Oi kateujÔnsei pouprote�nontai, sunoy�zontai sta epìmena shme�a:
• 'Oson afor� thn an�qneush th pìza, h idèa pou prote�netai kai ulopoie�tai d�nei i-dia�tera axiìloga apotelèsmata kai antimetwp�zei thn prìklhsh th epik�luyh polÔkalÔtera apì �lle mejìdou, den apotele� ìmw akìmh mia pl rh kai oloklhrwmè-nh mèjodo. H idèa ja mporoÔse ne exeliqje� tìso sthn kateÔjunsh th suneqoÔan�qneush (tracking) twn qarakthristik¸n shme�wn, ìso kai sthn met�frash twndianusm�twn se gwn�e, me thn ekpa�deush sunart sewn antisto�qhsh apì poll� pe-rissìtera prìswpa me diaforetikè gewmetr�e. Tèlo h mèjodo prèpei na efarmoste�p�nw se èna sÔnolo suneqìmenwn eikìnwn pros¸pwn me proshmeiwmènh pìza gia thnaxiolìghs  th kai thn sÔgkris  th me �lle mejìdou.
• Mia akìmh endiafèrousa prooptik  e�nai h melèth kai an�ptuxh enì ant�stoiqou,basismènou-se-ekpa�deush (learning-based) plais�ou gia thn an�qneush twn qeri¸n.Efìson ta qèria apoteloÔn paramorf¸sima antike�mena, to sugkekrimèno pla�sio meta Haar qarakthristik� ja apotÔgqane, o algìrijmo AdaBoost ja mporoÔse ìmwna sunduaste� me �llou e�dou qarakthristik� pou sunant¸ntai sthn bibliograf�a, kaièqoun anaptuqje� eidik� gia paramorf¸sima antike�mena.
• Tèlo ìson afor� aut  kaj� aut  thn an�lush th nohmatik  gl¸ssa, h akrib an�qneush tou pros¸pou ja mporoÔse na sunduaste� me thn an�qneush twn qeri¸nse peript¸sei epik�luyh, gia thn exagwg  th plhrofor�a sqetik� me to shme�oenapìjesh tou qerioÔ p�nw sto prìswpo (place of articulation), h opo�a krÔbeiep�sh shmantikì glwssikì nìhma. Ep�sh, h jèsh tou pros¸pou kai h ekt�mhsh thpìza, ja mporoÔsan na qrhsimopoihjoÔn san prìterh gn¸sh gia thn pio eÔrwsthefarmog  euèliktwn gr�fwn sto anjr¸pino prìswpo, gia thn peraitèrw an�lush thèkfras  tou.







Bibliograf�a[1℄ Simon Baker, Iain Matthews, Jing Xiao, Ralph Gross, Takahiro Ishikawa kai Takeo

Kanade. Real-time non-rigid driver head tracking for driver mental state estimation,2004.[2℄ Volker Blanz kai Thomas Vetter. A morphable model for the synthesis of 3d faces.Sto Proceedings of the 26th annual conference on Computer graphics and interacti-

ve techniques, SIGGRAPH ’99, sel�de 187�194, New York, NY, USA, 1999. ACM

Press/Addison-Wesley Publishing Co.[3℄ Howie Choset, Kevin M. Lynch, Seth Hutchinson, George Kantor, Wolfram Burgard,

Lydia E. Kavraki kai Sebastian Thrun. Principles of Robot Motion: Theory, Algori-

thms, and Implementations (Intelligent Robotics and Autonomous Agents). The MIT

Press, 2005.[4℄ T. F. Cootes, G. V. Wheeler, K. N. Walker kai C. J. Taylor. View-based active

appearance models. Image and Vision Computing, 20(9-10):657 � 664, 2002.[5℄ Timothy F. Cootes, Gareth J. Edwards kai Christopher J. Taylor. Active appearance

models. IEEE Trans. Pattern Anal. Mach. Intell., 23(6):681�685, 2001.[6℄ Liya Ding kai Aleix M. Martinez. Modelling and recognition of the linguistic com-

ponents in american sign language. Image and Vision Computing, 27(12):1826�1844,2009.[7℄ Richard O. Duda, Peter E. Hart kai David G. Stork. Pattern Classification (2nd

Edition). Wiley-Interscience, 2h èkdosh, 2001.[8℄ IEEE Erik Murphy-Chutorian, Student Member kai IEEE Mohan Manubhai Trivedi,

Senior Member. Head pose estimation in computer vision: A survey. IEEE TPAMI,31(4):607�627, 2009.[9℄ Yoav Freund kai Robert E. Schapire. A decision-theoretic generalization of on-line

learning and an application to boosting. Sto Proceedings of the Second European

Conference on Computational Learning Theory, sel�de 23�37, London, UK, 1995.
Springer-Verlag. 83



84 Bibliograf�a[10℄ Jerome Friedman, Trevor Hastie kai Robert Tibshirani. Additive logistic regression:

a statistical view of boosting. Annals of Statistics, 28, 2000.[11℄ Etienne Grossmann. Adatree: Boosting a weak classifier into a decision tree. Com-

puter Vision and Pattern Recognition Workshop, 6:105, 2004.[12℄ Jeffrey Huang, Xuhui Shao kai Harry Wechsler. Face pose discrimination using sup-

port vector machines (svm). Sto Proceedings of the 14th International Conference on

Pattern Recognition-Volume 1 - Volume 1, ICPR ’98, sel�de 154�, Washington, DC,

USA, 1998. IEEE Computer Society.[13℄ Michael Isard kai Andrew Blake. Condensation conditional density propagation for

visual tracking. International Journal of Computer Vision, 29:5�28, 1998.[14℄ Andreas Lanitis, Christopher J. Taylor kai Timothy F. Cootes. Automatic interpre-

tation and coding of face images using flexible models. IEEE Trans. Pattern Anal.

Mach. Intell., 19(7):743�756, 1997.[15℄ Rainer Lienhart, Alexander Kuranov kai Vadim Pisarevsky. Empirical analysis of

detection cascades of boosted classifiers for rapid object detection. Sto Pattern Reco-

gnition, tìmo 2781 sto Lecture Notes in Computer Science, sel�de 297�304. Springer

Berlin / Heidelberg, 2003.[16℄ Rainer Lienhart kai Jochen Maydt. An extended set of haar-like features for rapid

object detection. 2002.[17℄ Iain Matthews kai Simon Baker. Active appearance models revisited. International

Journal of Computer Vision, 60(2):135�164, 2004.[18℄ J. L. Crowley N. Gourier, D. Hall. Estimating face orientation from robust detection

of salient facial features. Proceedings of Pointing , ICPR, International Workshop on

Visual Observation of Deictic Gestures, Cambridge, UK, 2004.[19℄ Carol Neidle, Vassilis Athitsos, Stan Sclaroff kai Hermann Ney. Benchmark databases

for video-based automatic sign language recognition, q.q.[20℄ Constantine P. Papageorgiou, Michael Oren kai Tomaso Poggio. A general framework

for object detection. Computer Vision, IEEE International Conference on, 0:555,1998.[21℄ George Papandreou kai Petros Maragos. Adaptive and constrained algorithms for

inverse compositional active appearance model fitting. Computer Vision and Pattern

Recognition, IEEE Computer Society Conference on, 0:1�8, 2008.[22℄ E. K. Patterson, S. Gurbuz, Z. Tufekci kai J. N. Gowdy. Cuave: A new audio-visual

database for multimodal human-computer interface research. Sto In Proc. ICASSP,sel�de 2017�2020, 2002.



Bibliograf�a 85[23℄ Sujith Srinivasan kai Kim L. Boyer. Head pose estimation using view based eigen-

spaces. Pattern Recognition, International Conference on, 4:40302, 2002.[24℄ Zhuowen Tu. Probabilistic boosting-tree: Learning discriminative models for classifi-

cation, recognition, and clustering. Computer Vision, IEEE International Conference

on, 2:1589�1596, 2005.[25℄ M. Viola, Michael J. Jones kai Paul Viola. Fast multi-view face detection. Sto Proc.

of Computer Vision and Pattern Recognition, 2003.[26℄ Paul Viola kai Michael J. Jones. Robust real-time face detection. International

Journal of Computer Vision, 57:137�154, 2004.[27℄ Ulrichvon Agris, Jörg Zieren, Ulrich Canzler, Britta Bauer kai Karl Friedrich Kraiss.
Recent developments in visual sign language recognition. Universal Access in the

Information Society, 6:323�362, 2008.[28℄ Greg Welch kai Gary Bishop. An Introduction to the Kalman Filter. Teqnik  Anafor�up. ar�jm. TR 95-041, 2004.





Kef�laio 7Metafr�sei Xènwn ìrwnMet�frash Agglikì ìrotaxinomht  classifieruperekpa�deush overfittinglogarijmik  pijanof�neia log likelihoodpalindrìmish regressionlogistik  palindrìmish logistic regressionpalindrìmish elaq�stwn tetrag¸nwn least squares regressionan�qneush detectionsuneq  an�qneush trackingdèndra apof�sewn decision treesÔnolo axiolìghsh benchmarkqarakthristikì featurefwtismì illuminationta�riasma protÔpwn template matchingidiodianÔsmata eigenvectorsidiotimè eigenvaluesidioq¸ro eigenspace

87





89


