Algìrijmoi EujugrĹmmishc TrisdiĹstatwn Antikeimènwn

Nikìlaoc KarampatziĹkhc^⋆

Tmăma Plhroforikăc & Thlepikoinwniÿn, Ejnikì & Kapodistriakì Panepistămio Ajhnÿn email: N.Karampatziakis@di.uoa.gr

PerÐlhyh H eÔresh tou stereoÔ metasqhmatismoÔ pou eujugrammÐzei dÔo antikeÐmena thc Ðdiac klĹshc eÐnai polÔ qrăsimh sto pedÐo thc teqnhtăc ìrashc giatÐ epitrèpei thn epÐlush diĹforwn Ĺllwn problhmĹtwn qrhsimopoiÿntac tic eujugrammismènec anaparastĹseic twn antikeimènwn. Se aută thn ergasÐa anaptÔqjhkan, prosarmìsthkan, sunduĹsthkan kai axiologăjhkan treic kajierwmènoi algìrijmoi eujugrĹmmishc, ta Spin Images, o ICP kai oi eikìnec bĹjouc. Oi algìrijmoi axiologăjhkan sthn anagnÿrish trisdiĹstatwn prosÿpwn me ekfrĹseic kai enswmatÿjhkan se èna sÔsthma anagnÿrishc prosÿpou to opoÐo summetèqei sto diagwnismì FRVT ìpou h akrÐbeia thc eujugrĹmmishc kai h anoqă sto jìrubo eÐnai polÔ shmantikèc.

1 Eisagwgă

PolÔ suqnĹ sto pedÐo thc teqnhtăc ìrashc anazhtoÔme èna gewmetrikì metasqhmatismì pou na eujugrammÐzei dÔo trisdiĹstatec anaparastĹseic enìc antikeimènou. ’Eqontac èna tètoio metasqhmatismì, pollĹ problămata mporoÔn na lujoÔn eukolìtera. ParadeÐgmata tètoiwn problhmĹtwn eÐnai:

Sunènwsh dedomènwn apì diaforetikèc metrăseic. Sunăjwc, dedomèna pou lambĹnontai me deigmatolhyÐa thc Ðdiac skhnăc apì diaforetikèc optikèc gwnÐec ja prèpei na enopoihjoÔn. H eujugrĹmmish eÐnai mia diadikasÐa pou metasqhmatÐzei ta diaforetikĹ sÔnola dedomènwn se èna sÔsthma suntetagmènwn ÿste na eÐnai eukolìterh h sunènwsh touc se èna eniaÐo sÔnolo. TrisdiĹstath anagnÿrish antikeimènwn. ’Ena kentrikì sustatikì se pollèc proseggÐseic tou problămatoc thc anagnÿrishc enìc antikeÐmenou eÐnai arqikĹ h eÔresh miac kalăc eujugrĹmmishc me kĹpoio montèlo antikeimènou. Sugqÿneush dedomènwn apì diaforetikoÔc aisjhtărec. Merikèc forèc, sumplhrwmatikĹ dedomèna gia èna antikeÐmeno eÐnai diajèsima apì diĹfora eÐdh aisjhtărwn p.q. fwtografikèc mhqanèc oratoÔ kai upèrujrou fĹsmatoc. Mèsw thc eujugrĹmmishc, ta sumplhrwmatikĹ dedomèna mporoÔn na sugqwneujoÔn gia thn peraitèrw epexergasÐa touc. H optikopoÐhsh twn eujugrammismènwn dedomènwn parèqei sunăjwc perissìterec plhroforÐec apì thn anexĹrthth apeikìnisă touc.

⋆ Epiblèpwn Kajhghtăc: JeoqĹrhc JeoqĹrhc.

H eujugrĹmmish èqei wc stìqo thn dhmiourgÐa antistoiqăsewn metaxÔ twn qarakthristikÿn dÔo antikeimènwn kai thn eÔresh tou katĹllhlou stereoÔ (rigid) metasqhmatismoÔ pou ja fèrei autĹ ta qarakthristikĹ kontĹ metaxÔ touc. ’Enac stereìc metasqhmatismìc den allĹzei to sqăma enìc antikeimènou kai mporeÐ na ekfrasteÐ wc mÐa peristrofă akoloujoÔmenh apì mÐa metaforĹ. Sunăjwc ta dÔo antikeÐmena kaloÔntai montèlo kai skhnă. H sÔmbash eÐnai ìti an o metasqhmatismìc efarmosteÐ pĹnw sto montèlo, autì ja eujugrammisteÐ me th skhnă.

Se aută thn ergasÐa anaptÔqjhkan, efarmìsthkan, sunduĹsthkan kai apotimăjhkan treic algìrijmoi, oi eikìnec peristrofăc (Spin Images), o ICP kai oi eikìnec bĹjouc, gia th lÔsh tou problămatoc thc eujugrĹmmishc trisdiĹstatwn prosÿpwn. Oi algìrijmoi autoÐ mporoÔn mĹlista na ektelestoÔn se seirĹ gia na ekmetalleutoÔme ta pleonektămata kai twn triÿn. Sthn epìmenh enìthta perigrĹfontai oi treic algìrijmoi kai oi aparaÐthtec prosarmogèc pou èginan gia to prìblhma thc eujugrĹmmishc prosÿpwn. Sthn enìthta 3 parousiĹzontai ta upìloipa tmămata tou sustămatoc anagnÿrishc kai ta peiramatikĹ apotelèsmata mac. Tèloc, sthn enìthta 4 sugkentrÿnontai ta sumperĹsmata thc ergasÐac.

2 Algìrijmoi EujugrĹmmishc

2.1 H Basikă LÔsh

Ac upojèsoume ìti mac dÐnontai oi suntetagmènec enìc plăjouc shmeÐwn ìpwc metrăjhkan se dÔo diaforetikĹ KartesianĹ sustămata suntetagmènwn. H eÔresh tou stereoÔ metasqhmatismoÔ metaxÔ twn dÔo susthmĹtwn eÐnai to aploÔstero kai basikìtero prìblhma eujugrĹmmishc me to opoÐo ja asqolhjoÔme.

Gia ton prosdiorismì enìc stereoÔ metasqhmatismoÔ qreiĹzontai trÐa toulĹqiston zeÔgh shmeÐwn. GenikĹ èqoume parapĹnw zeÔgh shmeÐwn, pijanÿc me sfĹlmata stic metrăseic, opìte anazhtoÔme ton metasqhmatismì pou ja elaqistopoieÐ to Ĺjroisma twn tetragÿnwn twn apostĹsewn kĹje zeÔgouc shmeÐwn [1].

Ac jewrăsoume n shmeÐa kai ac onomĹsoume ta dÔo sustămata suntetagmènwn aristerì kai dexiì. Oi suntetagmènec twn shmeÐwn sta dÔo sustămata ja sumbolÐzontai wc {p_{l,i}} kai {p_{r,i}}, i = 1 . . . n. AnazhtoÔme èna metasqhmatismì thc morfăc p_r = R(p_l) + p_0 apì to aristerì sto dexiì sÔsthma suntetagmènwn ìpou R(p_l) eÐnai to peristrammèno sÔnolo shmeÐwn p_l kai p_0 eÐnai h metaforĹ. Ja elaqistopoiăsoume to Ĺjroisma twn tetragÿnwn twn sfalmĹtwn ∑ ||e_i||^2 = ∑ ||p_{r,i} − R(p_{l,i}) − p_0||^2.

ApodeiknÔetai eÔkola [1] ìti h bèltisth metaforĹ eÐnai aplÿc h diaforĹ thc mèshc timăc twn shmeÐwn sto dexiì sÔsthma apì thn peristrammènh mèsh timă twn shmeÐwn sto aristerì sÔsthma p_0 = p̄_r −R(p̄_l) ìpou p̄_l =^1_n ∑ p_{l,i}, p̄_r =^1_n ∑ p_{r,i}.

H peristrofă anaparÐstatai me monadiaÐa quaternions ta opoÐa èqoun pollĹ pleonektămata. ApodeiknÔetai [1] ìti h bèltisth peristrofă dÐnetai apì to monadiaÐo quaternion q = [q_0, q_x, q_y, q_z]^T pou megistopoieÐ to q^T Nq ìpou

N = S_{11} + S_{22} + S_{33} S_{23} − S_{32} S_{31} − S_{13} S_{12} − S_{21} S_{23} − S_{32} S_{11} − S_{22} − S_{33} S_{12} + S_{21} S_{31} + S_{13} S_{31} − S_{13} S_{12} + S_{21} −S_{11} + S_{22} − S_{33} S_{23} + S_{32} S_{12} − S_{21} S_{31} + S_{13} S_{23} + S_{32} −S_{11} − S_{22} + S_{33} me ton pÐnaka S = ∑ (p_{l,i} − p̄_l)(p_{r,i} − p̄_r)^T . EÐnai gnwstì ìti h tetragwnikă morfă q^T Nq me ||q|| = 1 megistopoieÐtai ìtan to q eÐnai to idiodiĹnusma pou antistoiqeÐ sth mègisth idiotimă tou N. O pÐnakac peristrofăc R eÐnai tìte

R = q^2_0 + q^2_x − q^2_y − q^2_z 2(q_xq_y − q_0q_z) 2(q_xq_z + q_0q_y) 2(q_xq_y + q_0q_z) q^2_0 − q^2_x + q^2_y − q^2_z 2(q_yq_z − q_0q_x) 2(q_xq_z − q_0q_y) 2(q_yq_z + q_0q_x) q^2_0 − q^2_x − q^2_y + q^2_z

kai me th boăjeia thc p_0 = p̄_r − R(p̄_l) upologÐzetai kai h metaforĹ. MÐa epèktash autăc thc lÔshc prokÔptei an sthn antikeimenikă sunĹrthsh prostejoÔn bĹrh [1], dhladă an elaqistopoioÔme to ∑ w_i||e_i||^2. Tìte qrhsimopoioÔntai oi stajmismènec mèsec timèc p̄_l = P w_ip_{l,i} P w_i , p̄r = P w_ip_{r,i} P w_i kai h bèltisth peristrofă upologÐzetai

qrhsimopoiÿntac ton pÐnaka S = ∑ w_i(p_{l,i} − p̄_l)(p_{r,i} − p̄_r)^T .

2.2 Eikìnec peristrofăc

’Otan den gnwrÐzoume gia ta shmeÐa tou montèlou ta shmeÐa thc skhnăc sta opoÐa antistoiqoÔn, aută h antistoÐqhsh prèpei na upologisteÐ. MÐa genikă mèjodoc eÔreshc tètoiwn antistoiqăsewn eÐnai mèsw eikìnwn peristrofăc [2].

Oi eikìnec peristrofăc eÐnai ènac trìpoc perigrafăc stic dÔo diastĹseic tou sqămatoc enìc trisdiĹstatou antikeimènou M jewrÿntac wc bĹsh èna prosanatolismèno shmeÐo O = (p, n) ìpou p èna shmeÐo sthn epifĹneia tou M kai n to kanonikì diĹnusma sto shmeÐo p. To n to upologÐzoume wc to mèso ìro twn kanonikÿn dianusmĹtwn twn trigÿnwn sta opoÐa summetèqei to p [3]. KĹje shmeÐo x apeikonÐzetai stic dÔo diastĹseic me dÔo apì tic kulindrikèc tou suntetagmènec:

S_O (x) = (r, z) = (√ ||x − p||^2 − (n · (x − p))^2, n · (x − p) ) (1) MÐa eikìna peristrofăc I^{OA} eÐnai to apotèlesma thc efarmogăc thc (1) sta shmeÐa enìc polugwnikoÔ antikeimènou A. EÐnai profanèc ìti h apeikìnish S_O eÐnai analloÐwth se metaforèc kai peristrofèc tou antikeimènou kai epomènwc mÐa eikìna peristrofăc den exartĹtai apì th jèsh tou antikeimènou ston qÿro.

KĹje eikìna peristrofăc anaparÐstatai me èna didiĹstato pÐnaka o opoÐoc eÐnai èna istìgramma thc katanomăc twn timÿn r kai z. KĹje kĹdoc tou istogrĹmmatoc èqei mègejoc Ðso me thn anĹlush tou montèlou (h opoÐa edÿ metrĹtai wc o diĹmesoc (median) twn mhkÿn twn akmÿn tou). Oi timèc twn kĹdwn upologÐzontai sÔmfwna me th diadikasÐa tou pÐnaka 1. H axÐa kĹje shmeÐou diamoirĹzetai stouc tèsseric geitonikoÔc kĹdouc gia na upĹrqei megalÔterh anoqă stic akribeÐc jèseic twn shmeÐwn.

Oi eikìnec peristrofăc pou proèrqontai apì dÔo shmeÐa ta opoÐa ja ătan polÔ kontĹ an dÔo antikeÐmena ătan eujugrammismèna, den ja eÐnai akribÿc Ðdiec lìgw jorÔbou, diaforetikăc yhfiopoÐhshc ă elafrÿc diaforetikoÔ sqămatoc. Anamènetai ìmwc perÐpou to Ðdio posostì shmeÐwn na apeikonÐzetai se antÐstoiqouc kĹdouc. ’Enac trìpoc sÔgkrishc dÔo grammikĹ susqetismènwn eikìnwn P kai Q

PÐnakac 1. DiadikasÐa kataskeuăc miac eikìnac peristrofăc. To BinSize eÐnai to mègejoc tou kĹdou. To Support eÐnai to ginìmeno tou arijmoÔ twn pixel se mia grammă ă stălh miac eikìnac peristrofăc epÐ to mègejoc tou kĹdou. Ta shmeÐa gia ta opoÐa r > Support kai 2|z| > Support agnooÔntai. Sthn ulopoÐhsh to Support eÐnai Ðso me thn megalÔterh diĹstash tou bounding box tou montèlou me to opoÐo eujugrammÐzontai ìla ta antikeÐmena.

EÐsodoc: ’Ena prosanatolismèno shmeÐo O kai èna antikeÐmeno M ’Exodoc: H eikìna peristrofăc I^{OM} CreateSpinImage(O,M) I = 0 foreach point x in M

(r, z) = SO (x) (a, b) =

`_{0.5Support−z}

BinSize , r BinSize ´ (i, j) = (⌊a⌋, ⌊b⌋) (u, v) = (a − i, b − j) Ii,j += (1 − u)(1 − v); Ii+1,j += u(1 − v); Ii,j+1 += (1 − u)v; Ii+1,j+1 += uv

me N pixel eÐnai o kanonikopoihmènoc suntelestăc grammikăc susqètishc

R(P, Q) = N ∑ p_iq_i − ∑ p_i ∑ q_i √( N ∑ p^2_i − ( ∑ p_i)^2 ) ( N ∑ q^2_i − ( ∑ q_i)^2

) (2)

ìpou ta p_i, q_i sumbolÐzoun tic entĹseic twn i-ostÿn pixel twn eikìnwn P kai Q. Sthn perÐptwsh pou upĹrqoun elleipă dedomèna, oi eikìnec peristrofăc den ja moiĹzoun se ìlh touc thn èktash (sqăma 1). Autì antimetwpÐzetai an ta dedomèna pou qrhsimopoioÔntai gia ton upologismì thc (2) lambĹnontai mìno apì tic perioqèc ìpou oi dÔo eikìnec epikalÔptontai. ’Etsi h metrikă (2) tropopoieÐtai se

C(P, Q) = (atanh(R(P, Q)))^2 − λ ( 1 K − 3 ) (3) ìpou K eÐnai o arijmìc twn kĹdwn stouc opoÐouc kai h P kai h Q èqoun mh mhdenikèc timèc. To λ tÐjetai Ðso me th mèsh epikĹluyh pou èqoun oi eikìnec peristrofăc sto montèlo. To^1_{K−3} eÐnai h diasporĹ tou atanh(R(P, Q)) [2].

Gia thn eujugrĹmmish tou montèlou me th skhnă, arqikĹ epilègetai èna tuqaÐo shmeÐo apì th skhnă kai kataskeuĹzetai h antÐstoiqh eikìna peristrofăc. Aută sugkrÐnetai me thn eikìna peristrofăc kĹje shmeÐou tou montèlou me qrăsh thc (3) kai apì tic antÐstoiqec timèc kataskeuĹzetai èna istìgramma. EkeÐ entopÐzontai oi outliers (asunăjista megĹlec timèc) kai dhmiourgoÔntai antistoiqăseic metaxÔ tou shmeÐou thc skhnăc kai twn shmeÐwn pou antiproswpeÔoun autoÐ. H diadikasÐa epanalambĹnetai gia to 10% tuqaÐa epilegmènwn shmeÐwn thc skhnăc.

Gia na elegqjeÐ h sunèpeia twn antistoiqăsewn afairoÔntai katarqĹc oi antistoiqăseic me timă thc metrikăc C mikrìterh apì to misì thc kalÔterhc antistoÐqhshc gia to Ðdio shmeÐo thc skhnăc. ’Epeita qrhsimopoieÐtai h ènnoia thc gewmetrikăc sunèpeiac h opoÐa dhlÿnei th sumbatìthta dÔo antistoiqăsewn. ’Estw oi

(aþ) (bþ) (gþ) (dþ)

Sqăma 1. Sta prìswpa twn sqhmĹtwn (aþ) kai (bþ) èqoun epilegeÐ dÔo shmeÐa pou mia kală eujugrĹmmish prèpei na fèrei polÔ kontĹ. Oi antÐstoiqec eikìnec peristrofăc faÐnontai sta sqămata (gþ) kai (dþ). ’Opwc eÐnai fanerì oi dÔo eikìnec den eÐnai entelÿc ìmoiec

antistoiqăseic C_1 = [s_1, m_1], C_2 = [s_2, m_2] ìpou ta s_1, s_2 kai m_1, m_2 eÐnai shmeÐa thc skhnăc kai tou montèlou antÐstoiqa, tìte ìso pio mikră eÐnai h posìthta

d_{gc}(C_1, C_2) =

||S_{m2} (m_1) − S_{s2} (s_1)|| 0.5 (||S_{m2} (m_1)|| + ||S_{s2} (s_1)||)

ìpou to S_x(y) orÐzetai sthn (1), tìso pio sumbatèc eÐnai h C_1 kai C_2. ’Etsi h sunèpeia dÔo antistoiqăsewn orÐzetai apì th sqèsh D_{gc} = max(d_{gc}(C_1, C_2), d_{gc}(C_2, C_1)).

Oi gewmetrikĹ sunepeÐc antistoiqăseic sto sÔnolo ìlwn twn antistoiqăsewn upologÐzontai wc exăc. ArqikĹ upologÐzetai o pÐnakac D = D_{gc}(C_i, C_j ) kai aporrÐptontai oi antistoiqăseic pou den eÐnai arketĹ ìmoiec me toulĹqiston 25% apì tic upìloipec antistoiqăseic. ’Epeita efarmìzoume mia omadopoÐhsh (clustering) stic upìloipec antistoiqăseic me bĹsh ton pÐnaka D [2]. Se kĹje omĹda triÿn toulĹqiston antistoiqăsewn efarmìzoume th basikă lÔsh (enìthta 2.1) kai paÐrnoume èna mikrì sÔnolo eÔlogwn stereÿn metasqhmatismÿn. O epìmenoc algìrijmoc apofasÐzei poioc apì autoÔc touc metasqhmatismoÔc eÐnai o katallhlìteroc.

2.3 O Algìrijmoc ICP (Iterative Closest Point)

’Otan ta dÔo antikeÐmena pou ja eujugrammistoÔn eÐnai arketĹ kontĹ tìte eÐnai polÔ pijanì to shmeÐo thc skhnăc to opoÐo pragmatikĹ antistoiqeÐ se èna shmeÐo m tou montèlou M na eÐnai to kontinìtero shmeÐo thc skhnăc S sto m. Aută eÐnai h basikă idèa pÐsw apì ton algìrijmo ICP. Ac jewrăsoume to sÔnolo T (A) = {(m_i, c_i) : m_i ∈ A · M, c_i = argmin_{s∈S} ||s − m_i||} ìpou A h trèqousa ektÐmhsh tou zhtoÔmenou metasqhmatismoÔ. To T (A) upologÐzetai grăgora organÿnontac to S se kd-dèntro kai o upologismìc ja sumbolÐzetai me ton telestă C: T (A) = C(A, M, S). Dedomènou tou T (A) o metasqhmatismìc pou eujugrammÐzei ta shmeÐa tou M me ta shmeÐa tou S dÐnetai apì th basikă lÔsh thc enìthtac 2.1 kai ja ton sumbolÐzoume me ton telestă: (B, d) = Q(T (A)) ìpou B h nèa ektÐmhsh tou stereoÔ metasqhmatismoÔ kai d =^1_{Nm}

∑_{Nm} i=1 ||Bm_i − t_i||^2 to mèso tetragwnikì sfĹlma metaxÔ twn eujugrammismènwn antikeimènwn. O algìrijmoc ICP [4]

PÐnakac 2. O algìrijmoc ICP

EÐsodoc: ’Ena antikeÐmeno montèlo M kai èna antikeÐmeno skhnă S ’Exodoc: ’Enac stereìc metasqhmatismìc A ICP(S,M) KataskeÔase to kd-dèntro gia to sÔnolo twn shmeÐwn tou S A0 = I3; k = 0; // To A_k · M antiproswpeÔei thn trèqousa jèsh tou montèlou do T (A_k) = C(A_k, M, S) // Upologismìc twn kontinìterwn shmeÐwn (A_{k+1}, d_{k+1}) = Q(T (A_k)) // Upologismìc tou metasqhmatismoÔ k = k + 1 while d_{k−1} − d_k > ϵ // ’Elegqoc sÔgklishc return A_k

faÐnetai ston pÐnaka 2. O ICP apodeiknÔetai ìti sugklÐnei monìtona se èna topikì elĹqisto tou sfĹlmatoc d kai sthn prĹxh eÐnai idiaÐtera apotelesmatikìc.

An ta dÔo antikeÐmena epikalÔptontai merikÿc tìte ja upĹrqoun shmeÐa gia ta opoÐa den ja èprepe na upărqe kamÐa antistoÐqhsh. O ICP wstìso upologÐzei ta kontinìtera shmeÐa sto S gia ìla ta shmeÐa tou M kai ètsi ja prokÔptoun lanjasmènec antistoiqăseic. Mia aplă lÔsh gi’ autì to prìblhma eÐnai ston upologismì tou bèltistou metasqhmatismoÔ na agnooÔntai ìlec oi (sunăjwc lanjasmènec) antistoiqăseic twn opoÐwn èna toulĹqiston shmeÐo anăkei sto sÔnoro kĹpoiac epifĹneiac [5]. Aută h teqnikă eÐnai apotelesmatikă, allĹ h enswmĹtwsh thc ston algìrijmo anaireÐ thn eggÔhsh sÔgklishc proc èna topikì elĹqisto. Wstìso, aplèc allagèc sto kritărio sÔgklishc arkoÔn gia na diorjÿsoun to prìblhma.

O ICP èqei Ĺristh sumperiforĹ ìtan ta dÔo antikeÐmena eÐnai perÐpou eujugrammismèna. An ta dÔo antikeÐmena den eÐnai kontĹ, eÐnai dunatìn na pagideuteÐ se kĹpoio Ĺsqhmo topikì elĹqisto. Gia na arqikopoihjeÐ o ICP me mia kală eujugrĹmmish, mporoÔn na dokimastoÔn gia lÐgec epanalăyeic ìloi oi eÔlogoi metasqhmatismoÐ pou proèkuyan mèsw twn eikìnwn peristrofăc kai telikĹ na epilegeÐ autìc pou sto tèloc odăghse sto mikrìtero mèso tetragwnikì sfĹlma.

2.4 Parallagèc tou ICP

H aplìthta tou ICP èqei wc apotèlesma o basikìc algìrijmoc na èqei epektajeÐ me diĹforouc trìpouc [6,7,8,9]. Merikèc parallagèc oi opoÐec ătan efiktì na dokimastoÔn sto dikì mac peiramatikì plaÐsio eÐnai:

BĹrh stic Antistoiqăseic Epeidă ta montèla pou qrhsimopoiăjhkan sta peirĹmata mac eÐqan perioqèc stic opoÐec èprepe h eujugrĹmmish na eÐnai polÔ kală (p.q. sth mÔth), qrhsimopoiăsame th lÔsh me bĹrh stic antistoiqăseic. DeigmatolhyÐa ShmeÐwn Ta prìswpa pou eÐqame sth diĹjesh mac ătan arketĹ jorubÿdh kai eÐqan suqnĹ perioqèc ìpou èlleipan dedomèna ta opoÐa upărqan sto montèlo. TelikĹ apofasÐsthke na qrhsimopoioÔntai perioqèc stic opoÐec ta dedomèna ătan pĹnta axiìpista (bl. enìthta 3).

Apìrriyh Asjenÿn Antistoiqăsewn Gia na beltiwjeÐ h eurwstÐa thc ulopoÐhshc se periptÿseic ìpou to montèlo diafèrei arketĹ apì ta dedomèna, aporrÐptetai to 20% twn antistoiqăsewn pou suneisfèrei to megalÔtero sfĹlma [7].

2.5 Eikìnec BĹjouc

An h eujugrĹmmish pou proèkuye apì ton ICP den eÐnai arketĹ ikanopoihtikă, mporoÔme na eujugrammÐsoume tic epifĹneiec pou orÐzoun ta shmeÐa twn antikeimènwn [10,11]. H basikă idèa eÐnai na qrhsimopoihjoÔn oi timèc pou apojhkeÔontai sth mnămh bĹjouc (z-buffer) katĹ ton sqediasmì enìc antikeimènou, tic opoÐec ja kaloÔme eikìna bĹjouc, wc mia diakrită perigrafă thc epifĹneiac tou kai na elaqistopoihjeÐ h diaforĹ metaxÔ twn kampulotătwn twn dÔo epifaneiÿn. Gia autì to skopì qrhsimopoioÔntai oi prÿtec parĹgwgoi thc eikìnac bĹjouc. Sta peirĹmata mac h pleionìthta twn qarakthristikÿn twn prosÿpwn mporeÐ na apotupwjeÐ se mÐa eikìna bĹjouc antÐ gia 6 pou qrhsimopoioÔntai sto [11].

H metrikă sfĹlmatoc pou prèpei na elaqistopoihjeÐ dÐnetai apì thn exÐswsh

ϵ_d = 1 A ∫∫ V | | |∂d^1(x, y) ∂x − ∂d_2(x, y) ∂x | | | + | | | ∂d^1(x, y) ∂y − ∂d_2(x, y) ∂y | | | dV (4)

ìpou A eÐnai to embadìn thc epikĹluyhc twn epifaneiÿn thn opoÐa sumbolÐzoume me V enÿ me d_1(x, y) kai d_2(x, y) sumbolÐzetai to bĹjoc thc kĹje epifĹneiac sto shmeÐo (x, y). Epeidă h sunĹrthsh bĹjouc anaparÐstatai me eikìnec bĹjouc, qrhsimopoiăjhke h diakrită ekdoqă autăc thc metrikăc.

To prìblhma me aută th metrikă eÐnai ìti sta Ĺkra tou antikeimènou h parĹgwgoc paÐrnei polÔ megĹlec timèc me apotèlesma autèc oi perioqèc na suneisfèroun polÔ sto sfĹlma kai na episkiĹzoun ta sfĹlmata pou proèrqontai apì thn upìloiph epifĹneia. Autì diorjÿnetai an qrhsimopoihjeÐ èna Ĺnw ìrio ÿste na mhn epitrèpontai timèc paragÿgwn megalÔterec apì autì. Gia thn elaqistopoÐhsh thc metrikăc thc exÐswshc (4) qrhsimopoiăjhke h emploutismènh prosomoiwmènh anìpthsh (enhanced simulated annealing) [12], h opoÐa eÐnai mia beltiwmènh ekdoqă thc klasikăc prosomoiwmènhc anìpthshc.

3 Melèth PerÐptwshc: Anagnÿrish Prosÿpwn

H diadikasÐa thc eujugrĹmmishc apoteleÐ to arqikì băma se èna sÔsthma anagnÿrishc antikeimènwn kai h akribăc apotÐmhsh thc poiìthtĹc thc eÐnai polÔ dÔskolh giatÐ exartĹtai apì to prìblhma sto opoÐo efarmìzetai. Sthn perÐptwsh twn peiramĹtwn anagnÿrishc prosÿpou qrhsimopoieÐtai suqnĹ h orologÐa arqeÐo (gallery) kai èlegqoc (probe). Sunăjwc kĹpoiec apì tic 3D eikìnec anăkoun sto arqeÐo kai oi upìloipec ston èlegqo. To sÔsthma anagnÿrishc èqei antistoiqăsei se kĹje eikìna pou anăkei sto arqeÐo ènan Ĺnjrwpo pou ja prèpei na anagnwrÐzei. ’Otan parousiasteÐ èna prìswpo proc anagnÿrish, mia eikìna elègqou, to sÔsthma ja prèpei na brei me poia apì tic eikìnec arqeÐou moiĹzei perissìtero.

3.1 To SÔsthma Anagnÿrishc UR3D

To UR3D^1 qrhsimopoieÐ ădh touc parapĹnw algorÐjmouc kai dÐnei th dunatìthta sto qrăsth na qrhsimopoiăsei opoiodăpote sunduasmì touc. H prosèggish pou akoloujeÐ to UR3D sthn anagnÿrish prosÿpou eÐnai h exăc

1. EujugrĹmmish tou upì exètash prosÿpou me èna genikì montèlo prosÿpou. 2. Elastikă paramìrfwsh tou genikoÔ montèlou me qrăsh anjrwpometrikÿn periorismÿn ÿste na prosarmosteÐ sth gewmetrÐa tou upì exètash prosÿpou.

3. Metatropă tou 3D prosÿpou se 2D (gewmetrikă eikìna, geometry image) mèsw gnwstăc (u, v) parametropoÐhshc tou montèlou.

4. Qrăsh diĹforwn dokimasmènwn teqnikÿn gia 2D eikìnec ìpwc ta kumatÐdia (wavelets) gia th lÔsh tou aploÔsterou autoÔ problămatoc.

3.2 PeiramatikĹ Apotelèsmata

Ta apotelèsmata pou parousiĹzontai edÿ proèrqontai apì treic kajierwmènec metrăseic tou diagwnismoÔ Face Recognition Vendor Test, FRVT 2006. O FRVT apoteleÐtai apì mia seirĹ dÔskolwn peiramĹtwn kai to sÔsthma UR3D summetèqei se èna peÐrama me trisdiĹstath mìno diajèsimh plhroforÐa. Oi treic kajierwmènec metrăseic basÐzontai sto FRGC2, èna prokajorismèno sÔnolo 4007 prosÿpwn me ekfrĹseic pou diatÐjetai gia peiramatismì stouc summetèqontec tou FRVT. Stic metrăseic autèc zhteÐtai h megistopoÐhsh tou posostoÔ twn true positives (verification rate) gia timèc posostoÔ false positives (false acceptance rate) Ðsec me 1% kai 0.1%. Oi metrăseic qrhsimopoioÔn trÐa uposÔnola tou FRGC2, auxanìmenhc duskolÐac, pou kaloÔntai prÿth, deÔterh kai trÐth mĹska.

Gia ìlec tic metrăseic qrhsimopoiăjhke èna montèlo prosÿpou sto opoÐo h trisdiĹstath plhroforÐa eÐnai perissìtero axiìpisth. Sugkekrimèna, èqoun afairejeÐ h perioqă tou stìmatoc kai h perioqă tou metÿpou oi opoÐec ătan idiaÐtera anaxiìpistec. Apì tic upìloipec perioqèc, sth mÔth dìjhke to megalÔtero bĹroc, ligìtero sta mĹtia, kai akìma ligìtero sta mĹgoula.

Sto sqăma 2 parousiĹzontai gia oikonomÐa qÿrou mìno oi kampÔlec ROC gia thn trÐth kai duskolìterh mĹska gia diĹforec strathgikèc eujugrĹmmishc. Ta apotelèsmata gia tic Ĺllec dÔo mĹskec eÐnai parìmoia. ’Olec oi kampÔlec brÐskontai lÐgo yhlìtera sth deÔterh mĹska kai akìma pio yhlĹ sthn prÿth. ArqikĹ dokimĹsthke mìno o ICP. Sth sunèqeia dokimĹsthke na arqikopoihjeÐ o ICP me ta apotelèsmata twn eikìnwn peristrofăc (spin + icp sto upìmnhma). H beltÐwsh thc epÐdoshc eÐnai mikră epeidă sto FRGC2 oi jèseic twn prosÿpwn periorÐzontai apì tic dunatèc kinăseic tou auqèna. ’Etsi sunăjwc h ektèlesh tou ICP sugklÐnei se kalĹ topikĹ elĹqista gia ta dedomèna tou FRGC2.

DokimĹsthke epÐshc h qrăsh dÔo ektelèsewn tou ICP. Me thn prÿth odhgoÔmaste se mÐa kală eujugrĹmmish kai me th deÔterh eujugrammÐzoume thn mÔth jètontac amelhtèa bĹrh sta mĹtia kai sta mĹgoula. H prÿth eujugrĹmmish bohjĹ sthn apofugă Ĺsqhmwn topikÿn elaqÐstwn. ArqikĹ ginìtan qrhsimopoiÿntac

1 http://www.cbl.uh.edu/UR8D

Sqăma 2. Oi kampÔlec ROC gia tèsseric strathgikèc eujugrĹmmishc sthn trÐth mĹ- ska PÐnakac 3. Ta apotelèsmata twn upìloipwn peiramĹtwn me eikìnec bĹjouc. O trimmed icp eÐnai o algìrijmoc ICP me apìrriyh tou 20% twn antistoiqăsewn. Ston pÐnaka faÐnetai to verification rate gia false acceptance rate Ðso me 0.001 kai 0.01

Mèjodoc Prÿth MĹska DeÔterh MĹska TrÐth MĹska eujugrĹmmishc 0.001 0.01 0.001 0.01 0.001 0.01 icp + sa 0.9379 0.9713 0.9310 0.9662 0.9233 0.9604 trimmed icp + sa 0.9354 0.9690 0.9288 0.9643 0.9208 0.9590 icp opt + icp nose + sa 0.9347 0.9686 0.9293 0.9649 0.9222 0.9602

thn parallagă pou aporrÐptei to 20% twn qeirìterwn antistoiqăsewn (bl. enìthta 2.4) h opoÐa, eÐqe Ĺllote kalÔtera kai Ĺllote qeirìtera apotelèsmata apì ton aplì ICP. ’Etsi apofasÐsthke na ekteleÐtai prÿta o aplìc ICP kai an to mèso tetragwnikì sfĹlma eÐnai pĹnw apì èna ìrio na epanekteleÐtai me thn apìrriyh tou 20% twn antistoiqăsewn. Aută h taktikă dhlÿnetai wc icp opt. TelikĹ h eujugrĹmmish thc mÔthc (icp opt + icp nose) eÐqe arketĹ kalÔtera apotelèsmata.

Tèloc, dokimĹsthkan arketèc strathgikèc ìpou o metasqhmatismìc pou upolìgize o ICP dinìtan wc arqikă eujugrĹmmish ston algìrijmo twn eikìnwn bĹjouc. Ta apotelèsmata autÿn twn strathgikÿn ătan polÔ kalÔtera apì tic prohgoÔmenec strathgikèc. H kalÔterh strathgikă metaxÔ autÿn faÐnetai sto sqăma kai qrhsimopoieÐ thn proairetikă epanektèlesh tou ICP me apìrriyh tou 20% twn antistoiqăsewn (icp opt + sa^2 sto upìmnhma). Ta apotelèsmata twn upìloipwn strathgikÿn faÐnontai ston pÐnaka 3. An kai h mèjodoc twn eikìnwn bĹjouc èqei polÔ kalÔtera apotelèsmata apì touc upìloipouc algorÐjmouc, eÐnai idiaÐtera euaÐsjhth stic arqikèc sunjăkec. Gi’ autì prèpei pĹnta na prohgeÐtai h ektèlesh kĹpoiou Ĺllou algorÐjmou, ìpwc o ICP, pou ja fèrei kontĹ ta dÔo antikeÐmena.

2 To sa proèrqetai apì ta arqikĹ tou Simulated Annealing, th mèjodo beltistopoÐhshc pou qrhsimopoieÐtai ston algìrijmo twn eikìnwn bĹjouc

Parathrÿntac to sqăma 2 kai ton pÐnaka 3 sumperaÐnoume ìti oi mèjodoi eujugrĹmmishc eÐnai polÔ shmantikèc sthn apodotikìthta enìc sustămatoc anagnÿrishc prosÿpou. ’Opwc eÐnai logikì, upĹrqei mia mikră ptÿsh thc apìdoshc gia pio dÔskola problămata. ’Omwc h sqetikă apìdosh tou sustămatoc gia diaforetikèc strathgikèc eujugrĹmmishc, h opoÐa deÐqnei èmmesa kai thn poiìthta kĹje strathgikăc, paramènei analloÐwth gia tic treic mĹskec.

4 SumperĹsmata kai Mellontikèc KateujÔnseic

Sthn paroÔsa ergasÐa anaptÔqjhkan, sunduĹsthkan kai apotimăjhkan diĹforoi algìrijmoi eujugrĹmmishc trisdiĹstatwn prosÿpwn. Se èna tupikì sÔsthma, oi algìrijmoi autoÐ mporoÔn na qrhsimopoihjoÔn se seirĹ (prÿta eikìnec peristrofăc, Ôstera ICP kai tèloc eikìnec bĹjouc) gia megistopoÐhsh thc apìdoshc. Ta apotelèsmata se èna pragmatikì peÐrama èdeixan ìti h strathgikă eujugrĹmmishc ephreĹzei polÔ thn telikă apìdosh. O kalÔteroc sunduasmìc epilogÿn pou brèjhke gia th sugkekrimènh perÐptwsh ătan h arqikă ektèlesh tou algorÐjmou ICP kai h proairetikă epanektèlesh tou an to mèso tetragwnikì sfĹlma eÐnai arketĹ megĹlo. Sth sunèqeia, h eujugrĹmmish pou upologÐsthke beltiÿnetai qrhsimopoiÿntac eikìnec bĹjouc.

MerikĹ apì ta jèmata pou proèkuyan katĹ th diĹrkeia thc ergasÐac kai ta opoÐa qrăzoun thc anĹloghc melèthc eÐnai ta exăc. Prÿton, h qrăsh Ĺllwn teqnikÿn eujugrĹmmishc ìpwc o metasqhmatismìc Hough kai o gewmetrikìc katakermatismìc. DeÔteron, h qrăsh analloÐwtwn qarakthristikÿn, ìpwc oi kampulìthtec, ÿste oi algìrijmoi na entopÐzoun eukolìtera swstèc antistoiqăseic. Tèloc, h tropopoÐhsh thc basikăc lÔshc ÿste na lambĹnei upìyh kai ta sfĹlmata sta kanonikĹ dianÔsmata. Ta Ĺmesa sqèdia mac perilambĹnoun th diereÔnhsh twn parapĹnw kateujÔnsewn gia na apotimhjeÐ h enswmĹtwsă touc sto UR3D.

Anaforèc

1. Horn, B.: Closed form solution of absolute orientation using unit quaternions.

Journal of the Optical Society of America 4 (1987) 629–642 2. Johnson, A.: Spin-Images: A Representation for 3-D Surface Matching. PhD thesis, Robotics Institute, Carnegie Mellon University, Pittsburgh, PA (1997) 3. Gouraud, H.: Continuous shading of curved surfaces. IEEE Transactions on Computers 20 (1971) 623–629 4. Besl, P., McKay, N.: A method for registration of 3-d shapes. IEEE Transactions on Pattern Analysis and Machine Intelligence 14 (1992) 239–256 5. Turk, G., Levoy, M.: Zippered polygon meshes from range images. In: Proceedings of the SIGGRAPH. (1994) 6. Rusinkiewicz, S., Levoy, M.: Efficient variants of the icp algorithm. In: Proceedings of the 3rd International Conference on 3-D Digital Imaging and Modeling. (2001) 7. Chetverikov, D., Svirko, D., Stepanov, D., Krsek, P.: The trimmed iterative closest point algorithm. In: Proceedings of the International Conference on Pattern Recognition. Volume 3. (2002) 545–548

8. Sharp, G., Lee, S., Wehe, D.: Invariant features and the registration of rigid bodies.

In: IEEE International Conference on Robotics and Automation. (1999) 932–937 9. Zinsser, T., Schmidt, J., Niemann, H.: A refined icp algorithm for robust 3-d correspondence estimation. In: Proceedings of the International Conference on Image Processing. (2003) 10. Vajramushti, N., Kakadiaris, I.A., Theoharis, T., Papaioannou, G.: Efficient 3d object retrieval using depth images. In: MIR ’04: Proceedings of the 6th ACM SIGMM international workshop on Multimedia information retrieval, New York, NY, USA, ACM Press (2004) 189–196 11. Papaioannou, G., Karabassi, E., Theoharis, T.: Reconstruction of threedimensional objects through matching of their parts. IEEE Transactions on Pattern Analysis and Machine Intelligence 24 (2002) 114–124 12. Siarry, P., Berthiau, G., Durbin, F., Haussy, J.: Enhanced simulated annealing for globally minimizing functions of many-continuous variables. ACM Transactions on Mathematical Software 23 (1997) 209–228