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PerÐlhyh

KaneÐc den suneidhtopoieÐ pìso ìmorfoeÐnai na taxideÔei, mèqri pou gurÐzeispÐti tou kai koim�tai sto paliì,gn¸rimì tou maxil�ri|
�Lin Yutang (1895�1976)

H paroÔsa diatrib  asqoleÐtai me thn melèth kai thn ekpaÐdeush Teqnht¸n Neurwnik¸nDiktÔwn (TND) me mejìdouc BeltistopoÐhshc kai tic efarmogèc aut¸n| H parousÐash twnepimèrouc �em�twn kai apotelesm�twn thc diatrib c aut c organ¸netai wc ex c:Sto Kef�laio 1 parèqoume touc �asikoÔc orismoÔc kai perigr�foume th dom  kai thleitourgÐa twn TND| Sth sunèqeia, parousi�zoume mia sÔntomh istorik  anadrom , ana-�èroume merik� apì ta pleonekt mata thc qr shc twn TND kai sunoyÐzoume touc kÔriouctomeÐc ìpou ta TND efarmìzontai| Tèloc, perigr�foume tic �asikèc kathgorÐec mejìdwnekpaÐdeushc|To Kef�laio 2 afier¸netai sth majhmatik  �emelÐwsh thc ekpaÐdeushc TND| Perigr�-�oume th gnwst  mèjodo thc opisjodromik c di�doshc tou sf�lmatoc (Backpropagation)kai dÐnoume apodeÐxeic sÔgklishc gia mia kl�sh mejìdwn ekpaÐdeushc pou qrhsimopoioÔnmonodi�statec elaqistopoi seic| Sto tèloc tou kefalaÐou parousi�zoume k�poia �ewrhti-k� apotelèsmata sqetik� me thn ikanìthta twn TND na proseggÐzoun �gnwstec sunart seic|Sto Kef�laio 3 proteÐnoume mia nèa kl�sh mejìdwn ekpaÐdeushc TND kai apodeiknÔou-me ìti autèc èqoun thn idiìthta thc eureÐac sÔgklishc, dhlad  sugklÐnoun se èna el�qistothc antikeimenik c sun�rthshc sqedìn apì opoiad pote arqik  sunj kh| Ta apotelèsma-t� mac deÐqnoun ìti h proteinìmenh teqnik  mporeÐ na �elti¸sei opoiad pote mèjodo thckl�shc thc opisjodromik c di�doshc tou sf�lmatoc|Sto epìmeno kef�laio parousi�zoume thn gnwst  mèjodo QuickProp kai melet�me tic i-diìthtec sÔgklis c thc| Me ��sh to �ewrhtikì apotèlesma pou prokÔptei, kataskeu�zoumemia nèa tropopoÐhsh thc mejìdou QuickProp, pou èqei thn idiìthta thc eureÐac sÔgklishckai �elti¸nei shmantik� thn klasik  QuickProp mèjodo|Sta epìmena dÔo kef�laia melet�me thn ekpaÐdeush TND me mejìdouc olik c Belti-stopoÐhshc| Pio sugkekrimèna, sto Kef�laio 5 proteÐnoume kai melet�me diexodik� mianèa kl�sh mejìdwn pou eÐnai ikanèc na ekpaideÔsoun TND me periorismèna akèraia ��rh|Sth sunèqeia, epekteÐnoume tic mejìdouc autèc ètsi ¸ste na ulopoioÔntai se par�llhloucupologistèc kai na ekpaideÔoun TND me qr sh sunart sewn katwfli¸n|To Kef�laio 6 pragmateÔetai thn efarmog  gnwst¸n mejìdwn ìpwc oi GenetikoÐ Algì-�ijmoi, h mèjodoc thc prosomoiwmènhc anìpthshc (Simulated Annealing) kai h mèjodoc�eltistopoÐhshc me sm noc swmatidÐwn (Particle Swarm Optimization) sthn ekpaÐdeushTND| EpÐshc, parousi�zoume nèouc metasqhmatismoÔc thc antikeimenik c sun�rthshc meskopì thc stadiak  ex�leiyh twn topik¸n elaqÐstwn thc|Sto Kef�laio 7 k�noume mia sÔntomh anaskìphsh thc stoqastik c mejìdou thc pioapìtomhc klÐshc (stochastic gradient descent) gia thn ekpaÐdeush TND an� prìtupo eisì-dou kai proteÐnoume mia nèa tètoia mèjodo| H nèa mèjodoc sugkrÐnetai me �llec gnwstècmejìdouc kai ta peir�mat� mac deÐqnoun ìti upertereÐ|



vi
H parousÐash tou ereunhtikoÔ èrgou gia aut  th diatrib  oloklhr¸netai me to Kef�-laio 8, ìpou proteÐnoume kai melet�me ekten¸c mh monìtonec mejìdouc ekpaÐdeushc TND|H teqnik  pou proteÐnoume mporeÐ na efarmosteÐ se k�je mèjodo thc kl�shc thc opisjo-dromik c di�doshc tou sf�lmatoc, me apotèlesma h tropopoihmènh mèjodoc na èqei thnikanìthta, pollèc �orèc, na apofeÔgei topik� el�qista thc antikeimenik c sun�rthshc|H parousÐash thc diatrib c oloklhr¸netai me to Kef�laio 9 kai dÔo Parart mata| ToKef�laio 9 perièqei ta genik� sumper�smata thc diatrib c| Sto Par�rthma A parousi�-
oume sunoptik� merik� apì ta probl mata ekpaÐdeushc pou exet�same sta prohgoÔmenakef�laia kai tèloc sto Par�rthma B dÐnoume thn apìdeixh thc mejìdou thc opisjodromik cdi�doshc tou sf�lmatoc|



Synopsis

This thesis investigates Optimization methods for Arti�cial Neural Network trainingand their applications. In the �rst two chapters we discuss the basic neural networkde�nitions, well known network architectures and training methods, as well as the the­oretical background that supports the development of new e�cient and e�ective trainingalgorithms.In Chapter 3 a new generalized theoretical result is presented that underpins thedevelopment of �rst�order globally convergent batch training algorithms which employlocal learning rates. This result allows us to equip the algorithms of this class with astrategy for adapting the direction of search to a descent one. In this way, a decreaseof the batch�error measure at each training iteration is ensured, and convergence of thesequence of weight iterates to a local minimizer of the batch error function is obtainedfrom remote initial weights. The e�ectiveness of the theoretical result is illustrated inapplication examples by comparing two well known training algorithms with local learningrates to their globally convergent modi�cations.In Chapter 4, a mathematical framework for the convergence analysis of the wellknown Quickprop method is described. Furthermore, we propose a modi�cation of thismethod that exhibits improved convergence speed and stability, while at the same ti­me, alleviates the use of heuristic learning parameters. Simulations are conducted tocompare and evaluate the performance of the new modi�ed Quickprop algorithm withvarious popular training algorithms. The results of the experiments indicate that theincreased convergence rate achieved by the proposed algorithm, by no means a�ects itsgeneralization capability and stability.In Chapter 5, evolutionary neural network training algorithms are presented. Thesealgorithms are applied to train neural networks with weight values con�ned to a nar­row band of integers. We also train the network using threshold activation functions.Furthermore, parallel evolutionary algorithms for integer weight neural network trainingare introduced. These algorithms have been designed keeping in mind that the resul­ting integer weights require less bits to be stored and the digital arithmetic operationsbetween them are easier to be implemented in hardware. Another advantage of the pro­posed evolutionary strategies is that they are capable of continuing the training process``on�chip'', if needed. Our intention is to present results of evolutionary algorithms onthis di�cult task. Based on the application of the proposed class of methods on classicalneural network problems, our experience is that these methods are e�ective and reliable.In Chapter 6, we investigate the use of Global Optimizationmethods for neural networktraining. To this end, we present strategies for the development of globally convergentmodi�cations of local search methods and we investigate further the use of global searchmethods for neural network training. The proposed methods tend to lead to desirableweight con�gurations and allow the network to learn the entire training set, and, in thatsense, they improve the e�ciency of the training process. Simulation experiments onsome notorious for their local minima learning tasks are presented and an extensivecomparison of several training algorithms is provided.In Chapter 7 a method for adapting a global learning rate, i.e. a common learning ratefor all the network weights, for on�line training is presented. The proposed techniquebelongs to the class of stochastic gradient descent methods and takes into consideration



viii
previously computed pieces of information regarding the learning rate adaptation proce­dure. The proposed algorithm has been implemented and tested in various problems withlarge data sets and networks. Additionally, we propose a hybrid Evolutionary algorithmfor on�line training, capable of training and retraining a neural network when the task isnonstationary.Finally, in Chapter 8 we present deterministic nonmonotone learning strategies, i.e.deterministic training algorithms in which error function values are allowed to increaseat some iterations. To this end, we argue that the current error function value must sati­sfy a nonmonotone criterion with respect to the maximum error function value of the Mprevious epochs, and we propose a subprocedure to dynamically compute M . The non­monotone strategy can be incorporated in any batch training algorithm and provides fast,stable and reliable learning. Extensive experimental results in di�erent classes of pro­blems show that this approach improves the convergence speed and success percentage of�rst�order training algorithms, and alleviates the need for �ne�tuning problem�dependedheuristic parameters.
Keywords: Arti�cial Neural Networks, Training Algorithms, Batch Training, Online Trai­ning, Global Convergence, Global Optimization, Integer Weight Neural Networks, Netw­orks with Threshold Activations, Nonmonotone Training, Parallel Implementations.



EuqaristÐec

H paroÔsa diatrib  den �a mporoÔse ekponhjeÐ qwrÐc th �o jeia kai thn sumpar�stashpoll¸n anjr¸pwn| Aisj�nomai prwtÐstwc thn an�gkh na euqarist sw �erm� ton D�skalìmou, kajhght  k| M|N| Braq�th ston opoÐo ofeÐletai kat� èna polÔ meg�lo �ajmì hulopoÐhsh thc paroÔsac diatrib c| H ousiastik  kajod ghs  tou sto xepèrasma twnpoikÐlwn duskoli¸n pou sun�nthsa kat� th di�rkeia thc èreunac, oi polÔtimec sumboulèckai upodeÐxeic tou, kai h hjik  tou sumpar�stash me �o jhsan ta mègista| Euqarist¸epÐshc kai ta �lla dÔo mèlh thc TrimeloÔc Sumbouleutik c Epitrop c mou, touc kajhghtèck|k| Q|E| Mpìtsarh kai An| MpoÔnth, twn opoÐwn h �o jeia  tan epÐshc kajoristik |Kat� th di�rkeia thc ekpìnhshc thc diatrib c mou eÐqa th qar� kai thn tim  na suner-gast¸ me ton lèktora tou PanepisthmÐou Brunel thc Meg�lhc BretanÐac k| G|D| Magoul�,ton opoÐo kai euqarist¸ idiaitèrwc| Tèloc, aisj�nomai thn upoqrèwsh na euqarist swkai touc upìloipouc sunerg�tec mou, metaptuqiakoÔc �oithtèc tou Tm matoc Majhmati-k¸n tou PanepisthmÐou Patr¸n, k|k| N|K| NoÔsh, K|E| Parsìpoulo, D|G| Swthrìpoulo kaiE| Tzan�kh|EuqaristÐec epÐshc apeujÔnontai ston Dieujunt  kai sto proswpikì tou ErgasthrÐouHlektronik¸n Upologist¸n kai Plhroforik c tou Tm matoc Majhmatik¸n gia thn sumpa-��stas  touc kai thn di�jesh twn aparaÐthtwn upologistik¸n pìrwn|H paroÔsa diatrib  sthrÐqjhke oikonomik� apì to prìgramma UPER'97, thc Genik cGrammateÐac àreunac kai TeqnologÐac tou UpourgeÐou An�ptuxhc| Sta plaÐsia autoÔ touprogr�mmatoc eÐqa thn qar� na sunergast¸ me ton kajhght  tou Tm matoc QhmeÐac k|N|A| Kats�no kai thn eidik  epist mona tou EjnikoÔ ArqaiologikoÔ MouseÐou Ajhn¸n k|E| M�gkou, touc opoÐouc euqarist¸ �erm� gia thn �o jei� touc kai th sumbol  touc sthnepituq  apoper�twsh tou progr�mmatoc|
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Mèroc I
Eisagwg  kai Basikèc ànnoiec





K E F A L A I O 1

Eisagwg 

ätan k�poioc anakalÔyei thn al jeia gia k�ti me meg�lo kìpo,tìte, epijewr¸ntac pio prosektik� thn anak�luy  tou,suqn� diapist¸nei ìti autì pou ton koÔrase polÔ gia na �rejeÐ�a mporoÔse na parathrhjeÐ me thn megalÔterh eukolÐa|
�Galileo Galilei (1564�1642)

M
e ton ìro Teqnhtì Neurwnikì DÐktuo (TND) apokaloÔme èna majhmatikì montèloapoteloÔmeno apì èna meg�lo arijmì anex�rthtwn upologistik¸n stoiqeÐwn, pouonom�zontai neur¸nec (neurons), ta opoÐa diasundèontai metaxÔ touc kai eÐnaiorganwmèna se str¸mata (layers)| Me �lla lìgia, èna TND eÐnai ènac mazik� par�llhlockatanemhmènoc epexergast c, pou èqei thn èmfuth idiìthta na apojhkeÔei empeirik  gn¸shkai na thn èqei diajèsimh gia qr sh sto mèllon| Ta TND prosomoi�zoun ton anjr¸pinoegkèfalo se dÔo shmeÐa: (a) h gn¸sh tou TND apokt�tai mèsw miac diadikasÐac m�jhshc,kai (�) oi sÔndesmoi metaxÔ twn neur¸nwn (pou onom�zontai suntelestèc ��rouc   apl�

��rh) qrhsimopoioÔntai gia na apojhkeuteÐ aut  h gn¸sh| H diadikasÐa gia na epitÔqoumethn ekpaÐdeush tou TND, onom�zetai algìrijmoc ekpaÐdeushc [47]|Sthn pragmatikìthta �èbaia, ta TND eÐnai polÔ aploÔstera apì ta �iologik�| TaTND parèqoun èna enallaktikì algorijmikì montèlo, to opoÐo eÐnai empneusmèno apì ta�iologik� montèla, sÔmfwna me to opoÐo oi upologismoÐ gÐnontai par�llhla kai mazik�,kai h ekpaÐdeush antikajist� thn an�ptuxh progr�mmatoc|Apì touc parap�nw orismoÔc gÐnetai �anerì ìti ta TND eÐnai mia nèa teqnik  gia e-pexergasÐa plhrofori¸n| MporoÔme na poÔme ìti apoteloÔn prosp�jeia prosomoÐwshc,me th �o jeia upologist¸n, tou anjr¸pinou neurikoÔ sust matoc kai leitourgoÔn ente-l¸c diaforetik� apì tic sun jeic mejìdouc| Merik� paradeÐgmata �a aposafhnÐsoun thdiafor� touc apì tic sumbatikèc upologistikèc mejìdouc|Ac upojèsoume ìti �èloume na ermhneÔsoume to parak�tw sq ma:To ka_ì to pal_k�r_,x_�ei k_i �l_o mo_op_ti| S_ou kou_oÔ t_n p_�ta,_so �è_eic �_¸nt_| äs_ de �t_nei h ale_oÔt_ k�_ei kre_ast_�ia|An prospaj soume diab�zontac seiriak� apì ta arister� proc ta dexi� èna gr�mma th �o-��, ìpwc �a èkane ènac upologist c, eÐnai polÔ dÔskolo an ìqi adÔnato na katal�boumeto nìhma| An ìmwc koit�xoume ìlo to sq ma �a katal�boume eÔkola ìti apoteleÐtai apìtrÐa tm mata kai me lÐgh prosp�jeia �a �roÔme tic treic gnwstèc paroimÐec| àtsi �aÐnetaiìti mporèsame na k�noume k�ti pou kai oi pio isquroÐ upologistèc duskoleÔontai   apo-tugq�noun an den èqoun tic eidikèc suntaktikèc gn¸seic kai thn empeirÐa pou diajètoun oi�njrwpoi| To anjr¸pino mualì, an kai saf¸c pio argì apì ènan sÔgqrono upologist ,uperÐsquse|



4 Eisagwg 
Prin d¸soume ap�nthsh gia poio lìgo autì sumbaÐnei ac doÔme èna akìma par�deigma|O anjr¸pinoc egkèfaloc gia na ektelèsei anagn¸rish pros¸pwn, dhlad  na anagnwrÐseignwst� mac prìswpa se �gnwsta perib�llonta, qrei�zetai perÐpou 100�200 qiliost� toudeuterolèptou, en¸ ènac polÔ isqurìc sÔgqronoc hlektronikìc upologist c �a qreiazìtanÐswc olìklhrec hmèrec gia na ektelèsei mia tètoia leitourgÐa [24]|Kai p�li o anjr¸pinoc egkèfaloc uperisqÔei| Up�rqoun dÔo lìgoi gia autì: h duna-tìthta m�jhshc kai h par�llhlh epexergasÐa twn dedomènwn| H ikanìthta tou anjr¸pinouegkef�lou na �ti�qnei apì polÔ mikr  hlikÐa kai diark¸c na diorj¸nei kanìnec (autì pousun jwc onom�zoume empeirÐa), kaj¸c kai h dunatìtht� tou gia mazik  par�llhlh epexer-gasÐa dedomènwn, tou dÐnei pleonèkthma apènanti stouc shmerinoÔc seiriakoÔc upologistècse poll� probl mata pou apaitoÔn lÔsh se pragmatikì qrìno (real time)|àtsi h exomoÐwsh tou par�llhlou anjr¸pinou egkef�lou (èstw kai me th qr sh sei-�iak¸n upologist¸n), èqei poll� na prosfèrei sthn epÐlush kajhmerin¸n problhm�twn,pou me tic sun jeic mejìdouc �aÐnontai �luta| Gi' autì kai s mera me th �o jeia thc Bio-logÐac, twn Gnwstik¸n Episthm¸n kai thc Neuroepist mhc prospajoÔme na katano soumeìso to dunatìn kalÔtera ton anjr¸pino egkèfalo, pou apoteleÐ ton teleiìtero par�llhloepexergast  pou xèroume| ElpÐzoume ètsi na qrhsimopoi soume poll� apì aut� ta stoi-qeÐa gia na �ti�xoume ton mellontikì par�llhlo upologist , pou pijan� �a �asÐzetai sthnpar�llhlh epexergasÐa twn TND|

1|1 Apì ta Biologik� sta Teqnht� Neurwnik� DÐktua

Prin doÔme thn leitourgÐa kai perigr�youme èna TND, ac doÔme p¸c leitourgeÐ o anjr¸-pinoc egkèfaloc| Ta Biologik� Neurwnik� DÐktua pou up�rqoun ston anjr¸pino egkèfaloapoteloÔntai apì neur¸nec| O neur¸nac eÐnai to mikrìtero tm ma tou egkef�lou pou eÐnaiikanì na epexergasteÐ plhroforÐec kai h Ôparx  tou diaforopoieÐ ta 
¸a apì ta �ut� (ta�ut� den èqoun neur¸nec)| Tupik�, h epexergasÐa stouc neur¸nec gÐnetai 5 me 6 t�xeic megè-�ouc pio arg� apì ìti stic sÔgqronec yhfiakèc logikèc pÔlec| O qrìnoc gia tic yhfiakèclogikèc pÔlec metriètai se disekatommuriost� tou deuterolèptou (nanoseconds), en¸ stoucneur¸nec se qiliost� tou deuterolèptou (milliseconds)| ämwc, o egkèfaloc antistajmÐzeith sqetik� arg  taqÔthta leitourgÐac twn neur¸nwn me ton pragmatik� ter�stio arijmìtouc kai ton ter�stio arijmì twn metaxÔ touc sundèsewn| UpologÐzetai ìti up�rqoun 10disekatommÔria neur¸nec kai 60 trisekatommÔria sundèseic ston �loiì tou anjr¸pinouegkef�lou [143]| Oi neur¸nec apoteloÔntai apì 3 �asik� tm mata, ìpwc �aÐnetai kai stoSq ma 1|1| Aut� eÐnai: (a) to s¸ma, (�) o �xonac, kai (g) oi dendrÐtec|Pio analutik�, �a lègame ìti oi dendrÐtec lamb�noun s mata apì geitonikoÔc neur¸nec|Ta s mata aut� eÐnai hlektrikoÐ palmoÐ pou diadÐdontai metaxÔ tou �xona tou neur¸na po-mpoÔ kai twn dendrit¸n tou neur¸na dèkth, me th �o jeia qhmik¸n diergasi¸n| To shmeÐotwn qhmik¸n diergasi¸n, ìpou o �xonac enìc neur¸na metadÐdei to s ma stouc dendrÐtec touepìmenou onom�zetai sÔnayh| Prèpei na shmei¸soume ìti autèc oi diergasÐec metab�llounta eiserqìmena s mata, all�zontac sun jwc thn suqnìtht� touc| Sth sunèqeia to s¸maajroÐzei ta eiserqìmena s mata kai ìtan arket� s mata èqoun lhfjeÐ apostèllei to epe-xergasmèno s ma stouc geitonikoÔc tou neur¸nec| H met�dosh tou s matoc gÐnetai mèswtou �xona| àtsi, k�je neur¸nac dèqetai poll� s mata san eÐsodo kai met� thn epexergasÐatouc metadÐdei mìno èna se ìlouc touc neur¸nec me touc opoÐouc sundèetai|Seir� èqei t¸ra na doÔme p¸c apì autì to aplousteumèno �iologikì montèlo pern�mesta Teqnht� Neurwnik� DÐktua| Oi kìmboi   teqnhtoÐ neur¸nec   apl� neur¸nec sta TND�ewroÔntai sun jwc wc aplousteumèna prìtupa twn �iologik¸n neur¸nwn kai stic metaxÔtouc sundèseic antistoiqeÐ ènac pragmatikìc arijmìc, pou onom�zetai suntelest c ��rouc  apl� ��roc kai qrhsimopoieÐtai (ìpwc kai oi sun�yeic metaxÔ twn anjr¸pinwn neur¸nwn)gia thn tropopoÐhsh twn eisìdwn tou neur¸na| Sun jwc, k�je neur¸nac (ektìc apì touc
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Sq ma 1|1: Aplousteumèno montèlo enìc �iologikoÔ neur¸na
neur¸nec eisìdou) �ewroÔme ìti èqei akìma mÐa sÔndesh pou èqei èna ��roc pou onom�zetai
pìlwsh   merolhyÐa (bias) kai stajer  eÐsodo me thn tim  1| H qr sh thc pìlwshc �ohj�to TND na èqei kalÔterh ikanìthta taxinìmhshc| Sta epìmena se ìla ta TND pou �amelet soume �a qrhsimopoioÔme pol¸seic kai anaferìmenoi sta ��rh �a ennooÔme kai ticpol¸seic|H empeirÐa kai h gn¸sh pou apokt� to TND apojhkeÔetai sta ��rh tou| H prosarmog twn tim¸n twn �ar¸n ètsi ¸ste to TND na èqei thn epijumht  apìkrish onom�zetai ekpaÐdeushkai gÐnetai me th �o jeia diafìrwn algorÐjmwn ekpaÐdeushc|K�je neur¸nac �rÐsketai se mia eswterik  kat�stash pou onom�zetai epÐpedo energo-poÐhshc, pou apoteleÐ th èxodo tou neur¸na kai exart�tai apì tic eisìdouc pou lamb�-nontai| TonÐzoume ìti k�je neur¸nac stèlnei mìno èna s ma k�je �or� stouc geitonikoÔctou neur¸nec| Ta perissìtera TND gia na upologÐsoun thn energopoÐhs  touc upologÐ-
oun to ginìmeno k�je eisìdou epÐ to antÐstoiqo ��roc kai ajroÐzoun ìla aut� ta ginìmena|Telik� h energopoÐhsh eÐnai h eikìna tou apotelèsmatoc mèsw miac suneqoÔc sun�rthshc(sun�rthsh energopoÐhshc)| O �ìloc thc sun�rthshc energopoÐhshc sun jwc eÐnai na pe-�iorÐsei thn energopoÐhsh mèsa se k�poio epijumhtì di�sthma| Oi pio gnwstèc sunart seicenergopoÐhshc eÐnai oi akìloujec:

• H duadik  sun�rthsh me kat¸fli θ:
f1(x) =

{
1, x > θ
0, x < θ

• H dipolik  sun�rthsh me kat¸fli θ:
f2(x) =

{
1, x > θ

−1, x < θ

• H tautotik  sun�rthsh:
f3(x) = x, ∀x ∈ R

• H logistik  sun�rthsh:
f4(x) =

1
1 + e−λ1x

• H uperbolik  efaptomènh:
f5(x) = tanh(λ2x)

Oi sunart seic energopoÐhshc f1 kai f2 periorÐzoun thn energopoÐhsh tou neur¸nastic timèc {0, 1} kai {−1, 1}, antÐstoiqa| Oi f4 kai f5 periorÐzoun thn èxodo tou neur¸nasto di�sthma (0, 1) kai (−1, 1), antÐstoiqa| Tèloc h f3 epitrèpei aujaÐreta meg�lec  mikrèc energopoi seic| Oi par�metroi λ1 kai λ2 stic sunart seic f4 kai f5 antÐstoiqa�ujmÐzoun thn morf  thc sigmoeidoÔc| äso megalÔterec timèc paÐrnoun oi par�metroi autèctìso pio apìtomh gÐnetai h sigmoeid c kai proseggÐzei ton katakìrufo �xona| Sun jwcsthn pr�xh epilègoume tic timèc λ1 = 1 kai λ2 = 1/2| Sto Sq ma 1|2 apeikonÐzetai
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h sun�rthsh energopoÐhshc f5 gia di�forec timèc thc paramètrou λ2| H epilog  thckat�llhlhc sun�rthshc energopoÐhshc gÐnetai an�loga me to eÐdoc twn protÔpwn (duadik�,dipolik�, pragmatikoÐ arijmoÐ ktl|) kai eÐnai krÐsimh gia thn ekpaÐdeush| Sta Sq mata 1|3kai 1|4 apeikonÐzontai ènac �iologikìc kai ènac teqnhtìc neur¸nac kai dÐnetai o tÔpocupologismoÔ thc energopoÐhshc tou teqnhtoÔ neur¸na|

Sq ma 1|2: H uperbolik  efaptomènh gia di�forec timèc thc paramètrou λ

Sq ma 1|3: Montèlo enìc �iologikoÔ neur¸na
O trìpoc me ton opoÐo eÐnai diasundedemènoi oi neur¸nec enìc diktÔou onom�zetai to-

pologÐa   arqitektonik  tou TND| Sun jwc, eÐnai �olikì na �lèpoume touc neur¸nec sanna eÐnai topojethmènoi se str¸mata   epÐpeda (layers)| äloi oi neur¸nec enìc str¸matoc,sqedìn p�nta, èqoun thn Ðdia sun�rthsh energopoÐhshc kai sumperifèrontai me ton Ðdiotrìpo| K�je TND èqei toul�qiston dÔo str¸mata: to str¸ma eisìdou apì ìpou eisèrqo-ntai ta prìtupa ekpaÐdeushc kai to str¸ma exìdou apì to opoÐo paÐrnoume thn èxodo toudiktÔou|An èna TND den apoteleÐtai mìno apì to str¸ma eisìdou kai to str¸ma exìdou, tìte taupìloipa str¸mat� tou onom�zontai kruf� str¸mata (hidden layers) kai to TND lègetaipolustrwmatikì (multilayer)| Ta polustrwmatik� TND eÐnai duskolìtero na ekpaideutoÔn
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Sq ma 1|4: Montèlo enìc teqnhtoÔ neur¸na
kai apaitoÔn empeirÐa kai prosoq  sto sqediasmì touc, all� mporoÔn na epilÔsoun taperissìtera apì ta pragmatik� probl mata|ànac �lloc trìpoc kathgoriopoÐhshc twn TND eÐnai an�loga me th �or� kai ton trìpodi�doshc twn plhrofori¸n metaxÔ twn neur¸nwn| An to s ma diadÐdetai ètsi ¸ste na mhnup�rqei neur¸nac pou h èxodìc tou eÐnai eÐsodoc k�poiou neur¸na tou idÐou   prohgoÔme-nou str¸matoc, tìte �a lème ìti to TND eÐnai prìsjiac trofodìthshc (feedforward)| EpÐshc,an k�je neur¸nac enìc str¸matoc, diasundèetai me ìlouc tou neur¸nec tou epìmenou str¸-matoc, tìte lème ìti to TND eÐnai pl rwc diasundedemèno (fully interconnected)|AntÐjeta, an h èxodoc enìc neur¸na kineÐtai proc neur¸nec tou idÐou   prohgoÔmenwnstrwm�twn, tìte to TND lègetai ìti èqei an�drash (feedback)| Ta TND pou oi sundèseicmetaxÔ twn neur¸nwn sqhmatÐzoun kÔklouc onom�zontai dunamik� TND kai h ekpaÐdeus touc antistoiqeÐ ousiastik� sthn eÔresh enìc shmeÐou isorropÐac tou sust matoc kai gÐnetaime mejìdouc melèthc Dunamik¸n Susthm�twn kai thc JewrÐac tou Q�ouc [2]| H melèth twndunamik¸n susthm�twn mporeÐ na qrhsimopoihjeÐ kai sthn prìbleyh qronoseir¸n apìTND| Sthn perÐptwsh aut  h arqitektonik  tou TND mporeÐ na kajoristeÐ an�loga me thnqronoseir� thc opoÐac �èloume na problèyoume mellontikèc timèc [118]|Sto upìloipo thc paroÔsac Diatrib c �a asqolhjoÔme mìno me pl rwc diasundedemènaprìsjiac trofodìthshc TND, ìpwc autì pou �aÐnetai sto Sq ma 1|5| Sumperasmatik�, ènaTND qarakthrÐzetai apì: (a) thn arqitektonik  tou, (�) tic sunart seic energopoÐhshc pouqrhsimopoieÐ, kai (g) ton algìrijmo ekpaÐdeushc|
1|2 Istorik  Anadrom 

Se aut  thn enìthta �a prospaj soume na k�noume mia sÔntomh istorik  anadrom kai na anafèroume tic shmantikìterec stigmèc thc melèthc twn TND kai twn algorÐjmwnekpaÐdeus c touc [5,45]|H istorÐa twn Teqnht¸n Neurwnik¸n DiktÔwn, kat� polloÔc, xekin� to 1873 ìtan o yu-qolìgoc Alexander Bain prìteine thn melèth tou anjr¸pinou egkef�lou san èna dÐktuo poumetadÐdei s mata (signal�transmitting network)| H sunèqeia gÐnetai sto tèloc tou 19ou kaistic arqèc tou 20ou ai¸na| H arq  ègine apì epist monec ìpwc oi Hermann von Helmholtz,Ernst Mach kai Ivan Pavlov, pou proèrqontan apì diaforetikoÔc episthmonikoÔc kl�douc,ìpwc h Fusik , h YuqologÐa, h Iatrik , ktl| Oi ergasÐec touc aforoÔn genik� �ewrÐec
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Sq ma 1|5: àna polustrwmatikì pl rwc diasundedemèno prìsjiac trofodìthshc TND
m�jhshc, thn exarthmènh �ewrÐa, th �ewrÐa twn suneirm¸n, gnwstikèc �ewrÐec, �ewrÐec ìra-shc kai �usiologÐac ktl| kai den perilamb�noun k�poio sugkekrimèno majhmatikì montèloperigraf c thc leitourgÐac twn diktÔwn|H sÔgqronh antÐlhyh gia ta TND xekin� gÔrw sto 1940 me thn ergasÐa twn WarrenMcCulloch kai Walter Pitts [86], pou èdeixan ìti ta TND mporoÔn genik� na upologÐsounk�je arijmhtik    logik  sun�rthsh| H ergasÐa touc polÔ suqn� �ewreÐtai h aparq  thcmelèthc twn TND kai twn efarmog¸n touc|Oi Warren McCulloch kai Walter Pitts akolouj jhkan apì ton Donald Hebb [48] pouparat rhse ìti h klasik  exarthmènh �ewrÐa (ìpwc prot�jhke apì ton Pavlov) isqÔeilìgw twn idiot twn twn neur¸nwn kai prìteine èna mhqanismì m�jhshc twn �iologik¸nneur¸nwn (Hebb rule)| Oi pr¸tec praktikèc efarmogèc  rjan thn dekaetÐa tou 1950 me thnanak�luyh tou diktÔou perceptron kai tou antÐstoiqou algìrijmou ekpaÐdeushc apì tonFrank Rosenblatt [131]| An kai mìno mia mikr  kl�sh problhm�twn mporoÔse na epilujeÐapì to perceptron to endiafèron gia ta TND aux jhke| Thn Ðdia epoq  oi Bernard Widrowkai Ted Ho� [171] parousÐasan èna algìrijmo ekpaÐdeushc grammik¸n TND me tic ÐdiecperÐpou dunatìthtec kai dom  me to perceptron| O algìrijmìc touc qrhsimopoieÐtai akìmakai s mera|Dustuq¸c, aut� ta TND eÐqan k�poiouc shmantikoÔc periorismoÔc, ìpwc èdeixan oiMartin Minsky kai Seymour Papert [91] to 1969| Ta probl mata aut� mporoÔsan naepilujoÔn apì k�poia nèa pio polÔploka (polustrwmatik�) TND, all� ekeÐnh thn epoq den up rqan algìrijmoi gia thn ekpaÐdeus  touc| àtsi polloÐ ephreasmènoi apì toucMinsky kai Papert pÐsteyan ìti autì eÐnai to tèloc thc èreunac gia ta TND, kai ètsi giapoll� qrìnia h èreuna atìnhse|H epìmenh shmantik  exèlixh ston tomèa twn TND pou melet�me  rje thn dekaetÐatou 1980, me thn anak�luyh thc mejìdou thc opisjodromik c di�doshc tou sf�lmatoc(Back Propagation � BP) apì polloÔc ereunhtèc anex�rthta| H ergasÐa ìmwc pou eÐqe thnmegalÔterh epirro   tan aut  twn David Rumelhart kai James McClelland [133,134]| Hmèjodoc thc opisjodromik c di�doshc tou sf�lmatoc eÐnai ikan  na ekpaideÔei TND pouden èqoun tic adunamÐec tou pareljìntoc kai �noixe nèouc drìmouc sthn melèth kai thnèreuna twn TND|Ta teleutaÐa qrìnia èqoun anakalufjeÐ arketoÐ algìrijmoi ekpaÐdeushc kai arqitekto-nikèc TND, kai èqei grafteÐ plhj¸ra apì sqetik� ereunhtik� �rjra| H trèqousa èreuna
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kineÐtai proc thn kateÔjunsh epÐlushc sÔgqronwn kai dÔskolwn praktik¸n problhm�twn,all� kai proc thn majhmatik  �emelÐwsh twn nèwn apotelesm�twn| EpÐshc, thn teleutaÐ-a dekaetÐa èqoun protajeÐ di�forec nèec emporikèc efarmogèc twn TND, merikèc apì ticopoÐec �a doÔme sth sunèqeia|
1|3 Efarmogèc twn Teqnht¸n Neurwnik¸n DiktÔwn

Ston akìloujo kat�logo �a parousi�soume merikèc apì tic �asikèc efarmogèc twnTND se di�forouc tomeÐc thc Epist mhc kai thc TeqnologÐac| Oi perissìterec apì autèctic efarmogèc èqoun  dh ulopoihjeÐ kai pollèc apì autèc apoteloÔn emporik� proðìnta|
Aeroploòa| DhmiourgÐa autìmatwn pilìtwn kai programm�twn prosomoÐwshc pt shc, su-st mata elègqou pt shc, anÐqneush elattwm�twn se tm mata twn aeropl�nwn|BiologÐa| Bo jeia sthn katanìhsh tou egkef�lou kai �llwn susthm�twn, dhmiourgÐamontèlwn amfiblhstroeidoÔc qit¸na kai koqlÐa|GewlogÐa| An�lush pijanìthtac Ôparxhc petrelaÐou se gewlogikoÔc sqhmatismoÔc, an�-lush petrwm�twn se oruqeÐa, an�lush thc mìlunshc tou perib�llontoc|Epiqeir seic| Axiolìghsh upoyhfÐwn gia k�poia �èsh, �eltistopoÐhsh tou sust matockr�thshc �èsewn se metaforik� mèsa, anagn¸rish grafikoÔ qarakt ra|Iatrik | An�lush omilÐac gia thn kataskeu  akoustik¸n �ohjhm�twn, di�gnwsh �asismè-nh sta sumpt¸mata, èlegqoc qeirourgeÐou, exagwg  sumperasm�twn apì aktinogra-�Ðec, an�lush kardiografhm�twn kai egkefalografhm�twn, entopismìc karkÐnou sekolonoskop seic kai mastografÐec|Kataskeuèc| Autìmatoc èlegqoc, èlegqoc gramm c paragwg c, èlegqoc poiìthtac, epilo-g  tmhm�twn kat� to st�dio thc sunarmolìghshc|OikonomÐa| Upologismìc kindÔnou se d�neia kai upoj kec, anagn¸rish plastografi¸n,met�frash qeirìgrafwn entÔpwn, ektÐmhsh tim¸n metoq¸n kai sunall�gmatoc|Perib�llon| Prìgnwsh tou kairoÔ, an�lush t�sewn kai kairik¸n sunjhk¸n|�muna| Qeirismìc mh epandrwmènwn oqhm�twn kai aeropl�nwn, anagn¸rish shm�twn apìradar, dhmiourgÐa {èxupnwn} ìplwn, anagn¸rish kai skìpeush stìqwn, �eltistopoÐ-hsh axiopoÐhshc apojem�twn, kruptografÐa|Upologistèc| Anagn¸rish omilÐac, entopismìc �wnhèntwn �jìggwn, metatrop  keimènouse omilÐa, dromolìghsh plhrofori¸n se dÐktua upologist¸n|
1|4 Idiìthtec twn Teqnht¸n Neurwnik¸n DiktÔwn

To episthmonikì endiafèron gia ta TND prokÔptei kurÐwc apì th dunatìtht� touc naepilÔoun dÔskola kai endiafèronta upologistik� probl mata tou pragmatikoÔ kìsmou|H qr sh twn TND prosfèrei tic akìloujec polÔ qr simec idiìthtec kai dunatìthtec [47]|
Mh grammikìthta| Oi neur¸nec, genik�, eÐnai mh grammikoÐ, afoÔ �asÐzontai se mh gram-mikèc sunart seic energopoÐhshc| Kat� sunèpeia, to TND afoÔ apoteleÐtai apì thnsÔnjesh poll¸n neur¸nwn, eÐnai mh grammikì|Susqètish Eisìdou�Exìdou| Kat� thn ekpaÐdeush parousi�zoume sto TND prìtupa ei-sìdou   ekpaÐdeushc (pou ousiastik� kwdikopoioÔn to dojèn prìblhma) kai tic antÐ-stoiqec epijumhtèc exìdouc| Skopìc eÐnai to TND na �t�sei se mia tètoia kat�stashìpou gia k�je prìtupo ekpaÐdeushc, h èxodìc tou na tautÐzetai me thn epijumht èxodo| àtsi dhmiourgeÐtai mia susqètish metaxÔ twn dedomènwn eisìdou kai exìdou,qwrÐc ìmwc th qr sh k�poiou prokajorismènou statistikoÔ   �llou montèlou|
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Prosarmog | Ta TND èqoun thn ikanìthta na metab�lloun ta ��rh touc an�loga me toperib�llon touc, dhlad  an�loga me ta prìtupa eisìdou| àtsi èna TND eÐnai dunatìna suneqÐsei na ekpaideÔetai gia na antimetwpÐsei mia mikr  allag  twn protÔpwn  akìma kai mh statik� probl mata|Apìkrish �asismènh se endeÐxeic| Ta ekpaideumèna TND mporoÔn ìqi mìno na taxino-moÔn kai na topojetoÔn ta prìtupa eisìdou se kl�seic, all� epiprìsjeta dÐnoun kaiton �ajmì empistosÔnhc aut c thc apìfashc| àtsi mporoÔn na taxinom soun kainèa, �gnwsta kat� th di�rkeia thc ekpaÐdeushc, prìtupa| Aut  h ikanìthta twn TNDonom�zetai genÐkeush|SunafeÐc plhroforÐec| H gn¸sh antiproswpeÔetai apì th dom  kai thn kat�stash touTND| K�je neur¸nac pijan� ephre�zei kai ephre�zetai apì ìlouc touc upìloipoucneur¸nec| Sunep¸c, sunafeÐc plhroforÐec antimetwpÐzontai me �usikì trìpo apì toTND|Anektikìthta se sf�lmata| Ta TND pou èqoun ulopoihjeÐ se ulikì (hardware) èqoun thnidiìthta thc anektikìthtac se sf�lmata, giatÐ h apìdosh tou sust matoc mei¸netaiomal� se perÐptwsh l�jouc| Gia par�deigma, an katastrafeÐ ènac neur¸nac, to TNDden �a aqrhsteujeÐ, all� �a suneqÐsei na leitourgeÐ me k�pwc qeirìterh apìdosh|Dunatìthta VLSI ulopoÐhshc| H mazik� par�llhlh �Ôsh twn TND ta kajist� idanik�gia ulopoÐhsh se ulikì me qr sh thc teqnologÐac olokl rwshc polÔ meg�lhc klÐma-kac (Very Large Scale Integration � VLSI)| Apotèlesma aut c thc ulopoÐhshc eÐnai hexairetik� gr gorh apìkrish tou sust matoc kai h dunatìthta thc qrhsimopoÐhs ctou san mèroc enìc megalÔterou kai polÔplokou sust matoc (embedded system)|OmoiomorfÐa an�lushc kai sqediasmoÔ| äla ta montèla TND moir�zontai k�poiec �a-sikèc arqèc, ìpwc thn ènnoia tou neur¸na, twn sundèsmwn kai thc ekpaÐdeushc| Apo-tèlesma autoÔ eÐnai h eukolìterh diaspor� ide¸n metaxÔ twn ereunht¸n|Biologik  analogÐa| H kataskeu  twn TND eÐnai empneusmènh apì ton anjr¸pino egkè-�alo| àtsi oi Neurobiolìgoi suqn� meletoÔn ta TND gia na katal�boun kalÔterathn leitourgÐa tou anjr¸pinou egkef�lou kai ta apotelèsmata aut c thc èreunac�ohjoÔn thn peraitèrw an�ptuxh twn TND| Autìc o kÔkloc trofodoteÐ kai tic dÔoEpist mec kai dÐnei sta TND idiaÐterh ereunhtik  axÐa|
1|5 EkpaÐdeush twn Teqnht¸n Neurwnik¸n DiktÔwn

O ìroc {ekpaÐdeush} anafèretai sthn diadikasÐa metabol c twn �ar¸n tou TND me tè-toio trìpo ¸ste to dÐktuo na {majaÐnei} thn sqèsh metaxÔ twn protÔpwn ekpaÐdeushc kaithc epijumht c exìdou, me skopì thn epÐlush k�poiou praktikoÔ probl matoc, ìpwc hanagn¸rish kai taxinìmhsh protÔpwn, h prosèggish miac �gnwsthc sun�rthshc, h prì-�leyh twn mellontik¸n tim¸n miac qronoseir�c ktl| H prosarmog  aut  gÐnetai me th�o jeia tou algìrijmou ekpaÐdeushc, pou suqn� eÐnai ènac algìrijmoc �eltistopoÐhshc|To prìblhma thc apodotik c ekpaÐdeushc TND eÐnai dÔskolo kai apaiteÐ prosektik  epilo-g  thc mejìdou ekpaÐdeushc kai thc arqitektonik c tou TND| àqei �rejeÐ ìti to prìblhmathc ekm�jhshc miac tuqaÐac apeikìnishc apì èna TND eÐnai sthn qeirìterh perÐptwsh NP�complete [16]| En toÔtoic, up�rqoun apodotikoÐ algìrijmoi (poluwnumikoÔ qrìnou) poumporoÔn na ekpaideÔsoun TND, h arqitektonik  twn opoÐwn dhmiourgeÐtai kat� th di�rkeiathc ekpaÐdeushc| To meionèkthma eÐnai ìti ta dÐktua aut� den eÐnai pl rwc diasundedemènakai telik� mporeÐ na èqoun polÔ meg�lo arijmì neur¸nwn|O anepark c arijmìc neur¸nwn sto krufì str¸ma, h akat�llhlh arqikopoÐhsh twn�ar¸n kai h lanjasmènh �Ôjmish twn euretik¸n paramètrwn k�noun thn ekpaÐdeush piodÔskolh me apotèlesma thn sÔgklish se topik� el�qista me meg�lh sunarthsiak  tim |
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Telik� to TND den katafèrnei na ekpaideuteÐ se ìla ta prìtupa eisìdou kai h apìdos  touden eÐnai h anamenìmenh|
1|5|1 H morfologÐa tou q¸rou twn �ar¸n

H ekpaÐdeush TND eÐnai èna polÔ dÔskolo prìblhma kurÐwc lìgw thc morf c touq¸rou twn �ar¸n| Diaisjhtik�, o q¸roc twn �ar¸n parousi�zei pollapl� topik� el�qistadiìti eÐnai h sÔnjesh twn mh grammik¸n sunart sewn energopoÐhshc (pou èqoun el�qistase diaforetik� shmeÐa), me apotèlesma pollèc �orèc h telik  sun�rthsh na mhn eÐnaikurt  [42]| ànac �lloc par�gontac pou ephre�zei thn morf  tou q¸rou twn �ar¸n ìtanqrhsimopoioÔntai sigmoeideÐc sunart seic eÐnai h par�metroc λ| Gia mikrèc timèc aut cthc paramètrou suqn� o q¸roc twn �ar¸n �aÐnetai na gÐnetai pio omalìc [56, 128], ìpwc�aÐnetai kai sto Sq ma 1|6|

Sq ma 1|6: Par�deigma grafik c par�stashc tou q¸rou twn �ar¸n enìc TND me èna mìno neur¸naìtan h tim  thc paramètrou thc sigmoeidoÔc eÐnai λ = 1 (arister�) kai h Ðdia grafik  par�stashgia λ = 0.1

To prìblhma epidein¸netai lìgw thc polÔ meg�lhc di�stashc tou q¸rou (tupikèc ar-qitektonikèc TND apoteloÔntai apì qili�dec ��rh) kai apì to gegonìc ìti sqedìn p�ntato sÔnolo ekpaÐdeushc den eÐnai grammik¸c diaqwrÐsimo (�l| Sq ma 1|7)| Sthn perÐptw-sh aut  dhmiourgoÔntai stenèc perioqèc anepijÔmhtwn topik¸n elaqÐstwn pou mporoÔn napagideÔsoun tic mejìdouc ekpaÐdeushc [56], ìpwc �aÐnetai kai sto Sq ma 1|8|Tèloc, shmantikì �ìlo paÐzei kai o arijmìc twn protÔpwn, afoÔ gia k�je nèo prìtupoh morf  thc sun�rthshc sf�lmatoc gÐnetai pio apìtomh kai dhmiourgoÔntai nèec perioqècme poll� topik� el�qista kaj¸c epÐshc kai epÐpedec perioqèc me sqedìn mhdenik  klÐsh|H epÐdrash tou arijmoÔ twn protÔpwn sth morf  tou q¸rou twn �ar¸n se èna TND me ènamìno neur¸na �aÐnetai sto Sq ma 1|9|
1|5|2 H arqikopoÐhsh twn �ar¸n

Se aut  thn upoenìthta �a anafèroume k�poiouc trìpouc arqikopoÐhshc twn �ar¸n| Ankai h kat�llhlh arqikopoÐhsh twn �ar¸n apoteleÐ anoiktì prìblhma, sun jwc ta ��rh touTND arqikopoioÔntai me mikroÔc pragmatikoÔc arijmoÔc| Oi timèc autèc mporeÐ na eÐnaiapì thn omoiìmorfh katanom  sto di�sthma (−1, 1)   k�poio akìma pio periorismèno|Enallaktik�, mporoÔn na qrhsimopoihjoÔn k�poiec empeirikèc teqnikèc gia thn epilog twn arqik¸n �ar¸n, ètsi ¸ste na �ohjhjeÐ h diadikasÐa thc ekpaÐdeushc [35,135,181]|
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Sq ma 1|7: DÔo sÔnola protÔpwn ekpaÐdeushc A kai B| Ta sÔnola eÐnai grammik¸c diaqwrÐsima(arister�)| Ta sÔnola den eÐnai grammik¸c diaqwrÐsima (dexi�)

Sq ma 1|8: Par�deigma grafik c par�stashc tou q¸rou twn �ar¸n enìc TND me èna mìno neur¸na,ìtan to sÔnolo ekpaÐdeushc den eÐnai grammik¸c diaqwrÐsimo
Oi Nguyen kai Widrow [72, 94] prìteinan mia apì tic pio gnwstèc teqnikèc arqikopoÐ-hshc twn �ar¸n| Aut  h teqnik  apotrèpei ton prìwro koresmì stouc krufoÔc neur¸necupologÐzontac to di�sthma apì to opoÐo epilègontai ta ��rh pou sundèoun thn eÐsodo meto krufì str¸ma| Pr¸ta h teqnik  aut  upologÐzei thn par�metro ρ:

ρ = 0.7(M1/N ), (1|1)
ìpou N eÐnai o arijmìc twn neur¸nwn eisìdou kai M eÐnai o arijmìc twn kruf¸n neu-�¸nwn| Sth sunèqeia epilègontai ta ��rh w = (w11, · · · , wnm, · · · , wNM) tuqaÐa apì thnomoiìmorfh katanom  sto di�sthma (−1,+1)| Tèloc, ta ��rh twn sundèsewn metaxÔ twnneur¸nwn eisìdou kai twn kruf¸n neur¸nwn, upologÐzontai apì ton akìloujo tÔpo:

wnm =
ρwnm

‖w‖
. (1|2)

Aut  h diadikasÐa èqei san skopì na kataneÐmei ta arqik� ��rh ètsi ¸ste na eÐnai piopijanì k�je prìtupo eisìdou na prokaleÐ apodotik  ekpaÐdeush twn kruf¸n neur¸nwn,me apotèlesma na epitaqÔnetai h diadikasÐa thc ekpaÐdeushc [94]|
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Sq ma 1|9: Par�deigma grafik c par�stashc tou q¸rou twn �ar¸n enìc TND me èna mìno neur¸na,ìtan to sÔnolo ekpaÐdeushc apoteleÐtai apì 1, 2, 3 kai 4 prìtupa (dexiìstrofa xekin¸ntac apìep�nw arister�)
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1|5|3 KathgorÐec mejìdwn ekpaÐdeushc

Oi mèjodoi ekpaÐdeushc TND mporoÔn na qwristoÔn se dÔo �asikèc kathgorÐec: (a)
mejìdouc ekpaÐdeushc me epÐbleyh (supervised learning), kai (�) mejìdouc ekpaÐdeushc qwrÐc
epÐbleyh (unsupervised learning)| Sthn pr¸th perÐptwsh eÐnai anagkaÐa h parousÐa enìc{dask�lou}, en¸ sth deÔterh to TND prèpei na organwjeÐ kai na ekpaideuteÐ apì mìno tou|EkpaÐdeush me epÐbleyh onom�zetai h diadikasÐa thc prosarmog c enìc sust matocètsi ¸ste na èqei sugkekrimènh apìkrish se sugkekrimènec eisìdouc| Sthn perÐptwsh twnTND h pragmatik  èxodoc tou TND sugkrÐnetai me thn epijumht  èxodo kai upologÐzetai hdiafor� touc| H diafor� aut  apoteleÐ to sf�lma ekpaÐdeushc tou diktÔou| Sth sunèqeiata ��rh tou TND metab�llontai me tètoio trìpo ¸ste sthn epìmenh epan�lhyh h tim  tousf�lmatoc na meiwjeÐ| Gia na eÐnai dunat  h ekpaÐdeush me epÐbleyh prèpei prin arqÐsei hekpaÐdeush na up�rqei diajèsimo èna sÔnolo me prìtupa ekpaÐdeushc kai gia kajèna apìaut� h epijumht  apìkrish tou diktÔou| EkeÐ �rÐsketai kai h sumbol  tou {dask�lou}pou prèpei na qarakthrÐsei ìla ta prìtupa eisìdou|Pollèc �orèc o qarakthrismìc twn protÔpwn eisìdou eÐnai dÔskoloc (ìtan aut� eÐnaip�ra poll�)   adÔnatoc (ìtan proèrqontai apì mia �gnwsth diergasÐa)| Stic peript¸seicautèc eÐnai dunatì na qrhsimopoihjeÐ h ekpaÐdeush qwrÐc epÐbleyh| Pio sugkekrimèna, ta��rh tou TND metab�llontai mìno se sqèsh me tic eisìdouc| Me ton trìpo autì, sun jwc,dhmiourgoÔntai omadopoi seic kai to TND majaÐnei tic susqetÐseic twn protÔpwn eisìdou|àtsi, nèa prìtupa kathgoriopoioÔntai sÔmfwna me tic up�rqousec om�dec kai to dÐktuomporeÐ gia par�deigma na epitÔqei anagn¸rish protÔpwn| Oi pio gnwstoÐ kanìnec ekpaÐ-deushc qwrÐc epÐbleyh prot�jhkan apì touc Tuevo Kohonen [63,64], James Anderson [4]kai Stephen Grossberg [44]|Tèloc, ènac �lloc trìpoc ekpaÐdeushc eÐnai h ekpaÐdeush me enÐsqush (reinforcementlearning) [11]| SÔmfwna me aut  thn teqnik  orÐzetai ènac stìqoc me k�pwc aìristo trìpo|àtsi antÐ na dÐnoume thn epijumht  tim  thc exìdou, dÐnoume mia �ajmologÐa thc apìdoshctou TND| Gia par�deigma, o stìqoc mporeÐ na eÐnai to TND na m�jei na paÐzei sk�ki| SthnperÐptwsh aut  den �ajmologoÔme k�je mÐa kÐnhsh xeqwrist�, par� mìno to telikì apotè-lesma (nÐkh,  tta   isopalÐa)| E�n to TND kerdÐsei, tìte h t�sh tou sust matoc na k�nei ticÐdiec kin seic (  mia akoloujÐa apì kin seic) enisqÔetai; alli¸c h t�sh aut  exasjenÐzetai|O trìpoc autìc ekpaÐdeushc eÐnai upologistik� epÐponoc, all� ikanìc na ekpaideÔsei TNDme ��sh anjr¸pinec empeirÐec pou sun jwc susqetÐzontai me to apotèlesma kai ìqi me k�je� ma miac diadikasÐac|Apì ta parap�nw katalabaÐnoume ìti den mporeÐ na up�rxei mÐa mèjodoc pou na a-ntimetwpÐzei me ton kalÔtero dunatì trìpo ìla ta probl mata| Sto upìloipo aut c thcDiatrib c �a esti�soume thn prosoq  mac se di�forec mejìdouc ekpaÐdeushc me epÐble-yh, pou �asÐzontai se gnwstèc all� kai prwtìtupec mejìdouc �eltistopoÐhshc genik¸n mhgrammik¸n sunart sewn, gia thn ekpaÐdeush pl rwc diasundedemènwn TND prìsjiac tro-�odìthshc| Sto epìmeno kef�laio, �a melet soume to �ewrhtikì upìbajro p�nw sto opoÐosthrÐzontai autèc oi mèjodoi|
1|5|4 Par�llhlh ekpaÐdeush Teqnht¸n Neurwnik¸n DiktÔwn

H par�llhlh epexergasÐa, dhlad  h mèjodoc ìpou h par�llhlh epÐlush mikr¸n upo-problhm�twn èqei san apotèlesma thn gr gorh epÐlush enìc meg�lou kai dÔskolou pro-�l matoc, èqei anaptuqjeÐ polÔ ta teleutaÐa qrìnia [69]| Ta TND san arqitektonikèc pouekteloÔn arijmhtikoÔc upologismoÔc qrhsimopoi¸ntac dom  par�llhlhc katanemhmènhcepexergasÐac mporoÔn na ulopoihjoÔn kai na ektelestoÔn apì par�llhlec upologistikècmhqanèc|Genik�, h ekpaÐdeush enìc TND me th �o jeia k�poiac mejìdou thc kl�shc thc opi-sjodromik c di�doshc tou sf�lmatoc [133] pou �a melet soume sto epìmeno kef�laio,
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apoteleÐtai apì ta akìlouja � mata se k�je epan�lhyh:

1| ParousÐash olìklhrou tou sunìlou twn protÔpwn ekpaÐdeushc kai upologismìc thcexìdou (energopoÐhsh) tou TND|2| Upologismìc thc tim c thc sun�rthshc sf�lmatoc gia ìla ta prìtupa|3| Upologismìc tou dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc|4| Prosarmog  twn �ar¸n me ��sh ton algìrijmo ekpaÐdeushc|
Ta B mata 1, 2 kai 3 mporoÔn na ektelestoÔn par�llhla, e�n to sÔnolo twn protÔpwnekpaÐdeushc diameristeÐ kat�llhla se polloÔc epexergastèc| AntÐjeta to B ma 4 eÐnaikalÔtera na ekteleÐtai apì èna epexergast , ajroÐzontac tic timèc thc sun�rthshc sf�l-matoc pou �a l�bei apì ìlouc touc �llouc epexergastèc| ätan to sÔnolo twn protÔpwnekpaÐdeushc eÐnai meg�lo, tìte h mejodologÐa pou �a perigr�youme mporeÐ na aux seishmantik� thn taqÔthta ekpaÐdeushc|Gia thn ulopoÐhsh thc par�llhlhc ekpaÐdeushc TND, mporoÔme na qrhsimopoi soumek�poio upologistikì sÔsthma pou apoteleÐtai apì polloÔc epexergastèc   mporoÔme naakolouj soume to par�deigma thc katanemhmènhc epexergasÐac| Genik� ta upologistik�sust mata me polloÔc epexergastèc eÐnai polÔ akrib� kai sqetik� dÔskolo na anabajmi-stoÔn sto mèllon| Apì thn �llh meri�, mporoÔme na epitÔqoume thn axiopoÐhsh apl¸nproswpik¸n upologist¸n, pou sundèontai metaxÔ touc mèsw enìc diktÔou, gia na epilÔsou-me probl mata par�llhlhc katanemhmènhc epexergasÐac [25]| H upologistik  isqÔc poumporoÔme na epitÔqoume me ton trìpo autì pollèc �orèc mporeÐ na sugkrijeÐ   kai naxeper�sei thn isqÔ enìc sÔgqronou par�llhlou upologistikoÔ sust matoc|H diadikasÐa pou �a perigr�youme �asÐzetai sthn ulopoÐhsh miac Par�llhlhc Ei-konik c Mhqan c (PEM) (Parallel Virtual Machine � PVM) [39], pou apoteleÐtai apì 15proswpikoÔc upologistèc kai qrhsimopoieÐtai gia thn par�llhlh ekpaÐdeush TND me po-lÔ meg�la sÔnola protÔpwn ekpaÐdeushc| Sthn ergasÐa [104] dÐnoume tic leptomèreiecthc ulopoÐhshc thc PEM kai mia analutik  ektÐmhsh tou sunolikoÔ kìstouc thc, pou denxepern� ta 11,000 eur¸ gia èna dÐktuo me 15 upologistèc, qrhsimopoi¸ntac to upologisti-kì par�deigma Beowulf [1, 150]| AxÐzei na shmeiwjeÐ ìti afoÔ ulopoihjeÐ h PEM mporeÐna qrhsimopoihjeÐ kai gia thn epÐlush �llwn upologistik� dapanhr¸n problhm�twn (�l|thn ergasÐa [115] ìpou qrhsimopoi same thn PEM gia thn mazik  eÔresh �iz¸n eidik¸nsunart sewn)|H PEM eÐnai èna sÔnolo apì programmatistik� ergaleÐa kai �iblioj kec, pou mpo-�oÔn na qrhsimopoihjoÔn gia thn prosomoÐwsh enìc par�llhlou epexergast  me tìsoucepexergastèc ìsoi eÐnai oi upologistèc pou �a diasundèsoume gia na sqhmatÐsoume thnPEM| Autì epitugq�netai me tic sunart seic epikoinwnÐac kai elègqou pou parèqei h PEM|Oi upologistèc autoÐ mporeÐ na eÐnai diaforetik c arqitektonik c kai dunatot twn kai naèqoun diaforetikì leitourgikì sÔsthma [39]| To �asikì gn¸risma thc PEM eÐnai ìti te-lik� to sÔnolo twn upologist¸n pou thn apoteleÐ, sumperifèretai san ènac par�llhlocupologist c|Gia na ekpaideÔsoume TND par�llhla qrhsimopoi same to master�slave montèlo pa-��llhlhc epexergasÐac [39]| SÔmfwna me autì èna epexergast c dieujÔnei kai epiblèpeithn ekpaÐdeush (master) kai polloÐ epexergastèc (slaves) epexerg�zontai to prìblhma kaiepikoinwnoÔn me ton master gia na l�boun to prìblhma   na steÐloun thn lÔsh|H diadikasÐa pou proteÐnoume eÐnai h diamèrish tou sunìlou twn protÔpwn ekpaÐdeu-shc apì ton master epexergast  kai h apostol  twn mer¸n stouc slave epexergastèc| Autìèqei san apotèlesma k�je slave epexergast c na upologÐzei to mèroc thc tim c kai tou dia-nÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc pou antistoiqeÐ sta prìtupapou èqei| Sth sunèqeia apostèllei tic timèc autèc ston master epexergast , ìpou ajroÐ-
ontai gia na �rejoÔn telik� oi tim  kai to di�nusma twn merik¸n parag¸gwn gia ìlo to
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sÔnolo protÔpwn ekpaÐdeushc| Tèloc, akolouj¸ntac k�poia mèjodo ekpaÐdeushc gÐnetaih prosarmog  twn �ar¸n kai ta nèa ��rh apostèllontai stouc slave epexergastèc gia thnepìmenh epan�lhyh (�l| kai thn ergasÐa [104] gia mia analutik  parousÐash thc mejìdouse yeudok¸dika)|Sto Sq ma 1|10 parousi�zoume thn epit�qunsh (speedup) thc par�llhlhc diadikasÐacekpaÐdeushc se sqèsh me th seiriak  ekpaÐdeush an�loga me to pl joc twn epexerga-st¸n pou qrhsimopoioÔme, sto prìblhma thc anagn¸rishc anwmali¸n se kolonoskop seic(gia leptomèreiec sqetik� me to prìblhma �l| thn ergasÐa [104] kai tic Upoenìthtec 3|4|3kai 7|4|2)|

Sq ma 1|10: Epit�qunsh tou qrìnou ekpaÐdeushc an�loga me to pl joc twn epexergast¸n



K E F A L A I O 2

Jewrhtikì Upìbajro twn Mejìdwn EkpaÐdeushc
TND

TÐpota den eÐnai tìsopraktikì ìso h JewrÐa|
�J. Robert Oppenheimer (1904�1967)

O
ìroc Teqnhtì Neurwnikì DÐktuo (TND), ìpwc eÐdame kai sto Kef�laio 1, anafère-tai se mia arqitektonik  pou ekteleÐ arijmhtikoÔc upologismoÔc qrhsimopoi¸ntacdom  mazikoÔ parallhlismoÔ (massively parallel structure)   par�llhlhc kata-nemhmènhc ergasÐac (parallel distributed processing)| To episthmonikì endiafèron gia tadi�fora montèla TND prokÔptei kurÐwc apì th dunatìtht� touc na epilÔoun dÔskola kaiendiafèronta upologistik� probl mata tou pragmatikoÔ kìsmou| Oi kìmboi,   teqnhtoÐneur¸nec, sta TND �ewroÔntai sun jwc wc aplousteumèna prìtupa twn �iologik¸n neu-�¸nwn, dhlad  ta pragmatik� kÔttara tou anjr¸pinou egkef�lou, kai ta ��rh sÔndeshcmetaxÔ twn kìmbwn moi�zoun me tic sun�yeic metaxÔ twn anjr¸pinwn neur¸nwn| Jetik�  arnhtik� ��rh antistoiqoÔn se sun�yeic (sundèseic) pou metadÐdoun   anastèlloun erejÐ-smata apì �llouc neur¸nec| Ta TND parèqoun èna enallaktikì algorijmikì montèlo, toopoÐo èqei empneusteÐ apì �iologik� montèla, sÔmfwna me to opoÐo oi upologismoÐ gÐnontaipar�llhla kai mazik�, kai h ekpaÐdeush antikajist� thn an�ptuxh progr�mmatoc|
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H ekpaÐdeush TND apoteleÐ èna mèso dunamik c anapar�stashc kwdikopoihmènhc plh-�oforÐac stouc neur¸nec enìc TND| H prosèggish ìti h ekpaÐdeush TND me epÐbleyh a-ntistoiqeÐ sthn elaqistopoÐhsh miac antikeimenik c sun�rthshc (sun�rthsh sf�lmatoc),odhgeÐ sthn an�ptuxh algorÐjmwn ekpaÐdeushc pou �asÐzontai sthn arijmhtik  elaqisto-poÐhsh qwrÐc periorismoÔc| àtsi to 
htoÔmeno eÐnai h elaqistopoÐhsh thc sun�rthshcsf�lmatoc E, dhlad  h eÔresh enìc dianÔsmatoc w∗ = (w∗1, w
∗
2, . . . , w

∗
n) ∈ Rn, tètoiou¸ste:

w∗ = min
w∈Rn

E(w),

ìpou h sun�rthsh E orÐzetai sun jwc wc to �jroisma, gia ìla ta prìtupa eisìdou, twntetrag¸nwn twn diafor¸n thc pragmatik c exìdou tou TND kai thc epijumht c:
E(w) =

1
2

P∑
p=1

NL∑
j=1

(
yL

j,p − tj,p
)2
, (2|1)
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ìpou P eÐnai o sunolikìc arijmìc protÔpwn, yL

j,p h èxodoc tou j neur¸na pou an kei sto Lstr¸ma, NL o arijmìc twn neur¸nwn tou str¸matoc exìdou, kai tj,p h epijumht  èxodoc tou
j neur¸na exìdou sto prìtupo p|H anagwg  tou probl matoc thc ekpaÐdeushc TND se èna prìblhma mh grammik¸n el�-qistwn tetrag¸nwn èqei poll� pleonekt mata, ìpwc h gn¸sh thc tim c tou olikoÔ elaqÐstoukai h up�rqousa empeirÐa apì tic mejìdouc pou èqoun  dh kataskeuasteÐ gia thn epÐlu-sh autoÔ tou probl matoc| EpÐshc, eÐnai profanèc ìti oi mèjodoi pou anaptÔssontai giathn ekpaÐdeush TND mporoÔn na qrhsimopoihjoÔn kai gia thn epÐlush �llwn episthmo-nik¸n problhm�twn, ìpwc h montelopoÐhsh �gnwstwn susthm�twn (�l| gia par�deigma ticergasÐec [59,60,132] ìpou melet�me thn epÐdrash aèriwn �Ôpwn se stereèc epif�neiec)|Genik�, h elaqistopoÐhsh thc sun�rthshc sf�lmatoc E(w) pragmatopoieÐtai me thnstadiak  metabol  twn �ar¸n apì èna algìrijmo ekpaÐdeushc| To di�nusma metabol ctwn �ar¸n deÐqnei thn kateÔjunsh pou prèpei na akoloujhjeÐ sto q¸ro twn �ar¸n, ètsi¸ste na elattwjeÐ h tim  thc E| Ta ��rh tou TND metab�llontai sÔmfwna me to akìloujoepanalhptikì sq ma:

wk+1 = wk + ∆wk, k = 0, 1, . . . ,ìpou wk+1 to nèo di�nusma twn �ar¸n, wk eÐnai to trèqon di�nusma twn �ar¸n kai ∆wkeÐnai to di�nusma metabol c twn �ar¸n|Diaforetikèc timèc gia thn diìrjwsh ∆wk dhmiourgoÔn diaforetikoÔc algìrijmouc ek-paÐdeushc, oi opoÐoi eÐnai sun jwc pr¸thc t�xhc kai �asÐzontai se plhroforÐec sqetik� meto di�nusma twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc (klÐsh) gia ton upologismìtou ∆wk| Up�rqoun �èbaia kai algìrijmoi ekpaÐdeushc deÔterhc t�xhc pou qrhsimopoioÔnkai plhroforÐec sqetik� me ton pÐnaka twn deutèrwn parag¸gwn thc sun�rthshc sf�lma-toc| Sthn ergasÐa [14] o Battiti parousi�zei mia episkìphsh teqnik¸n elaqistopoÐhshc meqr sh parag¸gwn pr¸thc kai deÔterhc t�xhc pou efarmìzontai gia ekpaÐdeush twn TNDme epÐbleyh|Mia meg�lh poikilÐa apì mejìdouc thc Arijmhtik c An�lushc èqoun qrhsimopoihjeÐgia thn epit�qunsh thc ekpaÐdeushc, qrhsimopoi¸ntac plhroforÐec apì tic parag¸goucdeÔterhc t�xhc [14,85,92,99,146,169]| ämwc, oi mèjodoi deÔterhc t�xhc eÐnai pollèc �o-�èc upologistik� epÐponec, ìtan to TND èqei merikèc qili�dec ��rh [15]| Epiprìsjeta, deneÐnai �èbaio ìti to epiplèon upologistikì kìstoc �a epitaqÔnei thn diadikasÐa ekpaÐdeushc,eidik� se mh kurtèc sunart seic makri� apì to el�qisto [28, 95], ìpwc eÐnai h sunart -seic pou dhmiourgoÔntai kat� thn ekpaÐdeush TND [14]| Gia touc parap�nw lìgouc h�eltÐwsh kai h dhmiourgÐa nèwn apodotik¸n mejìdwn ekpaÐdeushc TND pou �asÐzontai seplhroforÐec pr¸thc t�xhc parousi�zei megalÔtero endiafèron|H pio gnwst  kl�sh mejìdwn ekpaÐdeushc TND eÐnai h mèjodoc thc pio apìtomhc ka-�ìdou (steepest descent), pou qrhsimopoieÐ san diìrjwsh, ∆wk, ton ìro −η∇E(wk), ìpou
η eÐnai mia euretik  stajer  par�metroc (�ujmìc ekpaÐdeushc) pou sun jwc paÐrnei timècsto di�sthma (0, 1) (h �èltisth tim  tou � matoc η exart�tai apì thn morf  thc poludi�-stathc sun�rthshc sf�lmatoc) kai ∇E(wk) eÐnai to di�nusma twn merik¸n parag¸gwn thcsun�rthshc sf�lmatoc, pou upologÐzetai me thn efarmog  tou kanìna thc alusÐdac stastr¸mata tou TND| EÐnai profanèc ìti h sun�rthsh sf�lmatoc prèpei na ikanopoieÐ ticupojèseic gia thn Ôparxh parag¸gwn pr¸thc t�xhc| Asfal¸c autì periorÐzei th morf thc E(w) kai kajist� aparaÐthto oi neur¸nec tou TND na qrhsimopoioÔn paragwgÐsimecsunart seic energopoÐhshc pou epitrèpoun ton orismì thc parag¸gou gia k�je neur¸na|H mèjodoc gia ton upologismì thc klÐshc thc sun�rthshc sf�lmatoc onom�zetai opisjo-
dromik  di�dosh tou sf�lmatoc (Backpropagation � BP) [133]|H mèjodoc thc opisjodromik c di�doshc tou sf�lmatoc qarakthrÐzetai apì kal  apì-dosh ìtan oi arqikèc timèc tou dianÔsmatoc �ar¸n eÐnai sqetik� makri� apì to el�qisto,k�ti pou isqÔei stic perissìterec peript¸seic ekpaÐdeushc twn TND| Wstìso, h sÔgklis thc sthn perioq  tou elaqÐstou qarakthrÐzetai apì �radÔthta| ShmantikoÐ periorismoÐ
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gia th qr sh thc mejìdou sta TND eÐnai h adunamÐa thc gia eggÔhsh sÔgklishc se k�poiotopikì el�qisto kaj¸c kai h qr sh stajeroÔ m kouc � matoc pou pollèc �orèc empodÐzeith sÔgklish kai den eggu�tai th meÐwsh thc sun�rthshc sf�lmatoc se k�je epan�lhyhtou algorÐjmou ekpaÐdeushc| Sto Par�rthma B parajètoume thn apìdeixh thc mejìdouthc opisjodromik c di�doshc tou sf�lmatoc| Sta epìmena kef�laia �a proteÐnoume kai�a melet soume nèec tropopoi seic aut c thc mejìdou, pou sÔmfwna me ta peiramati-k� apotelèsmat� mac epideiknÔoun megalÔterh taqÔthta sÔgklishc kai auxhmèno posostìepituqÐac|Tèloc, sthn perÐptwsh ekpaÐdeushc an� prìtupo eisìdou p (�l| kai to Kef�laio 7 giamia ekten  melèth tètoiwn mejìdwn) qrhsimopoieÐtai mia stigmiaÐa prosèggish thc klÐshcthc sun�rthshc sf�lmatoc, pou den eÐnai �llh apì th st lh tou pÐnaka twn merik¸n pa-�ag¸gwn pou antistoiqeÐ sto prìtupo p| àqei �rejeÐ peiramatik� ìti se poll� probl mataekpaÐdeushc TND, o parap�nw pÐnakac twn merik¸n parag¸gwn èqei meg�lo suntelest ast�jeiac, gegonìc pou odhgeÐ se ellipeÐc plhroforÐec sqetik� me tic kateujÔnseic anÐ-qneushc kai èqei wc apotèlesma exairetik� �radÔ qrìno ekpaÐdeushc [137]|
2|2 H Epilog  tou RujmoÔ EkpaÐdeushc

K�nontac mia mikr  istorik  anadrom  sto prìblhma thc epilog c tou �ujmoÔ ekpaÐ-deushc prèpei na anaferjeÐ ìti pr¸toc o Goldstein sthn ergasÐa [41] prìteine mia sqèshpou �asÐzetai sthn Essian  thc sun�rthshc sf�lmatoc kai mporeÐ na qrhsimopoihjeÐ giaton kajorismì tou �ujmoÔ ekpaÐdeushc| O Ðdioc epÐshc apèdeixe th sÔgklish thc mejìdoume thn proôpìjesh ìti h sun�rthsh sf�lmatoc eÐnai dÔo �orèc suneq¸c paragwgÐsimhkai èdwse mia ektÐmhsh tou �ujmoÔ sÔgklis c thc gia thn perÐptwsh pou eÐnai gnwstì èna�r�gma thc st�jmhc thc Essian c| Akolouj¸ntac mia diaforetik  prosèggish, o Arm�oprìteine thn pr¸th mèjodo thc pio apìtomhc kajìdou pou epètrepe metablhtì � ma se k�-�e epan�lhyh, ηk, kai apèdeixe th sÔgklis  thc upì ligìtero austhrèc proôpojèseic [7]|Mia �eltÐwsh thc mejìdou aut c gia thn ekpaÐdeush neurwnik¸n diktÔwn prot�jhke sthnergasÐa [82]|Kat�llhla epilegmènec timèc twn �hm�twn ekpaÐdeushc �ohjoÔn na apofeuqjeÐ h sÔ-gklish se mègista   sagmatik� shmeÐa tou q¸rou twn �ar¸n| Parìla aut� eÐnai gnwstì ìtiaut  h antimet¸pish den eÐnai apodotik | Gia par�deigma, probl mata up�rqoun ìtan oq¸roc twn �ar¸n qarakthrÐzetai apì makrèc kai �ajièc {qar�drec}, me apìtomec {stro-�èc} kai o {pujmènac} eÐnai elafr� keklimènoc [57, 133]| EpÐshc, aut  h antimet¸pishtou probl matoc eis�gei duskolÐec sthn prosp�jeia dhmiourgÐac mejìdwn eureÐac sÔgkli-shc [66,71]| Bèbaia, up�rqoun �ewrhtik� apotelèsmata pou eggu¸ntai thn sÔgklish thcmejìdou ìtan ènac stajerìc �ujmìc ekpaÐdeushc qrhsimopoieÐtai| Sthn perÐptwsh aut , o�ujmìc ekpaÐdeushc prèpei na eÐnai an�logoc tou antistrìfou thc stajer�c Lipschitz thcsun�rthshc sf�lmatoc, pou sthn pr�xh den eÐnai eÔkolo na upologisteÐ [7,82,162]|
2|3 Algìrijmoi EkpaÐdeushc me EureÐa SÔgklish

äpwc anafèroun oi Dennis kai Schnabel [30, sel| 5], o ìroc {algìrijmoc eureÐac sÔ-gklishc}1 qrhsimopoieÐtai gia na dhl¸sei ìti mia mèjodoc eÐnai kataskeuasmènh ètsi ¸stena sugklÐnei se èna topikì el�qisto miac mh grammik c sun�rthshc, apì sqedìn opoiod po-
te arqikì shmeÐo| Epiprìsjeta, o Nocedal [95, sel| 200] tonÐzei ìti ènac algìrijmoc lègetaiìti èqei thn idiìthta thc eureÐac sÔgklishc ìtan sugklÐnei se èna topikì el�qisto apì {a-pomakrusmèna} arqik� shmeÐa| H idiìthta thc eureÐac sÔgklishc dieukolÔnei idiaÐtera th

1AntÐ gia ton ìro eureÐa sÔgklish mporoÔn na qrhsimopoihjoÔn oi isodÔnamoi ìroi kajolik    olik  sÔgklish
gia thn apìdosh tou AgglikoÔ ìrou global convergence|
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diadikasÐa ekpaÐdeushc TND kaj¸c tic perissìterec �orèc h ekpaÐdeushc enìc probl ma-toc xekin� gia to dÐktuo qrhsimopoi¸ntac tuqaÐa arqik� ��rh, wc epÐ to pleÐston makri�apì èna el�qisto, en¸ o qr sthc kaleÐtai na �ujmÐsei euretik� di�forec paramètrouckrÐsimec gia th sÔgklish tou algìrijmou kai thn epituqÐa thc ekpaÐdeushc| TonÐzoume ì-ti oi algìrijmoi ekpaÐdeushc pou �asÐzontai sth mèjodo thc opisjodromik c di�doshc tousf�lmatoc de sugklÐnoun p�nta se èna topikì el�qisto ìtan h arqik  tim  tou dianÔsmatoc�ar¸n �rÐsketai makri� apì th geitoni� tou topikoÔ elaqÐstou|H eureÐa sÔgklish mporeÐ na epiteuqjeÐ efarmìzontac mejìdouc mh akriboÔc eujÔ-grammhc (monodi�stathc) anÐqneushc| Autèc oi mèjodoi eÐnai gnwstèc gia thn eukolÐa thculopoÐhs c touc se logismikì kai gia th mikr  upologistik  poluplokìtht� touc| Henswm�tws  touc se opoiond pote algìrijmo pou epanalhptik� prosarmìzei ta ��rh a-kolouj¸ntac kateujÔnseic meÐwshc thc sun�rthshc sf�lmatoc exasfalÐzei ston algìrijmothn idiìthta thc eureÐac sÔgklishc [73,76,162], ìpwc �a doÔme kai sto Kef�laio 3|Oi idiìthtec sÔgklishc twn mejìdwn eujÔgrammhc (monodi�stathc) anÐqneushc mporoÔnna melethjoÔn exet�zontac thn kateÔjunsh anÐqneushc, ìpwc aut  orÐzetai apì th gwnÐapou sqhmatÐzetai metaxÔ thc kateÔjunshc thc pio apìtomhc kajìdou kai thc kateÔjunshcanÐqneushc thc ek�stote mejìdou, dk, dhlad :

cos θk =
−∇E(wk)>dk

‖∇E(wk)‖ ‖dk‖
, (2|2)

kai lamb�nontac upìyh to mègejoc tou � matoc| To mègejoc tou � matoc kajorÐzetai apìmia epan�lhyh thc mejìdou eujÔgrammhc anÐqneushc| Mia strathgik  pou proteÐnetaidèqetai wc � ma ηk èna �etikì arijmì pou ikanopoieÐ tic parak�tw sunj kec:
E(wk + ηkdk)− E(wk)6σ1η

k∇E(wk)>dk, (2|3)
∇E(wk + ηkdk)>dk >σ2∇E(wk)>dk, (2|4)

ìpou 0 < σ1 < σ2 < 1| Oi dÔo anisìthtec eÐnai gnwstèc wc sunj kec tou Wolfe [174,175]|H pr¸th anisìthta exasfalÐzei ìti h sun�rthsh sf�lmatoc mei¸netai epark¸c se k�jeepan�lhyh tou algìrijmou ekpaÐdeushc, en¸ h deÔterh empodÐzei to �ujmì ekpaÐdeushcna gÐnei polÔ mikrìc| Oi dÔo autèc anisìthtec arkoÔn gia na diasfalisteÐ h sÔgklish seèna el�qisto arkeÐ h gwnÐa metaxÔ thc kateÔjunshc anÐqneushc kai tou dianÔsmatoc twnklÐsewn na eÐnai mikrìterh apì 90◦ [174,175]|To �e¸rhma twn Wolfe kai Zoutend�k [174, 175, 180] mporeÐ na qrhsimopoihjeÐ giana exasfalisteÐ eureÐa sÔgklish kai eÐnai anex�rthto apì th mèjodo pou qrhsimopoieÐtaigia to kajorismì twn kateujÔnsewn meÐwshc   twn mhk¸n twn �hm�twn| SÔmfwna me autìto �ewrhtikì apotèlesma ènac algìrijmoc ekpaÐdeushc pou �asÐzetai sth mèjodo thc pioapìtomhc kajìdou èqei thn idiìthta thc eureÐac sÔgklishc an qrhsimopoieÐ eujÔgrammh(monodi�stath) anÐqneush pou ikanopoieÐ tic sunj kec tou Wolfe gia ton kajorismì tou�ujmoÔ ekpaÐdeushc| Sto Kef�laio 3 parousi�zoume autì to �e¸rhma kai me th �o jei�tou apodeiknÔoume eureÐa sÔgklish se mia nèa kl�sh mejìdwn ekpaÐdeushc TND|
2|4 BeltistopoÐhsh mh Grammik¸n Sunart sewn an� KateÔ-

�unsh

EÐnai qr simo na doÔme kai k�poiec mejìdouc pou elaqistopoioÔn thn sun�rthsh sf�l-matoc ektel¸ntac monodi�statec elaqistopoi seic| EÐnai gnwstì ìti to shmeÐo elaqÐstou x∗miac suneq¸c paragwgÐsimhc sun�rthshc f prèpei na ikanopoieÐ tic aparaÐthtec sunj kec:
∇f(x∗) = Θn = (0, 0, . . . , 0). (2|5)
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H ExÐswsh (2|5) eÐnai èna sÔsthma n mh grammik¸n exis¸sewn pou h lÔsh touc dÐnei to
x∗| àtsi, gia na elaqistopoi soume thn sun�rthsh f mporoÔme na �roÔme mia lÔsh touparap�nw sust matoc, me thn proôpìjesh h lÔsh aut  na antistoiqeÐ se shmeÐo elaqÐstou|Autì eÐnai isodÔnamo me thn epÐlush tou akìloujou sust matoc exis¸sewn:

∂1f(x1, x2, . . . , xn) = 0,
∂2f(x1, x2, . . . , xn) = 0,|||
∂nf(x1, x2, . . . , xn) = 0,

(2|6)
ìpou ∂if(x1, . . . , xi, . . . , xn) dhl¸noun tic merikèc parag¸gouc thc f wc proc thn i suni-st¸sa|Sth sunèqeia �a melet soume tic mh grammik  mèjodo Jacobi kai th mh grammik mèjodo SOR gia thn epÐlush tou Sust matoc (2|6)| EpÐshc �a melet soume thn mèjodo touPowell kaj¸c kai mia tropopoÐhs  thc [168]|
2|4|1 Melèth sÔgklishc thc sÔnjethc mh grammik c mejìdou Jacobi

H kl�sh twn mh grammik¸n mejìdwn Jacobi qrhsimopoieÐtai suqn� gia thn epÐlush touSust matoc (2|6)| To kÔrio qarakthristikì touc eÐnai ìti eÐnai algìrijmoi pou mporoÔnna ulopoihjoÔn apodotik� se par�llhlouc upologistèc [96]| Xekin¸ntac apì èna tuqaÐoarqikì di�nusma x0 ∈ D, sthn k epan�lhyh ekteloÔme monodi�stath elaqistopoÐhsh thcsun�rthshc:
f(xk

1, . . . , x
k
i−1, xi, x

k
i+1, . . . , x

k
n), (2|7)kat� m koc thc i kateÔjunshc kai paÐrnoume to el�qisto x̂i| Profan¸c gia to x̂i isqÔei:

∂if(xk
1, . . . , x

k
i−1, x̂i, x

k
i+1, . . . , x

k
n) = 0. (2|8)

Autì antistoiqeÐ se monodi�stath elaqistopoÐhsh giatÐ ìlec oi sunist¸sec tou dianÔsmatoc
xk, ektìc apì thn i sunist¸sa, paramènoun stajerèc| H i sunist¸sa upologÐzetai sÔmfwname thn exÐswsh:

xk+1
i = xk

i + τk(x̂i − xk
i ), (2|9)gia k�poia par�metro qal�rwshc τk| Sunep¸c, h antikeimenik  sun�rthsh (2|7) elaqisto-poieÐtai monodi�stata proc k�je kateÔjunsh i|An�loga thn qrhsimopoioÔmenh mèjodo monodi�stathc elaqistopoÐhshc, mporoÔn nakataskeuastoÔn di�forec sÔnjetec mh grammikèc mèjodoi Jacobi| AxÐzei na shmei¸sou-me ìti o arijmìc twn epanal yewn thc monodi�stathc elaqistopoÐhshc exart�tai apì thn
htoÔmenh akrÐbeia| àtsi meg�loc upologistikìc kìpoc apaiteÐtai gia na �rejoÔn me a-krÐbeia ta el�qista an� k�je kateÔjunsh| An kai o upologistikìc kìpoc aux�netai me thndi�stash tou probl matoc, den eÐnai �èbaio ìti h eÔresh me meg�lh akrÐbeia tou elaqÐstouan� kateÔjunsh �a epitaqÔnei telik� thn elaqistopoÐhsh thc f , ìtan to arqikì di�nusmaeÐnai makri� apì k�poio el�qistì thc| àtsi sthn pr�xh pollèc �orèc gia na �rejeÐ to x̂iekteleÐtai mìno mÐa epan�lhyh thc mejìdou monodi�stathc elaqistopoÐhshc [96,160]|Sth sunèqeia melet�me th sÔgklish thc sÔnjethc mh grammik c mejìdou Jacobi| Oskopìc mac eÐnai na deÐxoume ìti up�rqei geitoni� enìc elaqÐstou thc antikeimenik c su-n�rthshc, sthn opoÐa mporeÐ na apodeiqjeÐ h sÔgklish| H an�lush thc sÔgklishc gÐnetaik�tw apì kat�llhlec proôpojèseic kai parèqei qr simec plhroforÐec gia aut  thn kl�shmejìdwn|

Je¸rhma 2|1 [162] àstw f : D ⊂ Rn → R dÔo �orèc suneq¸c paragwgÐsimh sthn anoikt 
perioq  S0 ⊂ D tou shmeÐou x∗ ∈ D gia to opoÐo ∇f(x∗) = Θn kai h Essian , H(x∗) eÐnai
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�etik� orismènh kai èqei thn idiìthta Aπ| Tìte up�rqei anoikt  sfaÐra S = S(x∗, r) sto
S0 (ìpou S(x∗, r) sumbolÐzei thn anoikt  sfaÐra me kèntro x∗ kai aktÐna r), tètoia ¸ste h
akoloujÐa twn dianusm�twn {xk}∞k=0 pou dhmiourgeÐtai apì thn mh grammik  mèjodo Jacobi
sugklÐnei sto x∗ pou elaqistopoieÐ thn f |

Apìdeixh| EÐnai profanèc ìti oi anagkaÐec kai ikanèc sunj kec gia na eÐnai to x∗ shmeÐoelaqÐstou thc f ikanopoioÔntai afoÔ ∇f(x∗) = Θn kai h Essian  eÐnai �etik� orismènhsto x∗| H eÔresh tou shmeÐou autoÔ eÐnai isodÔnamh me thn epanalhptik  epÐlush tou Su-st matoc (2|6) me thn efarmog  thc mh grammik c mejìdou Jacobi kai miac opoiasd potemejìdou monodi�stathc elaqistopoÐhshc|àstw h diamèrish thc H(x∗) se ènan diag¸nio pÐnaka D, ènan austhr� k�tw trigwnikì
L kai ènan austhr� �nw trigwnikì pÐnaka L>:

H(x∗) = D(x∗)− L(x∗)− L>(x∗). (2|10)
AfoÔ,H(x∗) eÐnai summetrik  kai �etik� orismènh, tìteD(x∗) eÐnai �etik� orismènoc [157]|EpÐshc, afoÔ h H(x∗) èqei thn idiìthta Aπ, oi idiotimèc tou

Φ(x∗) = D(x∗)−1
[
L(x∗) + L>(x∗)

]
,

eÐnai pragmatikèc kai ρ(Φ(x∗)) < 1 [8] (ìpou ρ(A) eÐnai h �asmatik  aktÐna tou pÐnaka
A)| Epomènwc, up�rqei anoikt  sfaÐra S = S(x∗, r) sto S0, tètoia ¸ste gia k�je arqikìdi�nusma x0 ∈ S, up�rqei akoloujÐa {xk}∞k=0 ⊂ S pou ikanopoieÐ thn mh grammik  mèjodoJacobi kai limk→∞ xk = x∗ [96]| To Je¸rhma apodeÐqjhke| 2

Parat rhsh 2|1 O Young prìteine mia kl�sh pin�kwn, pou mporoÔn na graftoÔn se block�
tridiag¸nia morf  [177]| Ta stoiqeÐa tou pÐnaka A = [aij ] qwrÐzontai se dÔo sÔnola| Genik�,
k�je diamèrish enìc n�di�statou dianÔsmatoc x = (x(1), . . . , x(m)), se tm mata x(p) di�stashc
np, p = 1, . . . ,m (me

∑m
p=1 np = n) orÐzetai monadik� apì thn diamèrish π = {πp}m

p=1

tou sunìlou twn pr¸twn n akeraÐwn, ìpou πp perièqei touc akeraÐouc sp + 1, . . . , sp + np,
sp =

∑k−1
j=1 nj | H Ðdia diamèrish π epifèrei thn diamèrish k�je n× n pÐnaka A se blocks Aij

di�stashc ni × nj | Na shmeiwjeÐ ìti oi pÐnakec Aii eÐnai tetragwnikoÐ|
àtsi, o pÐnakac A èqei thn idiìthta Aπ [8, 177] e�n o pÐnakac PAP>, mporeÐ na grafteÐ

sthn block�tridiag¸nia morf :

PAP> =


D1 L>1 O
L1 D2 L>2

| | | | | | | | |
Lr−2 Dr−1 L>r−1

O Lr−1 Dr

 ,

ìpou oi pÐnakec Di, i = 1, . . . , r eÐnai mh idi�zontec| Mia algorijmik  diadikasÐa gia to
metasqhmatismì enìc summetrikoÔ pÐnaka sthn parap�nw tridiag¸nia morf , �rÐsketai sto
�iblÐo tou Stewart [151, sel| 335]|
2|4|2 Melèth sÔgklishc thc sÔnjethc mh grammik c mejìdou SOR

Xekin¸ntac apì èna tuqaÐo arqikì di�nusma x0 ∈ D, h mh grammik  mèjodoc SOR, sthn
k epan�lhyh, elaqistopoieÐ monodi�stata thn sun�rthsh:

f(xk+1
1 , . . . , xk+1

i−1 , xi, x
k
i+1, . . . , x

k
n), (2|11)
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kat� m koc thc i kateÔjunshc kai �rÐskei to el�qisto x̂i| Kai se aut  thn perÐptwsh h
i sunist¸sa upologÐzetai sÔmfwna me thn ExÐswsh (2|9)| H �asik  diafor� apì th mhgrammik  mèjodo Jacobi eÐnai ìti o upologismìc tou xi sthn k epan�lhyh, qrhsimopoieÐtic timèc ìlwn twn prohgoÔmenwn upologismènwn metablht¸n sthn k epan�lhyh| Parak�twdÐnoume èna �ewrhtikì apotèlesma sÔgklishc thc mh grammik c mejìdou SOR|
Je¸rhma 2|2 [162] àstw f : D ⊂ Rn → R dÔo �orèc suneq¸c paragwgÐsimh se mia anoikt 
perioq  S0 ⊂ D enìc topikoÔ elaqÐstou x∗ ∈ D| Tìte up�rqei anoikt  sfaÐra S = S(x∗, r)
sto S0 tètoia ¸ste h akoloujÐa {xk} pou dhmiourgeÐtai apì th mh grammik  mèjodo SOR
sugklÐnei sto x∗|

Apìdeixh| AfoÔ to x∗ eÐnai shmeÐo topikoÔ elaqÐstou thc antikeimenik c sun�rthshc fèqoume ìti ∇f(w∗) = 0 kai h Essian  H(x∗) eÐnai �etik� orismènh| H eÔresh enìc tètoioushmeÐou isodunameÐ me thn antÐstoiqh lÔsh x∗ ∈ D tou Sust matoc (2|6) me thn efarmog thc mh grammik c mejìdou SOR| àstw ìti:
Φτ (x∗) = [D(x∗)− τL(x∗)]−1

[
(1− τ)D(w∗) + τL>(x∗)

]
,

gia τ ∈ (0, 2) ìpou D kai L orÐzontai ìpwc sthn ExÐswsh (2|10)| T¸ra, afoÔ h H(x∗) eÐnaisummetrik  kai �etik� orismènh, tìte D(x∗) eÐnai mh idi�zwn [157]| Apì to Je¸rhma touOstrowski [157], èqoume ìti h �asmatik  aktÐna ρ(Φτ (x∗)
)
< 1 gia k�je τ ∈ (0, 2) kaisunep¸c, apì to Je¸rhma thc mejìdou SOR [96], up�rqei anoikt  sfaÐra S = S(x∗, r)sto S0, ètsi ¸ste gia k�je x0 ∈ S, up�rqei monadik  akoloujÐa {xk} ⊂ S pou ikanopoieÐth mh grammik  mèjodo SOR kai limk→∞ xk = x∗| To Je¸rhma apodeÐqjhke| 2

2|4|3 Melèth sÔgklishc miac tropopoÐhshc thc mejìdou tou Powell
Ed¸ perigr�foume sÔntoma th mèjodo elaqistopoÐhshc tou Powell kai proteÐnoume miatropopoÐhs  thc| H mèjodoc tou Powell [126] �asÐzetai sth qr sh suzug¸n kateujÔnsewnkai h kÔria idèa eÐnai ìti to el�qisto miac �etik� orismènhc tetragwnik c morf c mporeÐna �rejeÐ ektel¸ntac to polÔ n diadoqikèc akribeÐc monodi�statec elaqistopoi seic kat�m koc suzug¸n kateujÔnsewn, ìpou n eÐnai o arijmìc twn metablht¸n thc antikeimenik csun�rthshc| H teqnik  aut  mporeÐ na efarmosteÐ kai se sunart seic pou den eÐnai tetra-gwnikèc, prosjètontac mÐa akìma anÐqneush proc mÐa nèa sÔnjeth kateÔjunsh met� apì ticpr¸tec n akribeÐc monodi�statec elaqistopoi seic|Mia epan�lhyh thc mejìdou tou Powell apoteleÐtai apì ta akìlouja � mata, ìpou

x0 eÐnai to arqikì shmeÐo, kai ui, i = 1, 2, . . . , n eÐnai to arqikì sÔnolo twn kateujÔnsewnanÐqneushc, pou eÐnai to sÔnolo twn dianusm�twn thc ��shc tou q¸rou ei, i = 1, 2, . . . , n:
1| Gia i = 1, 2, . . . , n upolìgise to λi ètsi ¸ste na elaqistopoieÐtai h f(xi−1 + λiui), kaiìrise xi = xi−1 + λiui|2| Gia i = 1, 2, . . . , n− 1, antikatèsthse thn kateÔjunsh ui apì thn ui+1|3| Antikatèsthse thn kateÔjunsh un apì thn (xn − x0)|4| Upolìgise to λ ètsi ¸ste na elaqistopoieÐtai h f(xn + λun), kai �èse x0 = xn + λun|
Gia genikèc (ìqi tetragwnikèc) sunart seic apaitoÔntai perissìterec apì n epanal yeickai h mèjodoc termatÐzetai ìtan ikanopoihjeÐ k�poio krit rio termatismoÔ| H mèjodoctou Powell sthn pr�xh dialègei tic nèec kateujÔnseic me trìpo pou pollèc �orèc autèceÐnai grammik� exarthmènec| Up�rqoun pollèc diadikasÐec gia thn antimet¸pish autoÔ touprobl matoc, all� h pio apl  eÐnai met� apì n   (n+1) epanal yeic na qrhsimopoioÔntaip�li oi dieujÔnseic thc ��shc tou q¸rou| Sth sunèqeia parousi�zoume mia tropopoÐhsh
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thc mejìdou tou Powell, pou gia thn elaqistopoÐhsh qrhsimopoieÐ mìno ta sqetik� megèjhtwn sunarthsiak¸n tim¸n thc f(x+ λu)|Jèloume loipìn na elaqistopoi soume th sun�rthsh f(x0 +λu) kat� m koc thc kateÔ-�unshc u| O trìpoc pou epilègoume eÐnai na qrhsimopoi soume mia monodi�stath mèjodoeÔreshc �iz¸n, gia ton upologismì thc tim c tou λ 6= 0 ètsi ¸ste:

f(x0 + λu)− f(x0) = 0. (2|12)
E�n λ̂ eÐnai h lÔsh thc parap�nw exÐswshc, tìte to shmeÐo x̂0 = x0 + λ̂u èqei thn Ðdiasunarthsiak  tim  me to shmeÐo x0| Sth sunèqeia epilègoume èna shmeÐo pou an kei stoeujÔgrammo tm ma me �kra x0 kai x̂0, to opoÐo na èqei mikrìterh sunarthsiak  tim  apìaut� ta �kra| àtsi mporoÔme na epilèxoume autì to shmeÐo, sÔmfwna me thn akìloujhsqèsh:

x1 = x0 + γ
(
x̂0 − x0

)
, γ ∈ (0, 1).Gia thn epÐlush thc monodi�stathc exÐswshc (2|12), qrhsimopoioÔme mia tropopoÐhshthc mejìdou thc diqotìmhshc (bisection) [161,164]| H mèjodoc aut  den apaiteÐ tic akri-�eÐc sunarthsiakèc timèc, all� mìno ta megèjh twn sunarthsiak¸n tim¸n se dÔo shmeÐa,dhlad  apl� sugkrÐnei tic sunarthsiakèc timèc| �lla pleonekt mata thc mejìdou eÐnaiìti mporeÐ na ulopoihjeÐ par�llhla, sugklÐnei p�nta entìc tou dojèntoc diast matoc kaieÐnai �èltisth, dhlad  èqei asumptwtik� ton kalÔtero �ujmì sÔgklishc [144]|Ta akìlouja �ewr mata deÐqnoun ìti k�je mèjodoc pou elaqistopoieÐ kat� m koc enìcsunìlou grammik¸c anex�rthtwn suzug¸n kateujÔnsewn èqei thn idiìthta tou tetragwnikoÔtermatismoÔ (quadratically termination property)|

Je¸rhma 2|3 [126,179] E�n mia tetragwnik  sun�rthsh f(x), n metablht¸n elaqistopoieÐ-
tai diadoqik� kat� m koc enìc sunìlou n grammik¸c anex�rthtwn suzug¸n kateujÔnsewn, to
olikì el�qisto thc f �a �rejeÐ se n   ligìterec epanal yeic, anex�rthta apì to arqikì shmeÐo
kai thn diadoq  twn kateujÔnsewn|

Orismìc 2|1 Mia mèjodoc pou elaqistopoieÐ thn f sÔmfwna me tic apait seic tou Jewr ma-
toc 2|3, èqei thn idiìthta tou tetragwnikoÔ termatismoÔ (quadratic termination)|
Je¸rhma 2|4 [126, 179] Oi kateujÔnseic pou qrhsimopoioÔntai apì th mèjodo tou Powell
eÐnai suzugeÐc|

Je¸rhma 2|5 H tropopoihmènh mèjodoc pou proteÐnoume entopÐzei to el�qisto miac tetragw-
nik c sun�rthshc f(x), n metablht¸n, se n   ligìterec epanal yeic, qrhsimopoi¸ntac mìno
tic sqetikì mègejoc twn sunarthsiak¸n tim¸n thc f, anex�rthta apì to arqikì shmeÐo kai thn
seir� me thn opoÐa lamb�noume tic kateujÔnseic thc monodi�stathc elaqistopoÐhshc|

Apìdeixh| AfoÔ h tropopoihmènh mèjodoc qrhsimopoieÐ tic kateujÔnseic ui thc mejìdouPowell, apì to Je¸rhma 2|4 autèc eÐnai suzugeÐc| Oi arqikèc kateujÔnseic eÐnai h ��shtou q¸rou, �ra grammik¸c anex�rthtec| EpÐshc, h grammik  ex�rthsh twn kateujÔnsewnapofeÔgetai me thn epanaqrhsimopoÐhsh twn dianusm�twn thc ��shc tou q¸rou met� apì
n   (n + 1) epanal yeic| Sunep¸c oi proôpojèseic tou Jewr matoc 2|3 ikanopoioÔntai|To �e¸rhma apodeÐqjhke| 2H idiìthta tou tetragwnikoÔ termatismoÔ eÐnai polÔ shmantik , giatÐ deÐqnei ìti h sÔ-gklish thc mejìdou eÐnai taqÔterh akìma kai se genikèc (ìqi tetragwnikèc) sunart seic|Sthn pr�xh ìlec oi mèjodoi apaitoÔn perissìterec apì n epanal yeic, giatÐ to el�qistoshmeÐo se k�je monodi�stath elaqistopoÐhsh den �rÐsketai akrib¸c, me apotèlesma telik�oi kateujÔnseic na mhn eÐnai suzugeÐc|
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2|5 Praktik  Je¸rhsh thc SÔgklishc twn AlgorÐjmwn EkpaÐ-

deushc

Ta �ewrhtik� apotelèsmata eÐnai qr sima gia thn katanìhsh kai th melèth thc su-mperifor�c twn algìrijmwn ekpaÐdeushc| Wstìso oi algìrijmoi, elaqistopoi¸ntac th mhgrammik  sun�rthsh sf�lmatoc, èqoun na antimetwpÐsoun k�poia apì ta duskolìterapraktik� probl mata pou emfanÐzontai kat� th �eltistopoÐhsh mh grammik¸n sunart se-wn| Oi kuriìterec duskolÐec eÐnai oi akìloujec:
• To kìstoc upologismoÔ twn tim¸n thc sun�rthshc sf�lmatoc kai twn parag¸gwn thc|Stic efarmogèc to upologistikì kìstoc apoteleÐ to �asikì krit rio epilog c toualgìrijmou ekpaÐdeushc, kaj¸c se pollèc peript¸seic eÐnai protimìterec merikècakìma epanal yeic enìc algìrijmou pou �asÐzetai sth mèjodo thc pio apìtomhckajìdou apì th qr sh perÐplokwn algìrijmwn topik c sÔgklishc|
• Oi mh akribeÐc timèc thc sun�rthshc sf�lmatoc| EÐnai gnwstì pwc oi arijmhtikoÐupologismoÐ upìkeintai se sf�lmata akrÐbeiac [172]| Oi arijmhtikèc pr�xeic pouapaitoÔntai stic prosomoi¸seic twn algìrijmwn ekpaÐdeushc ephre�zoun thn akrÐbeiatwn tim¸n thc sun�rthshc sf�lmatoc [176]| Epiplèon, ta qarakthristik� twn mhgrammik¸n neur¸nwn empodÐzoun ton akrib  upologismì twn sunarthsiak¸n tim¸n tousf�lmatoc kai odhgoÔn se koresmì, tìso stic prosomoi¸seic ìso kai stic ulopoi seictwn TND [52]|
• Ta pollapl� el�qista thc sun�rthshc sf�lmatoc| H sun�rthsh sf�lmatoc den eÐnaikat' an�gkh kurt  kai dhmiourgeÐtai apì thn upèrjesh twn mh grammik¸n sunart -sewn energopoÐhshc pou elaqistopoioÔntai se diaforetik� shmeÐa| ätan h tim  thcsun�rthshc sf�lmatoc se èna el�qisto eÐnai mikrìterh apì thn {epijumht }, tÐjetaito �èma thc poiìthtac tou el�qistou| Gia par�deigma, se probl mata prosèggishcsunart sewn   anagn¸rishc susthm�twn up�rqoun poll� {epijumht�} el�qista pouproseggÐzoun, �gnwsto pìso kal�, to olikì el�qisto| Se autèc tic peript¸seic toprìblhma mporeÐ na exaleifjeÐ qrhsimopoi¸ntac arket� meg�lo arijmì dedomènwn|Dustuq¸c, up�rqoun kai peript¸seic pou o algìrijmoc ekpaÐdeushc sugklÐnei se{anepijÔmhta} el�qista, dhlad  se el�qista me sunarthsiakèc timèc megalÔterec a-pì thn epijumht | Autì sumbaÐnei gia di�forouc lìgouc, p|q| ìtan to pl joc twnkruf¸n neur¸nwn den eparkeÐ gia th sugkekrimènh efarmog    ìtan o algìrijmocarqikopoieÐtai me akat�llhla arqik� ��rh kai empodÐzei to TND apì to na m�jeipl rwc ìla ta prìtupa|

2|6 Ta TND san KajolikoÐ Proseggistèc

KleÐnoume autì to kef�laio me mia anafor� se �ewr mata pou apodeiknÔoun ìti ta TNDeÐnai kajolikoÐ proseggistèc (universal approximators)| Mia apì tic suqnèc qr seic twn TNDeÐnai na proseggÐzoun �gnwstec sunart seic| H ap�nthsh sto er¸thma pìso kaloÐ proseg-gistèc eÐnai ta polustrwmatik� TND, dÐnetai apì ta akìlouja �ewr mata| Ta Je¸rhma 2|6kai 2|7, pou dìjhkan apì touc Kolmogorov kai Sprecher antÐstoiqa, apodeiknÔoun ìtita TND prìsjiac trofodìthshc me èna krufì epÐpedo eÐnai kajolikoÐ proseggistèc, dh-lad  mporoÔn na proseggÐsoun akrib¸c k�je suneq  sun�rthsh| Tèloc to Je¸rhma 2|8,diatup¸nei ta parap�nw �ewrhtik� apotelèsmata sthn orologÐa twn TND|
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2|6|1 Jewr mata twn Kolmogorov kai Sprecher
Je¸rhma 2|6 [65] K�je suneq c sun�rthsh f(x1, . . . , xn) orismènh sto In, n > 2, ìpou I
eÐnai to kleistì monadiaÐo di�sthma, I = [0, 1], mporeÐ na grafteÐ sth morf :

f(x) =
2n−1∑
j=1

ξj

(
n∑

i=1

φij(xi)

)
,

ìpou ξj kai φij eÐnai suneqeÐc sunart seic miac metablht c kai oi φij eÐnai monìtonec sunar-
t seic pou den exart¸ntai apì thn f |

Je¸rhma 2|7 [149] Gia k�je akèraio n > 2 up�rqei mia pragmatik  monotìnwc aÔxousa
sun�rthsh φ(x), φ : [0, 1] → [0, 1], pou exart�tai apì to n kai èqei thn akìloujh idiìthta: gia
k�je dedomèno δ > 0, up�rqei ènac �htìc ε, 0 < ε < δ, tètoioc ¸ste k�je pragmatik  suneq c
sun�rthsh n metablht¸n, f(x), pou orÐzetai sto In, na mporeÐ na grafteÐ:

f(x) =
2n−1∑
j=1

ξ

(
n∑

i=1

λiφ
(
xi + ε(j − 1)

)
+ j − 1

)
,

ìpou ξ eÐnai suneq c pragmatik  sun�rthsh kai λ eÐnai mia stajer� pou den exart�tai apì
thn f |

Je¸rhma 2|8 [49] àstw mia suneq c sun�rthsh f : In → Rm, ìpou I = [0, 1], tìte h f
mporeÐ na proseggisteÐ akrib¸c apì èna TND prìsjiac trofodìthshc pou èqei n eisìdouc, m
exìdouc kai (2n+ 1) krufoÔc neur¸nec|

H sun�rthsh energopoÐhshc tou j krufoÔ neur¸na prèpei na eÐnai èqei thn akìloujhmorf :
zj =

n∑
i=1

λiφ
(
xi + εj) + j,

ìpou h pragmatik  stajer� λ kai h pragmatik  suneq c monotìnwc aÔxousa sun�rthsh φden exart¸ntai apì thn f (an kai exart¸ntai apì to n) kai h stajer� ε ikanopoieÐ tic pro-ôpojèseic tou Jewr matoc 2|7| O k-ostoc neur¸nac exìdou èqei sun�rthsh energopoÐhshc:
yk =

2n−1∑
j=1

gkzj ,

ìpou gk eÐnai pragmatikèc suneqeÐc sunart seic pou exart¸ntai apì thn f kai to ε|Oi Hornik, Stinchcombe kai White [53] èdeixan ìti mporoÔme na qrhsimopoi soumeopoiad pote aÔxousa sun�rthsh energopoÐhshc h(x), ìpou 0 6 h(x) 6 1, gia k�je x kaiepÐshc:
lim

x→−∞
h(x) = 0, lim

x→∞
h(x) = 1.

Prèpei na shmeiwjeÐ ìti gia na isqÔei autì apaiteÐtai megalÔteroc arijmìc kruf¸n neur¸-nwn| Tèloc, k�tw apì k�poiec sunj kec eÐnai dunatì na proseggisteÐ kai h par�gwgoc thc�gnwsthc sun�rthshc f [54]|
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Majhmatik  JemelÐwsh miac Nèac Kl�shc
AlgorÐjmwn EureÐac SÔgklishc

To mìno kalì eÐnai h gn¸shkai to mìno kakì h �gnoia|
�Swkr�thc (469�399 p|Q|)

S
e autì to kef�laio parousi�zetai èna nèo genikì �ewrhtikì apotèlesma pou upo-sthrÐzei thn an�ptuxh aitiokratik¸n algorÐjmwn pr¸th t�xhc, eureÐac sÔgklishcgia thn ekpaÐdeush TND an� om�da protÔpwn eisìdou [76, 80]| Oi sugkekrimènoialgìrijmoi qrhsimopoioÔn diaforetikì �ujmì ekpaÐdeushc gia k�je kateÔjunsh, pou o-nom�zetai topikìc �ujmìc ekpaÐdeushc (local learning rate) [73,76,80]| To �ewrhtikì autìapotèlesma mac epitrèpei na exoplÐsoume opoiond pote algìrijmo aut c thc kl�shc memia strathgik  prosarmog c thc kateÔjunshc anÐqneushc, ètsi ¸ste aut  na eÐnai p�ntakateÔjunsh meÐwshc| Me ton trìpo autì h tim  thc sun�rthshc sf�lmatoc mei¸netai sek�je epan�lhyh me �ebaiìthta (monìtonh meÐwsh) kai epitugq�netai h eureÐa sÔgklishthc mejìdou| H apotelesmatikìthta tou �ewrhtikoÔ autoÔ apotelèsmatoc parousi�zetaisugkrÐnontac dÔo polÔ gnwstèc mejìdouc ekpaÐdeushc TND me tic proteinìmenec eureÐacsÔgklishc tropopoi seic touc|

3|1 Eisagwg 

To prìblhma thc prosarmog c tou �ujmoÔ ekpaÐdeushc stouc algìrijmouc opisjodro-mik c di�doshc tou sf�lmatoc (algìrijmoi pr¸thc t�xhc) èqei ereunhjeÐ exantlhtik� kaièqoun protajeÐ di�forec strathgikèc prosarmog c gia na �elti¸soun th diadikasÐa thcekpaÐdeushc, ìpwc oi akìloujec:
(i) Sthn arq  qrhsimopoieÐtai ènac sqetik� mikrìc �ujmìc ekpaÐdeushc η0, o opoÐocaux�netai sthn epìmenh epan�lhyh, k + 1, e�n diadoqikèc epanal yeic mei¸nounthn tim  thc sun�rthshc sf�lmatoc,   o �ujmìc ekpaÐdeushc mei¸netai drastik� anup�rxei shmantik  aÔxhsh thc tim c thc sun�rthshc sf�lmatoc [13,159]|(ii) Sthn arq  qrhsimopoieÐtai ènac sqetik� mikrìc �ujmìc ekpaÐdeushc η0, o opoÐocaux�netai sthn k + 1 epan�lhyh, e�n h kateÔjunsh thc pio apìtomhc kajìdou thcsun�rthshc sf�lmatoc paramènei sqedìn stajer  gia diadoqikèc epanal yeic,   o�ujmìc ekpaÐdeushc mei¸netai drastik� an up�rxei shmantik  allag  sthn kateÔ-�unsh thc pio apìtomhc kajìdou thc sun�rthshc sf�lmatoc [23]|(iii) QrhsimopoieÐtai ènac diaforetikìc topikìc �ujmìc ekpaÐdeushc gia k�je ��roc wk

i ∈
Rn(i = 1, 2, . . . , n), dhlad  ηk

1 , η
k
2 , . . . , η

k
n, pou aux�netai an diadoqikèc diorj¸seic twn�ar¸n eÐnai proc thn Ðdia kateÔjunsh; diaforetik� mei¸netai [57,103,129,145]|
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S' autì to kef�laio �a esti�soume sthn kl�sh twn algìrijmwn ekpaÐdeushc pr¸thct�xhc pou qrhsimopoioÔn diaforetikoÔc �ujmoÔc ekpaÐdeushc gia k�je ��roc| Apì thnskopi� thc �eltistopoÐhshc sunart sewn, sthn pragmatikìthta autèc oi mèjodoi qrhsi-mopoioÔn èna diaforetikì � ma gia k�je mia kateÔjunsh tou q¸rou thc antikeimenik csun�rthshc| Aut  h prosèggish �ohj� thn mèjodo na kinhjeÐ grhgorìtera kai pio apo-dotik� se perioqèc ìpou h klÐsh proc k�poia kateÔjunsh eÐnai mikr , en¸ h klÐsh prock�poia �llh eÐnai meg�lh| Sthn kateÔjunsh me thn mikr  klÐsh prèpei na epilegeÐ ènameg�lo � ma, ètsi ¸ste na xefÔgoume apì aut  thn epÐpedh perioq , en¸ antÐjeta sthn ka-teÔjunsh me th meg�lh klÐsh to � ma prèpei na eÐnai mikrì ètsi ¸ste na gÐnei prosektik anÐqneush tou q¸rou gia thn eÔresh k�poiou pijanoÔ elaqÐstou|Oi mèjodoi pou qrhsimopoioÔn diaforetikì �ujmì ekpaÐdeushc gia k�je ��roc, sun -�wc to epitugq�noun me thn kat�llhlh arqik  epilog  tim¸n gia k�poiec krÐsimec euretikècparamètrouc kai me thn tautìqronh �Ôjmish k�poiwn paramètrwn ekpaÐdeushc se k�je e-pan�lhyh| O skopìc eÐnai na epitÔqoun na mei¸noun thn tim  thc sun�rthshc sf�lmatocse k�je mia kateÔjunsh tou q¸rou twn �ar¸n| ämwc, den up�rqei �ebaiìthta ìti h tim thc sun�rthshc sf�lmatoc �a mei¸netai monìtona se k�je epan�lhyh kai ìti h akoloujÐatwn shmeÐwn �a sugklÐnei telik� se k�poio el�qisto thc sun�rthshc E|Parak�tw �a parousi�soume merikèc mejìdouc pou qrhsimopoioÔn diaforetikì �ujmìekpaÐdeushc gia k�je ��roc kai �a sqoli�soume ta pleonekt mata kai ta meionekt mat�touc| Sth sunèqeia tou kefalaÐou parousi�zoume èna nèo �ewrhtikì apotèlesma pou e-pitrèpei thn tropopoÐhsh opoiasd pote mejìdou, ètsi ¸ste na apokt sei thn idiìthta thceureÐac sÔgklishc dhlad  sÔgklish se èna topikì el�qisto thc sun�rthshc sf�lmatoc apìsqedìn opoiod pote arqikì shmeÐo| Tèloc gia na deÐxoume thn apotelesmatikìthta thc pro-teinìmenhc teqnik c sugkrÐnoume dÔo gnwstoÔc algìrijmouc ekpaÐdeushc me tic proteinì-menec tropopoi seic touc| Ta apotelèsmat� mac eÐnai idiaÐtera ikanopoihtik� kai deÐqnounìti h proteinìmenh strathgik  èqei �etik  epÐdrash sth sumperifor� twn algorÐjmwn poudokim�same|

3|2 Mèjodoi me Diaforetikì Rujmì EkpaÐdeushc gia k�je B�-

�oc

To kÐnhtro gia thn dhmiourgÐa mejìdwn pou qrhsimopoioÔn diaforetikì �ujmì ekpaÐ-deushc gia k�je ��roc eÐnai to gegonìc ìti o �èltistoc �ujmìc ekpaÐdeushc kat� m kocmiac kateÔjunshc thc sun�rthshc sf�lmatoc, den eÐnai aparaÐthta ikanopoihtikìc kai giak�poia �llh kateÔjunsh| Epiprosjètwc, sqedìn p�nta sthn pr�xh, ènac �ujmìc ekpaÐdeu-shc den eÐnai ikanopoihtikìc gia ìlec tic perioqèc tou q¸rou twn �ar¸n| àtsi eÐnai �asikìna epileqjeÐ o �ujmìc ekpaÐdeushc ètsi ¸ste na eÐnai arket� meg�loc gia na epitrèpei thnapofug  epÐpedwn perioq¸n me mikr  klÐsh, en¸ tautìqrona na apotrèpei thn tal�ntwshthc mejìdou stic apìtomec perioqèc me meg�lh klÐsh|Gia autìn ton lìgo, mia koin  prosèggish eÐnai h qrhsimopoÐhsh diaforetikoÔ �ujmoÔekpaÐdeushc gia k�je ��roc (kateÔjunsh) me skopì thn apofug  thc arg c sÔgklishcstic epÐpedec kateujÔnseic kai twn talant¸seic stic apìtomec kateujÔnseic, kaj¸c epÐshckai gia thn axiopoÐhsh tou èmfutou parallhlismoÔ ston upologismì twn tim¸n thc sun�r-thshc sf�lmatoc E(w) kai tou dianÔsmatoc twn merik¸n parag¸gwn thc ∇E(w) apì tonalgìrijmo thc opisjodromik c di�doshc tou sf�lmatoc| Sth �ibliografÐa èqoun protajeÐp�ra polloÐ algìrijmoi pou eÐnai parallagèc thc mejìdou opisjodromik c di�doshc tousf�lmatoc [35,36,57,103,129,145], kai èqoun ton genikì epanalhptikì tÔpo:
wk+1 = wk − diag{ηk

1 , . . . , η
k
i , . . . , η

k
n}∇E(wk). (3|1)

Oi algìrijmoi pou akoloujoÔn ton parap�nw epanalhptikì tÔpo epiqeiroÔn na mei¸-
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soun thn tim  thc sun�rthshc sf�lmatoc aniqneÔontac topik� el�qista me mikr� � mata|Aut� ta � mata periorÐzontai sun jwc apì euretikèc paramètrouc, pou exart¸ntai apìto ek�stote prìblhma, prokeimènou apofÔgoun tic talant¸seic kai na exasfalÐsoun ela-qistopoÐhsh thc sun�rthshc sf�lmatoc kat� m koc k�je kateÔjunshc| Autì to gegonìcsun jwc èqei wc apotelèsmata na up�rqei mia prosp�jeia exisorrìphshc metaxÔ thc sta-�erìthtac kai thc taqÔthtac sÔgklishc; ìso pio desmeutikèc eÐnai oi euretikèc par�metroitìso pio sÐgourh, all� kai arg , eÐnai h sÔgklish| Gia par�deigma, h mèjodoc delta�bar�delta [57], h mèjodoc twn Silva kai Almeida [145], kai h mèjodoc Quickprop [35] (h mèjodocQuickprop exet�zetai ekten¸c sto Kef�laio 4) eis�goun prìsjetec euretikèc paramètroucekpaÐdeushc pou exart¸ntai apì to prìblhma, gia na aux soun thn stajerìtht� touc|Mia �llh koin  prosèggish, pou qrhsimopoieÐtai gia par�deigma apì th mèjodo o-pisjodromik c di�doshc tou sf�lmatoc me prosarmostikì �ujmì ekpaÐdeushc gia k�je��roc [84] kai apì th mèjodo Rprop [129], eÐnai na uiojethjoÔn �nw kai k�tw ìria gia thntim  tou �ujmoÔ ekpaÐdeushc, pou epilègontai euretik�, kai �ohjoÔn sthn apofug  thcqr shc exairetik� mikr¸n   meg�lwn �ujm¸n ekpaÐdeushc pou suqn� apoprosanatolÐzounthn genik  kateÔjunsh anÐqneushc| To k�tw ìrio thc tim c tou �ujmoÔ ekpaÐdeushc �ohj�sthn apotrop  pijan c arg c sÔgklishc kai to �nw ìrio, pou exart�tai apì th morf  thcsun�rthshc sf�lmatoc, periorÐzei thn epirro  pou mporeÐ na èqei ènac sugkritik� meg�loc�ujmìc ekpaÐdeushc miac kateÔjunshc sthn telik  (sunistamènh) kateÔjunsh anÐqneushc|Mia gnwst  duskolÐa sthn �Ôjmish euretik¸n paramètrwn gia thn prosarmog  tou �uj-moÔ ekpaÐdeushc eÐnai ìti pijan  astoqÐa sthn epilog  touc gia mia apì tic kateujÔnseicmporeÐ na ephre�sei thn sunistamènh kateÔjunsh| àtsi eÐnai pijanì h elaqistopoÐhsh naperioristeÐ mìno se èna upìqwro tou q¸rou twn �ar¸n| Tìte, h mèjodoc den mporeÐ naqrhsimopoi sei plhroforÐec apì ìlec tic kateujÔnseic kai h leitourgÐa tou ekpaideumè-nou TND sun jwc eÐnai lanjasmènh| Tèloc, eÐnai polÔ dÔskolo na exasfalisjeÐ �ewrh-tik� ìti h akoloujÐa twn �ar¸n pou dhmiourgoÔn oi mèjodoi pou �asÐzontai se euretikècparamètrouc ekpaÐdeushc sugklÐnei se èna topikì el�qisto thc sun�rthshc sf�lmatoc
E [35,36,57,84,103,129,145]|
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shc

H ekpaÐdeush polustrwmatik¸n TND mporeÐ na �ewrhjeÐ wc èna mh grammikì prì-�lhma elaqistopoÐhshc, pou h antikeimenik  sun�rthsh eÐnai sÔnjesh suneq¸n sigmoeid¸nsunart sewn pou èqoun eureÐec epÐpedec perioqèc me aujaÐreta mikr  klÐsh [14,138]|Oi algìrijmoi ekpaÐdeushc pr¸thc t�xhc pou akoloujoÔn to epanalhptikì Sq ma (3|1)sun jwc prosarmìzoun touc topikoÔc �ujmoÔc ekpaÐdeushc me th �o jeia euretik¸n pa-�amètrwn pou axiopoioÔn, an�loga me ton algìrijmo, plhroforÐec sqetik� me tic proh-goÔmenec timèc tou dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc E(w), wc proctou i-sto ��roc  /kai plhroforÐec sqetik� me tic prohgoÔmenec timèc k�je �ujmoÔ ekpaÐ-deushc| Gia par�deigma h mèjodoc Quickprop [35] akoloujeÐ anex�rthta � mata se k�jekateÔjunsh apì thn exÐswsh thc qord c [166] (gia an�lush thc sÔgklishc thc Quickprop�l| kai Kef�laio 4), en¸ h mèjodoc Rprop [129] tropopoieÐ ta ��rh se k�je kateÔjunshqrhsimopoi¸ntac to prìshmo twn sunistws¸n tou dianÔsmatoc twn merik¸n parag¸gwn thcsun�rthshc sf�lmatoc|EÐnai safèc ìti to nèo di�nusma twn �ar¸n thc Sqèshc (3|1) den �rÐsketai p�nw sthnantÐjeth kateÔjunsh tou dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc(dhl| thn kateÔjunsh thc pio apìtomhc kajìdou); antÐjeta qrhsimopoieÐtai mia nèa kateÔ-�unsh anÐqneushc| H nèa sunistamènh kateÔjunsh eÐnai to ginìmeno tou topikoÔ �ujmoÔekpaÐdeushc gia k�je kateÔjunsh epÐ thn merik  par�gwgo thc sun�rthshc sf�lmatoc
E(w) wc proc to antÐstoiqo ��roc, dhlad  −ηi∂iE(w)| Aut  h taktik  odhgeÐ sth meÐwsh
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tou sf�lmatoc kat� m koc k�je kateÔjunshc me thn ektèlesh twn mikr¸n �hm�twn sto q¸-�o twn �ar¸n, ¸ste na exasfalisteÐ elaqistopoÐhsh thc sun�rthshc sf�lmatoc kai skopìcthc eÐnai telik� na up�rxei monìtonh meÐwsh tou sf�lmatoc kat� m koc thc sunistamènhckateÔjunshc anÐqneushc|Sta plaÐsia thc �ewrÐac BeltistopoÐhshc, to prìblhma thc tropopoÐhshc miac epanalh-ptik c mejìdou elaqistopoÐhshc ètsi ¸ste na apokt sei thn idiìthta thc eureÐac sÔgklishc,perigr�fetai parak�tw| àstw ìti f : D ⊂ Rn → R eÐnai h antikeimenik  sun�rthsh pouprèpei na elaqistopoihjeÐ, qrhsimopoi¸ntac to akìloujo epanalhptikì sq ma:

xk+1 = xk + αkdk, (3|2)
ìpou dk eÐnai mia kateÔjunsh meÐwshc kai αk eÐnai to � ma pou upologÐzetai me th �o jeiamiac monodi�stathc grammik c anÐqneushc pou ikanopoieÐ tic sunj kec tou Wolfe [174,175]:

f(xk + αkdk)− f(xk)6σ1α
k∇f(xk)>dk, (3|3)

∇f(xk + αkdk)>dk >σ2∇f(xk)>dk, (3|4)
ìpou ∇f(x) eÐnai to di�nusma twn merik¸n parag¸gwn thc f sto shmeÐo x, kai 0 < σ1 <
σ2 < 1| Tìte, to epìmeno Je¸rhma pou prot�jhke anex�rthta apì touc Zoutend�k [180]kai Wolfe [174, 175], mporeÐ na qrhsimopoihjeÐ gia na apodeÐxoume thn eureÐa sÔgklishtou Sq matoc (3|2)|
Je¸rhma 3|1 [174, 175, 180] àstw ìti f : D ⊂ Rn → R eÐnai k�tw �ragmènh sto Rn kai
ìti h f eÐnai suneq¸c paragwgÐsimh se mia geitoni� N tou sunìlou L = {x : f(x) 6 f(x0)},
ìpou x0 eÐnai to arqikì shmeÐo tou epanalhptikoÔ Sq matoc (3|2)| Upojètoume akìma ìti to
di�nusma twn merik¸n parag¸gwn thc sun�rthshc f eÐnai Lipschitz suneqèc, dhlad  up�rqei
stajer� L > 0 tètoia ¸ste:

‖∇f(x)−∇f(y)‖ 6 L‖x− y‖,

gia ìla ta x, y ∈ N | Tìte h sunj kh tou Zoutend�k:∑
k>1

cos2 θk

∥∥∥∇f(xk)
∥∥∥2
<∞, (3|5)

ìpou

cos θk =
−∇f(xk)>dk

‖∇f(xk)‖ ‖dk‖
, (3|6)

ikanopoieÐtai|

Parat rhsh 3|1 Ac upojèsoume ìti èna epanalhptikì sq ma thc morf c (3|2) akoloujeÐ
mia kateÔjunsh meÐwshc dk, h opoÐa den teÐnei na gÐnei orjog¸nia me thn kateÔjunsh tou
dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc f , ∇f(xk), gia thn opoÐa

cos θk > ζ > 0,

gia ìla ta k| Tìte, apì thn sunj kh tou Zoutend�k (3|5), isqÔei ìti:

lim
k→∞

‖∇f(xk)‖ = 0, (3|7)
pou shmaÐnei ìti h akoloujÐa twn dianusm�twn twn merik¸n parag¸gwn sugklÐnei sto mhdèn|
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Gia èna epanalhptikì sq ma thc morf c (3|2), to ìrio (3|7) eÐnai to kalÔtero �ewrhtikìapotèlesma eureÐac sÔgklishc pou mporoÔme na apodeÐxoume (�l| [95] gia mia analutik parousÐash)| Apì ta parap�nw, gÐnetai profanèc ìti den dÐnetai kami� eggÔhsh ìti toepanalhptikì sq ma (3|2) �a sugklÐnei se èna shmeÐo olikoÔ elaqÐstou x∗| AntÐjeta apo-deiknÔetai ìti èqei thn idiìthta thc eureÐac sÔgklishc, dhlad  na sugklÐnei se èna topikìel�qisto sqedìn apì opoiod pote arqikì shmeÐo tou q¸rou twn �ar¸n [30,95]|Gia na efarmìsoume t¸ra to parap�nw �ewrhtikì apotèlesma se mejìdouc ekpaÐdeu-shc TND, parathroÔme arqik� ìti h sun�rthsh sf�lmatoc E eÐnai k�tw �ragmènh, afoÔ

E(w) > 0 san �jroisma tetrag¸nwn| Gia èna dedomèno sÔnolo protÔpwn eisìdou kai miadedomènh arqitektonik  tou TND, e�n up�rqei èna shmeÐo w∗ tètoio ¸ste E(w∗) = 0, tìteto w∗ eÐnai shmeÐo olikoÔ elaqÐstou| Me �lla lìgia, to di�nusma w me thn mikrìterhsunarthsiak  tim  (me E(w) > 0) eÐnai to olikì el�qisto|Gia TND pou qrhsimopoioÔn leÐec sunart seic energopoÐhshc (oi par�gwgoi touc tou-l�qiston mèqri t�xhc p up�rqoun kai eÐnai suneqeÐc), ìpwc gia par�deigma h uperbolik efaptomènh, h logistik  sun�rthsh energopoÐhshc k|a|, h sun�rthsh sf�lmatoc E eÐnaiepÐshc leÐa|Sthn ekpaÐdeush TND, an kai eÐnai dunatì genik� na elègqoume tic proôpojèseic touJewr matoc 3|1, autì eÐnai upologistik� dapanhrì idiaÐtera gia meg�la TND kai sthnpr�xh paraleÐpetai|Genik�, k�je mèjodoc ekpaÐdeushc TND thc kl�shc thc mejìdou thc opisjodromik cdi�doshc tou sf�lmatoc, pou èqei thn morf  (3|2) mporeÐ na apokt sei thn idiìthta thceureÐac sÔgklishc e�n isqÔoun oi akìloujec sunj kec:
(i) H sunistamènh kateÔjunsh anÐqneushc dk eÐnai kateÔjunsh meÐwshc kai den teÐneina gÐnei orjog¸nia me thn kateÔjunsh tou dianÔsmatoc twn merik¸n parag¸gwn thcsun�rthshc sf�lmatoc (to cos θk sth Sqèsh (3|6) prèpei na eÐnai �etikì)|(ii) O �ujmìc ekpaÐdeushc αk ikanopoieÐ tic sunj kec touWolfe (3|3)�(3|4)| Na shmeiwjeÐìti afoÔ h kateÔjunsh dk eÐnai kateÔjunsh meÐwshc, e�n h E eÐnai suneq¸c paragw-gÐsimh kai k�tw �ragmènh kat� m koc thc aktÐnac {wk + αdk | α > 0}, tìte p�ntaup�rqei αk pou ikanopoieÐ tic sunj kec tou Wolfe (3|3) kai (3|4) [30,95]|
Gia par�deigma, h gnwst  mèjodoc thc opisjodromik c di�doshc tou sf�lmatoc pouqrhsimopoieÐ thn mèjodo thc pio apìtomhc kajìdou me èna koinì �ujmì ekpaÐdeushc giaìla ta ��rh pou na ikanopoieÐ tic sunj kec tou Wolfe (3|3)�(3|4) èqei thn idiìthta thceureÐac sÔgklishc, giatÐ sthn perÐptwsh aut  isqÔei cos θk = 1 > 0|Sqetik� ìmwc me tic mejìdouc opisjodromik c di�doshc tou sf�lmatoc me diaforetikì�ujmì ekpaÐdeushc an� ��roc (topikìc �ujmìc ekpaÐdeushc), apì ìso gnwrÐzoume denup�rqei mèjodoc pou na tic exoplÐzei me thn idiìthta thc eureÐac sÔgklishc| To akìloujo�e¸rhma parèqei stic mejìdouc me topikì �ujmì ekpaÐdeushc thn idiìthta thc eureÐacsÔgklishc, exasfalÐzontac ìti h kateÔjunsh anÐqneushc pou qrhsimopoioÔn eÐnai p�ntakateÔjunsh meÐwshc| EÐnai shmantikì to gegonìc ìti to �ewrhtikì autì apotèlesma eÐnaianex�rthto apì thn mèjodo me thn opoÐa prosarmìzontai oi topikoÐ �ujmoÐ ekpaÐdeushckai mporeÐ na qrhsimopoihjeÐ gia na egguhjeÐ eureÐa sÔgklish gia opoiond pote algìrijmoakoloujeÐ thn parak�tw strathgik :
(i) ìrise touc (n− 1), èstw {η1, η2, . . . , ηi−1, ηi+1, . . . , ηn}, apì touc n topikoÔc �ujmoÔcekpaÐdeushc, apì to sÔnolo {η1, η2, . . . , ηn}, ìpwc akrib¸c dÐnontai apì opoiond potealgìrijmo prosarmog c, kai(ii) upolìgise analutik� ton enapomeÐnanta topikì �ujmì ekpaÐdeushc (dhlad  ton �uj-mì ekpaÐdeushc ηi), qrhsimopoi¸ntac tic timèc twn upoloÐpwn, ìpwc �aÐnetai para-k�tw sth Sqèsh 3|9|
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Sth sunèqeia dÐnoume èna nèo Je¸rhma gia thn eureÐa sÔgklish algorÐjmwn me topikì�ujmì ekpaÐdeushc kai thn apìdeix  tou|

Je¸rhma 3|2 [80] àstw ìti oi proôpojèseic tou Jewr matoc 3|1 gia thn f(x) kai tic merikèc
parag¸gouc thc ∇f(x) isqÔoun gia thn sun�rthsh sf�lmatoc E(w) kai gia to di�nusma twn
merik¸n parag¸gwn thc∇E(w)| Tìte, gia k�je arqikì shmeÐo w0 ∈ Rn, h akoloujÐa shmeÐwn
{wk}∞k=0, pou dhmiourgeÐtai apì to akìloujo epanalhptikì sq ma:

wk+1 = wk + αk dk, (3|8)
ìpou dk = −diag{ηk

1 , . . . , η
k
i , . . . , η

k
n}∇E(wk) dhl¸nei thn kateÔjunsh anÐqneushc, kai ηk

m

gia m = 1, 2, . . . , i − 1, i + 1, . . . , n eÐnai aujaÐreta epilegmènoi mikroÐ �etikoÐ �ujmoÐ ekpaÐ-
deushc, en¸ o i-ostoc topikìc �ujmìc ekpaÐdeushc upologÐzetai sÔmfwna me ton tÔpo:

ηk
i = − δ

∂iE(wk)
− 1
∂iE(wk)

n∑
j=1
j 6=i

ηk
j ∂jE(wk), 0 < δ �∞, ∂iE(wk) 6= 0, (3|9)

kai to αk > 0 ikanopoieÐ tic sunj kec tou Wolfe (3|3)�(3|4), èqei thn idiìthta thc eureÐac
sÔgklishc se èna shmeÐo topikoÔ elaqÐstou thc sun�rthshc E(w)|

Apìdeixh| EÐnai profanèc ìti h sun�rthsh sf�lmatoc E eÐnai k�tw �ragmènh sto Rn, san�jroisma tetrag¸nwn| H akoloujÐa shmeÐwn {wk}∞k=0 akoloujeÐ thn kateÔjunsh:
dk = −diag{ηk

1 , . . . , η
k
i , . . . , η

k
n}∇E(wk),

h opoÐa eÐnai kateÔjunsh meÐwshc e�n ηk
m, m = 1, 2, . . . , i − 1, i + 1, . . . , n eÐnai tuqaÐaepilegmènoi �ujmoÐ ekpaÐdeushc (dhlad  �etikoÐ pragmatikoÐ arijmoÐ) kai ηk

i dÐnetai apìthn Sqèsh (3|9), afoÔ
∇E(wk)>dk < 0.Epiprìsjeta, isqÔei ìti:

cos θk =
−∇E(wk)>dk

‖∇E(wk)‖ ‖dk‖
> 0. (3|10)

Sunep¸c, apì ta parap�nw eÐnai profanèc ìti h akoloujÐa shmeÐwn {wk}∞k=0, pou dh-miourgeÐtai apì to epanalhptikì Sq ma (3|8), sugklÐnei eurèwc se k�poio topikì el�qistothc sun�rthshc sf�lmatoc E(w)| To Je¸rhma apodeÐqjhke| 2

Parat rhsh 3|2 Sth Sqèsh (3|9), epilègoume mia kateÔjunsh ètsi ¸ste h merik  par�gwgoc
na mhn eÐnai mhdèn| Profan¸c p�nta up�rqei mia tètoia kateÔjunsh, giatÐ diaforetik� prèpei
na �riskìmaste  dh se èna topikì el�qisto|

Sto Je¸rhma 3|2 èqoume eis�gei dÔo nèec paramètrouc| H par�metroc δ, 0 < δ � ∞,qrhsimopoieÐtai gia thn apofug  tuqìn problhm�twn lìgw thc periorismènhc akrÐbeiac twnupologism¸n pou suqn� emfanÐzontai sta peir�mata kai �a prèpei na èqei mikr  tim , an�-logh thc tetragwnik c �Ðzac thc akrÐbeiac thc mhqan c| Sta peir�mata pou parousi�zoumesthn epìmenh enìthta, èqoume epilèxei thn tim  δ = 10−6|Anaforik� me thn par�metro αk, sthn pr�xh, proteÐnetai gia tic efarmogèc h tim 
αk = 1 gia ìla ta k| Aut  h tim  èqei san apotèlesma to � ma thc elaqistopoÐhshc kat�m koc thc sunistamènhc kateÔjunshc arqik� na exart�tai mìno apì tic timèc twn topik¸n�ujm¸n ekpaÐdeushc| To m koc tou � matoc sth sunèqeia mporeÐ na elegqjeÐ me kat�llhlhprosarmog  tou αk ètsi ¸ste na ikanopoioÔntai oi sunj kec tou Wolfe| Gia to skopì autìmporoÔme na qrhsimopoi soume mia apl  strathgik  opisjodrìmhshc gia thn meÐwsh tou
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αk kat� èna par�gonta meÐwshc 1/q, ìpou q > 1| Autì èqei san apotèlesma to αk namei¸netai kat� ton megalÔtero arijmì apì thn akoloujÐa {q−m}∞m=1 [96]| H epilog  tou qden eÐnai krÐsimh gia thn epituqhmènh ekpaÐdeush, ìmwc ephre�zei ton sunolikì arijmì twnupologism¸n thc sun�rthshc sf�lmatoc mèqri na ikanopoihjoÔn oi sunj kec tou Wolfe|H tim  q = 2 proteÐnetai genik� sth �ibliografÐa [7, 96] kai pr�gmati �rèjhke na mhnparousi�zei probl mata sta peir�mata pou pragmatopoi same|Tèloc, sqetik� me tic sunj kec tou Wolfe (3|3)�(3|4), prèpei na parathr soume ìti sthnperÐptwsh thc ekpaÐdeushc TND, h anisìthta (3|3) exasfalÐzei ìti h tim  thc sun�rthshcsf�lmatoc mei¸netai ikanopoihtik� se k�je epan�lhyh, en¸ h anisìthta (3|4) apotrèpeithn qr sh polÔ mikr¸n �hm�twn elaqistopoÐhshc| Sunep¸c, sthn prosp�jei� mac naikanopoi soume thn sunj kh (3|3) eÐnai shmantikì na �ebaiwjoÔme ìti to αk den mei¸netaiperissìtero apì ìso qrei�zetai, me apotèlesma na mhn ikanopoieÐtai h sunj kh (3|4)|Sthn k-sth epan�lhyh to di�nusma twn merik¸n parag¸gwn thc sun�rthshc sf�lmatocupologÐzetai sthn arq  thc epan�lhyhc gia ton upologismì tou nèou dianÔsmatoc twn�ar¸n, wk+1| àtsi, h sunj kh (3|4) den mporeÐ na elegqjeÐ �mesa, afoÔ autì �a apaitoÔseèna epiplèon upologismì tou dianÔsmatoc twn merik¸n parag¸gwn| To prìblhma autìmporeÐ na lujeÐ eÔkola (�l| kai [30]) antikajist¸ntac thn deÔterh sunj kh (3|4), me thnakìloujh sqèsh:

E(wk + αkdk)− E(wk) > σ2α
k∇E(wk)>dk, (3|11)

kai sunep¸c apofeÔgoume ton prìsjeto upologistikì kìpo|Sto shmeÐo autì eÐnai qr simo na apeikonÐsoume thn sumperifor� thc proteinìmenhcteqnik c se èna aplì prìblhma ekpaÐdeushc, to ìpoio afor� thn perÐptwsh enìc mìnoneur¸na me dÔo ��rh kai logistik  sun�rthsh energopoÐhshc [82]| Autì to aplì TNDekpaideÔetai pr¸ta qrhsimopoi¸ntac th mèjodo Quickprop kai sth sunèqeia thn eurèwcsugklÐnousa tropopoÐhs  thc| H tropopoihmènh mèjodoc qrhsimopoieÐ ton �etikì �uj-mì ekpaÐdeushc ηk
1 , ìpwc upologÐzetai apì thn mèjodo Quickprop kai upologÐzei ton ηk

2sÔmfwna me th Sqèsh (3|9)| Xekin¸ntac apì to Ðdio arqikì shmeÐo, h eurèwc sugklÐnousatropopoihmènh Quickprop entìpise me epituqÐa to epijumhtì el�qisto (Sq ma 3|1, ariste-��), en¸ h klasik  Quickprop mèjodoc (Sq ma 3|1, dexi�) dhmiourgeÐ mia troqi� sto q¸rotwn �ar¸n pou odhgeÐ se èna anepijÔmhto akrìtato|Sto Sq ma 3|2 parousi�zoume mia tupik  grafik  par�stash thc meÐwshc twn tim¸n thcsun�rthshc sf�lmatoc gia to prìblhma thc isotimÐac 3�bit (�l| Par�rthma A|2 kai [50,133]), xekin¸ntac apì to Ðdio arqikì shmeÐo| Me suneq  gramm  �lèpoume thn mèjodoQuickprop kai me diakekommènh gramm  thn eurèwc sugklÐnousa tropopoÐhs  thc| EÐnai�anerì ìti h tropopoihmènh mèjodoc katafèrnei me epituqÐa na entopÐsei èna epijumhtìel�qisto (E(w) 6 10−10), en¸ h mèjodoc Quickprop pagideÔetai se k�poio anepijÔmhtotopikì el�qisto me megalÔterh sunarthsiak  tim |
3|4 Apotelèsmata twn Prosomoi¸sewn

Se aut  thn enìthta parousi�zoume apotelèsmata apì thn klasik  mèjodo twn Silva�Almeida [145] kai thn klasik  mèjodo Quickprop [35], kaj¸c epÐshc kai apotelèsmata twntropopoi se¸n touc| àqoume loipìn exoplÐsei touc dÔo autoÔc algìrijmouc pr¸thc t�xhcme th strathgik  tou Jewr matoc 3|2 me skopì h tropopoihmènh nèa mèjodoc na èqei thnidiìthta thc eureÐac sÔgklishc| älec oi mèjodoi èqoun ulopoihjeÐ kai sugkrijeÐ wc procton apaitoÔmeno arijmì sunarthsiak¸n upologism¸n, upologism¸n tou dianÔsmatoc twnmerik¸n parag¸gwn, kaj¸c epÐshc kai wc proc thn epituqÐa touc|Ta apotelèsmat� mac deÐqnoun ìti oi proteinìmenh strathgik  èqei thn anamenìmenhsumperifor� kai stajerìthta| Parak�tw �a parousi�soume analutik� apotelèsmata apì
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Sq ma 3|1: Apeikìnish thc mejìdouQuickprop gia thn ekpaÐdeush enìc aploÔ TND me dÔo ��rh (me
x shmei¸netai to el�qisto)| H tropopoihmènh mèjodoc sugklÐnei sto epijumhtì el�qisto (arister�),en¸ h klasik  mèjodoc sugklÐnei se èna anepijÔmhto akrìtato (dexi�)
100 prosomoi¸seic twn mejìdwn Silva�Almeida, Quickprop kai twn tropopoi se¸n touc setrÐa probl mata ekpaÐdeushc, qrhsimopoi¸ntac ta Ðdia arqik� ��rh pou eÐqan tuqaÐa epi-leqjeÐ apì thn omoiìmorfh katanom  sto di�sthma [−1, 1]| Onom�zoume tic nèec mejìdoucG�Silva�Almeida kai G�Quickprop, antÐstoiqa| Oi klasikèc mèjodoi kai oi tropopoi seictouc qrhsimopoioÔn akrib¸c tic Ðdiec paramètrouc ekpaÐdeushc kai sugkrÐnontai k�tw apìtic Ðdiec sunj kec|H euretik  par�metroc, mègistoc par�gontac aÔxhshc (maximum growth factor) thcmejìdou Quickprop èqei thn proteinìmenh tim  m = 1.75 [35]| Oi par�metroi aÔxhshckai meÐwshc tou �ujmoÔ ekpaÐdeushc (learning rate increment and decrement factors) thcmejìdou Silva�Almeida �ujmÐsthkan kat�llhla kai oi timèc pou èlaban eÐnai u = 1.02kai d = 0.5, antÐstoiqa| AxÐzei na shmeiwjeÐ ìti se ìla ta peir�mata pou anafèroumeed¸, h Sqèsh (3|9) efarmìsthke kuklik� stouc �ujmoÔc ekpaÐdeushc, dhlad  sthn k-osthepan�lhyh  tan i = kmodn|
3|4|1 Anagn¸rish arijm¸n

To prìblhma anagn¸rishc twn arijm¸n (�l| kai Par�rthma A|7) eÐnai to pr¸to macpeÐrama| àna TND me 64 neur¸nec eisìdou, 6 krufoÔc neur¸nec kai 10 neur¸nec exìdou(sunolik� 444 ��rh kai 16 pol¸seic) ekpaideÔthke gia na anagnwrÐzei touc arijmoÔc apìto 0 èwc to 9 [82]| To TND �asÐzetai sth logistik  sun�rthsh energopoÐhshc|Ta apotelèsmata twn mejìdwn parousi�zontai stouc PÐnakec 3|1 kai 3|2, ìpou: µsumbolÐzei to mèso arijmì twn upologism¸n thc sun�rthshc sf�lmatoc   tou dianÔsmatoctwn merik¸n thc parag¸gwn, σ sumbolÐzei thn antÐstoiqh tupik  apìklish, Min/MaxsumbolÐzei ton el�qisto/mègisto arijmì twn upologism¸n thc sun�rthshc sf�lmatoc   toudianÔsmatoc twn merik¸n thc parag¸gwn, D upodhl¸nei ìti o algìrijmoc apèkline se ìlectic dokimèc, kai % eÐnai to posostì epituqÐac, dhlad  to posostì twn prosomoi¸sewn pousunèklinan se k�poio epijumhtì el�qisto|H sunj kh termatismoÔ gia ìlouc touc algìrijmouc  tan na �rejeÐ tim  thc sun�r-thshc sf�lmatoc: E 6 10−1 sthn pr¸th perÐptwsh (PÐnakac 3|1), kai E 6 10−2 sthdeÔterh perÐptwsh (PÐnakac 3|2)| Kai stic dÔo peript¸seic o mègistoc epitreptìc arijmìc
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Sq ma 3|2: Tupik  grafik  par�stash thc meÐwshc twn tim¸n thc sun�rthshc sf�lmatoc gia toprìblhma thc isotimÐac twn 3�bit, xekin¸ntac apì to Ðdio arqikì shmeÐo| Me suneq  gramm  �lè-poume thn mèjodo Quickprop kai me diakekommènh gramm  thn eurèwc sugklÐnousa tropopoÐhs thc
upologism¸n thc sun�rthshc sf�lmatoc  tan 5000|äpwc �aÐnetai ston PÐnaka 3|1 h tropopoihmènh Quickprop mèjodoc me thn idiìthtathc eureÐac sÔgklishc (G�Quickprop) eÐnai taqÔterh kai pio axiìpisth apì thn klasik Quickprop mèjodo pou apètuqe na sugklÐnei se ìlec tic peript¸seic| Sto Ðdio prìblhma,h mèjodoc twn Silva�Almeida, an kai eÐnai taqÔterh apì thn tropopoihmènh, apotugq�-nei na sugklÐnei se k�poio epijumhtì el�qisto se 43 apì ta 100 peir�mata| Autì  tanto apotèlesma miac ast�jeiac thc mejìdou, lìgw thc ekjetik c aÔxhshc tou �ujmoÔ ek-paÐdeushc se diadoqikèc epanal yeic| Aut  h sumperifor� èqei san epakìloujo meg�la� mata elaqistopoÐhshc kat� m koc k�poiwn kateujÔnsewn, pou epib�lloun meg�lec tro-popoi seic sta antÐstoiqa ��rh, anagk�zontac touc neur¸nec exìdou se koresmì kai kat�sunèpeia th mèjodo na sugklÐnei se k�poio anepijÔmhto akrìtato   na apoklÐnei entel¸c|Apì thn �llh meri�, h tropopoihmènh mèjodoc G�Silva�Almeida xepern� me epituqÐa aut�ta probl mata, afoÔ upologÐzei analutik� ton i-sto �ujmì ekpaÐdeushc sÔmfwna me toJe¸rhma 3|2| àtsi èqei mìno 1% posostì apotuqÐac, lìgw tou ìti xepèrase to an¸tero ìriotwn upologism¸n thc sun�rthshc sf�lmatoc|SugkrÐnontac touc PÐnakec 3|1 kai 3|2 �lèpoume ìti oi tropopoihmènec mèjodoi èqounsunep  kai problèyimh sumperifor�, en¸ h apìdosh thc klasik c mejìdou twn Silva�Almeida epidein¸netai kaj¸c aux�netai h akrÐbeia me thn opoÐa 
ht�me thn lÔsh| H pro-sarmog  tou �ujmoÔ ekpaÐdeushc apì thn mèjodo Silva�Almeida èqei san apotèlesma thgr gorh sÔgklish se 26 apì ta peir�mata, all� sta upìloipa den epètuqe na entopÐseik�poio el�qisto me thn epijumht  akrÐbeia| àtsi ston PÐnaka 3|2 to posostì epituqÐac thcmejìdou Silva�Almeida parousi�zetai meiwmèno lìgw sÔgklishc se anepijÔmhta topik�el�qista| Prèpei na shmeiwjeÐ ìti ta apotelèsmata twn Pin�kwn 3|1 kai 3|2 par�qjh-
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PÐnakac 3|1: Apotelèsmata apì to prìblhma anagn¸rishc arijm¸n (E 6 10−1)Algìrijmoc SunarthsiakoÐ UpologismoÐ UpologismoÐ merik¸n parag¸gwn EpituqÐa

µ σ Min/Max µ σ Min/Max %Silva�Almeida 124|21 10|557 109/151 124|21 10|557 109/151 57G�Silva�Almeida 403|21 114|352 145/798 711|92 298|395 148/1428 99Quickprop D D D D D D 0G�Quickprop 82|42 77|297 26/485 172|31 202|836 26/1023 99
PÐnakac 3|2: Apotelèsmata apì to prìblhma anagn¸rishc arijm¸n (E 6 10−2)Algìrijmoc SunarthsiakoÐ UpologismoÐ UpologismoÐ merik¸n parag¸gwn EpituqÐa

µ σ Min/Max µ σ Min/Max %Silva�Almeida 218|23 9|774 204/237 218|23 9|774 204/237 26G�Silva�Almeida 712|92 235|478 335/1526 1423|41 796|503 335/4556 99Quickprop D D D D D D 0G�Quickprop 160|06 147|197 35/641 372|36 443|809 35/1778 100
kan qrhsimopoi¸ntac tic Ðdiec arqikèc sunj kec gia ìlouc touc algìrijmouc; to mìno pou�llaxe eÐnai h epijumht  akrÐbeia, pou apì E 6 10−1 ègine E 6 10−2|Mia tupik  grafik  par�stash thc meÐwshc twn tim¸n thc sun�rthshc sf�lmatoc, giathn klasik  kai thn tropopoihmènh mèjodo Silva�Almeida, parousi�zoume sto Sq ma 3|3|Sthn perÐptwsh aut  ekpaideÔoume exantlhtik� to TND, xekin¸ntac tic mejìdouc apì to Ðdioarqikì shmeÐo| Me suneq  gramm  �lèpoume thn mèjodo Silva�Almeida kai me diakekom-mènh gramm  thn eurèwc sugklÐnousa tropopoÐhs  thc| EÐnai �anerì ìti h tropopoihmènhmèjodoc katafèrnei me epituqÐa na entopÐsei èna epijumhtì el�qisto (E(w) ' 10−5), en¸ hmèjodoc Silva�Almeida pagideÔetai se k�poio anepijÔmhto topikì el�qisto me megalÔterhsunarthsiak  tim |
3|4|2 Prosèggish miac suneqoÔc sun�rthshc

To deÔtero prìblhma pou exet�zoume eÐnai autì thc prosèggishc miac suneqoÔc sun�r-thshc (�l| kai Par�rthma A|5)| H suneq c sun�rthsh f(x) = sin(x) cos(2x) proseggÐzetaiapì èna 1�15�1 TND (30 ��rh kai 16 pol¸seic), qrhsimopoi¸ntac 20 shmeÐa apì to di�-sthma [0, 2π]| H sunj kh termatismoÔ  tan na �rejeÐ el�qisto me tim  E 6 0.1, me mègistoarijmì upologism¸n thc sun�rthshc sf�lmatoc 10000| To TND �asÐsthke se krufoÔc neu-�¸nec pou qrhsimopoioÔn thn uperbolik  efaptomènh kai se grammikoÔc neur¸nec exìdou|Ta sugkritik� apotelèsmata parousi�zontai ston PÐnaka 3|3|H mèjodoc twn Silva�Almeida parousi�zei to mikrìtero posostì epituqÐac, lìgw sÔ-gklishc se anepijÔmhta topik� el�qista kai katafèrnei na sugklÐnei mìno 11 �orèc, ankai qrhsimopoi same tic kalÔterec dunatèc timèc gia tic euretikèc thc paramètrouc| StoÐdio prìblhma, h tropopoihmènh mèjodoc Quickprop xepern� thn klasik  mèjodo Qui­ckprop ston arijmì twn epituqi¸n, afoÔ èqei 99% epituqÐa kai h Quickprop èqei mìlic27%|Se prìsjeta peir�mata me tic Ðdiec arqikèc sunj kec kai allag  thc epijumht c a-krÐbeiac se E 6 10−2, oi algìrijmoi eÐqan parìmoia sumperifor� me to prìblhma thcanagn¸rishc arijm¸n kai oi tropopoihmènec mèjodoi eÐqan thn anamenìmenh sumperifor�kai 100% epituqÐa|
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Sq ma 3|3: Tupik  grafik  par�stash thc meÐwshc twn tim¸n thc sun�rthshc sf�lmatoc gia toprìblhma thc anagn¸rishc arijm¸n, xekin¸ntac apì to Ðdio arqikì shmeÐo| Me suneq  gramm �lèpoume thn mèjodo Silva�Almeida kai me diakekommènh gramm  thn eurèwc sugklÐnousa tropo-poÐhs  thc
3|4|3 Anagn¸rish anwmali¸n se kolonoskop seic

To prìblhma thc anagn¸rishc anwmali¸n se kolonoskop seic qrhsimopoi jhke giana elègxoume thn epirro  twn arqik¸n tim¸n twn �ar¸n sthn diadikasÐa thc ekpaÐdeushctou TND| Gia to lìgo autì èna 16�40�2 TND (720 ��rh kai 42 pol¸seic), me th logistik sun�rthsh energopoÐhshc, ekpaideÔthke na anagnwrÐzei anwmalÐec se kolonoskop seic|Oi anwmalÐec  tan makroskopik� TÔpou III kai TÔpou V| Sto Sq ma 3|4 (p�nw arister�)�aÐnetai mia anwmalÐa pou eÐnai TÔpou III, en¸ sto Sq ma 3|4 (k�tw arister�) apeikonÐzetaimia anwmalÐa TÔpou V [67]|Ta prìtupa ex�qjhkan apì eikìnec 10 �usiologik¸n kai 10 karkinik¸n ist¸n kai hekpaÐdeush stam�thse ìtan to sf�lma taxinìmhshc tou TND ègine 3% (gia tic teqnikècleptomèreiec thc exagwg c twn protÔpwn, �l| thn ergasÐa [58])| K�name 100 peir�mataqrhsimopoi¸ntac thn mèjodo Quickprop kai thn tropopoÐhs  thc, arqikopoi¸ntac ta ��rhme timèc apì thn omoiìmorfh katanom  apì èxi diaforetik� diast mata|Sto Sq ma 3|4 (dexi�) apeikonÐzetai h grafik  par�stash tou posostoÔ epituqÐac sqe-tik� me ta èxi diaforetik� diast mata, (−a, a), arqikopoÐhshc twn �ar¸n, ìpou a ∈
{0.2, 0.6, 1, 1.4, 1.8, 2.2}| EÐnai profanèc ìti h mèjodoc G�Quickprop parousi�zetai shma-ntik� kalÔterh apì thn klasik  mèjodo se ìla ta peir�mat� mac|
3|5 Sumper�smata � Suneisfor�

Se autì to kef�laio proteÐname kai apodeÐxame èna nèo �ewrhtikì apotèlesma pouuposthrÐzei thn an�ptuxh aitiokratik¸n algorÐjmwn ekpaÐdeushc TND eureÐac sÔgklishc
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PÐnakac 3|3: Apotelèsmata apì to prìblhma prosèggishc miac suneqoÔc sun�rthshcAlgìrijmoc SunarthsiakoÐ UpologismoÐ UpologismoÐ merik¸n parag¸gwn EpituqÐa

µ σ Min/Max µ σ Min/Max %Silva�Almeida 23|11 116|18 84/150 23|11 116|18 84/150 11G�Silva�Almeida 352|44 105|21 48/764 688|26 197|02 48/2354 99Quickprop 362|81 268|55 58/953 362|81 268|55 58/953 27G�Quickprop 176|51 119|98 40/694 252|10 179|31 50/1033 99

Sq ma 3|4: Oi eikìnec gia to prìblhma anagn¸rishc anwmali¸n se kolonoskop seic (arister�)| Toposostì epituqÐac se sqèsh me di�sthma arqikopoÐhshc twn �ar¸n (−a, a), (dexi�)|
me topikoÔc �ujmoÔc ekpaÐdeushc| To �e¸rhma parèqei se opoiad pote mèjodo thn idiìthtathc eureÐac sÔgklishc, me thn proôpìjesh na akoloujeÐ thn teqnik  prosarmog c thckateÔjunshc anÐqneushc kai �Ôjmishc tou �ujmoÔ ekpaÐdeushc tou Jewr matoc 3|2|Sth sunèqeia, exet�sthkan kai sugkrÐjhkan dÔo polÔ gnwstoÐ algìrijmoi me tic eurèwcsugklÐnousec tropopoi seic touc| Oi nèec mèjodoi, sÔmfwna me ta apotelèsmat� mac, è-qoun shmantik� �eltiwmèna posost� epituqÐac kai eÐnai ikanèc na aniqneÔsoun el�qista memegalÔterh akrÐbeia| Bèbaia apaitoÔn prìsjetouc upologismoÔc thc sun�rthshc sf�lma-toc kai tou dianÔsmatoc twn merik¸n thc parag¸gwn, ìpwc parathr same gia par�deigmasthn tropopoihmènh Silva�Almeida mèjodo|Ta apotelèsmata deÐqnoun ìti h strathgik  tou Jewr matoc 3|2 èqei thn anamenìmenhsumperifor� kai praktik  efarmog , afoÔ aux�nei shmantik� th sjenarìthta kai thnpijanìthta epituqÐac| SÔmfwna me thn empeirÐa mac, h aÔxhsh tou posostoÔ epituqÐac,idiaÐtera se pragmatik� probl mata, dikaiologeÐ ton el�qisto prìsjeto programmatistikìkìpo gia thn ulopoÐhsh thc strathgik c tou Jewr matoc 3|2|



K E F A L A I O 4

Majhmatik  JemelÐwsh thc Mejìdou Quickprop kai
mia Nèa TropopoÐhs  thc

Autìc pou agap�ei mìno thn Pr�xhqwrÐc th JewrÐa,eÐnai san ton nautikì pou salp�reiqwrÐc phd�lio kai puxÐda, kai potèden xèrei proc ta pou na strafeÐ|
�Leonardo da Vinci (1452�1519)

S
e autì to kef�laio �a parousi�soume thn gnwst  mèjodo ekpaÐdeushc TND Quick­prop [35,36] kai èna majhmatikì plaÐsio gia thn an�lush thc sÔgklis c thc [165,166]| Epiplèon, proteÐnoume mia tropopoÐhsh aut c thc mejìdou pou parousi�-
ei auxhmènh taqÔthta kai stajerìthta sÔgklishc, kai, tautìqrona, epilÔei to dÔskoloprìblhma thc epilog c twn euretik¸n paramètrwn thc mejìdou| Ta apotelèsmata twnpeiram�twn mac deÐqnoun ìti ta auxhmèna posost� sÔgklishc pou epitugq�nontai apì tonproteinìmeno algìrijmo, den ephre�zoun se kami� perÐptwsh thn ikanìthta kai th staje-�ìthta genÐkeus c tou|

4|1 Eisagwg 

H mèjodoc Quickprop (  Qprop) [35,36] eÐnai mia polÔ dhmofil c mèjodoc ekpaÐdeu-shc TND an� om�da protÔpwn eisìdou, lìgw thc taqÔthtac sÔgklishc pou parousi�zei|EpÐshc, ìpwc eÐnai gnwstì, makri� apì th geitoni� enìc el�qistou h morfologÐa tou q¸-�ou twn �ar¸n se orismènec peript¸seic anagk�zei thn mèjodo Qprop na apoklÐnei, na èqeiqamhl� posost� epituqÐac kai genik� h mèjodoc parousi�zei probl mata stajerìthtac|àtsi, gia na antimetwpisteÐ autì to prìblhma qrhsimopoioÔntai euretikèc par�metroi, pouexart¸ntai apì thn ek�stote efarmog |Se autì to kef�laio k�noume mia eisagwg  sth mèjodoQprop kai deÐqnoume ìti eÐnai miagenÐkeush thc mejìdou qord c gia mh grammikèc exis¸seic, pou efarmìzetai sthn klÐsh thcsun�rthshc sf�lmatoc| Epiplèon, parousi�zoume mia tropopoÐhsh autoÔ tou algorÐjmoupou èqei �eltiwmènh taqÔthta sÔgklishc kai stajerìthta, kai sugqrìnwc den apaiteÐ thqr sh dÔskolwn sthn epilog  euretik¸n paramètrwn ekpaÐdeushc| Tèloc, apodeiknÔoumeèna �e¸rhma gia th sÔgklish thc tropopoihmènhc aut c mejìdou|
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4|2 Mèjodoi Qord c

àstw F = (f1, f2, . . . , fn) : D ⊂ Rn → Rn eÐnai mia Fréchet-paragwgÐsimh sun�rthshkai x∗ eÐnai mia lÔsh tou mh grammikoÔ sust matoc exis¸sewn:
F (x) = Θn ≡ (0, 0, . . . , 0), (4|1)

sto eswterikì thc perioq c D|H pio gnwst  mèjodoc gia thn arijmhtik  prosèggish tou x∗ eÐnai h mèjodoc tou Newton|Dedomènhc mia arqik c prosèggishc x0, h mèjodoc tou Newton upologÐzei mia akoloujÐaapì shmeÐa {xk}∞k=0, epilÔnontac thn akìloujh exÐswsh tou Newton:
F (́xk)

(
xk+1 − xk

)
= −F (xk). (4|2)

E�n to x0 eÐnai arket� kont� sth lÔsh x∗, F eÐnai suneq¸c paragwgÐsimh se mia geitoni�tou x∗ kai h Iakwbian  F (́x∗) den eÐnai idi�zousa (singular), tìte h akoloujÐa twn shmeÐwn
{xk} thc mejìdou tou Newton sugklÐnei tetragwnik� sto x∗| Epiprosjètwc, k�tw apì ticÐdiec sunj kec, k�je akoloujÐa shmeÐwn {yk} pou sugklÐnei sto x∗ upergrammik� eÐnaisten� sundedemènh me th mèjodo tou Newton apì to gegonìc ìti h sqetik  diafor� metaxÔ
yk+1 − yk kai h diìrjwsh thc mejìdou Newton −F (́yk)−1F (yk) �a teÐnoun sto mhdèn [27]|An kai h tetragwnik  sÔgklish thc mejìdou Newton eÐnai mia epijumht  idiìthta, e-ntoÔtoic h mèjodoc exart�tai apì thn arqik  prosèggish kai apaiteÐ genik� (n2 + n) su-narthsiakoÔc upologismoÔc kaj¸c kai thn epÐlush enìc n × n grammikoÔ sust matoc sek�je epan�lhyh|Gia to lìgo autì anaptÔqjhkan oi quasi�Newton mèjodoi pou apaitoÔn ligìtero upo-logistikì kìpo, en¸ diathroÔn k�poiec apì tic idiìthtec sÔgklishc thc mejìdou Newton|àtsi, me diadoqikèc epanal yeic upologÐzoun proseggÐseic tou x∗ kai thc Iakwbian c sthlÔsh F (́x∗)| E�n xk eÐnai h trèqousa prosèggish thc lÔsh kai Bk h trèqousa prosèggishthc Iakwbian c, met� apì ton upologismì tou xk+1, h Bk anasqhmatÐzetai gia na diamorfw-�eÐ h epìmenh prosèggish Bk+1| H mèjodoc kataskeu c thc prosèggishc Bk+1 kajorÐzeikai to eÐdoc thc quasi�Newton mejìdou| Dedomènou tou arqikoÔ shmeÐou x0, h mèjodocupologÐzei thn akoloujÐa twn shmeÐwn {xk}∞k=0, epilÔnontac thn akìloujh exÐswsh (pouonom�zetai quasi�Newton   secant) [30]:

Bk+1

(
xk+1 − xk

)
= F (xk+1)− F (xk). (4|3)

Ta pleonekt mata twn quasi�Newton mejìdwn eÐnai ìti apaitoÔn mìno n sunarthsiakoÔcupologismoÔc gia k�je epan�lhyh| Wc ek toÔtou, e�n mporeÐ na �rejeÐ mia kal  arqik prosèggish thc F (́x∗), tìte oi mèjodoi autèc pleonektoÔn apì thn �poyh twn apaitoÔmenwnsunarthsiak¸n upologism¸n se sÔgkrish me thn mèjodo Newton| Stic perissìterec quasi�Newton mejìdouc oi par�gwgoi den upologÐzontai se k�je epan�lhyh| Bèbaia, o topikìc�ujmìc sÔgklishc teÐnei na eÐnai upergrammikìc antÐ tetragwnikìc gia tic perissìterec apìautèc tic mejìdouc|Mia apì tic pio gnwstèc proseggÐseic thc Iakwbian c eÐnai aut  pou prìteine o Broy­den [20]| H mèjodoc tou Broyden èqei topik� upergrammik  sÔgklish kai ètsi �ewreÐtaimia kal  enallaktik  mèjodoc| O algìrijmoc tou Broyden gia thn epÐlush tou (4|1) èqeithn akìloujh genik  morf  [30]| Dedomènou tou arqikoÔ shmeÐou x0 kai enìc, mh idi�zonta,pÐnaka B0, h mèjodoc par�gei mia akoloujÐa apì � mata sk sÔmfwna me ta akìlouja:Gia k = 0, 1, . . . mèqri h mèjodoc na sugklÐnei:
LÔse to Bksk = −F (xk) gia sk,Jèse xk+1 = xk + sk,
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Jèse zk = F (xk+1)− F (xk),
Jèse Bk+1 = Bk +

(
zk −Bksk

)
s>k

s>k sk

|
H mèjodoc tou Broyden eÐnai polÔ dhmofil c sthn pr�xh gia dÔo �asikoÔc lìgouc:(a) apaiteÐ genik� ligìterouc sunarthsiakoÔc upologismoÔc apì thn mèjodo Newton mepeperasmènec diaforèc, kai (�) mporeÐ na ulopoihjeÐ ètsi ¸ste na apaiteÐ mìno O(n2)pr�xeic an� epan�lhyh [29, sel| 27�29]|

4|3 H Mèjodoc Quickprop

Se aut  thn enìthta perigr�foume thn mèjodo Qprop kai deÐqnoume ìti an kei sthnoikogèneia twn mejìdwn qord c (secant methods)| EÐnai gnwstì ìti sta probl mata elaqi-stopoÐhshc ìla ta topik� el�qista w∗ miac suneq¸c paragwgÐsimhc sun�rthshc sf�lmatoc
E ikanopoioÔn thn anagkaÐa sunj kh:

∇E(w∗) = Θn, (4|4)
ìpou ∇E eÐnai h klÐsh thc sun�rthshc sf�lmatoc E| H exÐswsh (4|4) antiproswpeÔei ènasÔsthma n mh grammik¸n exis¸sewn, pou h lÔsh touc dÐnei to w∗| àtsi mia prosèggishtou probl matoc thc elaqistopoÐhshc thc sun�rthshc sf�lmatoc E eÐnai to epilujeÐ tosÔsthma (4|4), me thn proôpìjesh na exasfalisteÐ ìti h lÔsh pou �rÐsketai pr�gmatiantistoiqeÐ se el�qisto thc sun�rthshc sf�lmatoc| Autì eÐnai an�logo me thn epÐlush touakìloujou sust matoc exis¸sewn:

∂1E(w1, w2, . . . , wn) = 0,
∂2E(w1, w2, . . . , wn) = 0,|||
∂nE(w1, w2, . . . , wn) = 0,

(4|5)
ìpou ∂iE sumbolÐzei thn i-sth suntetagmènh tou dianÔsmatoc klÐshc ∇E|Sto klasikì epanalhptikì sq ma thc mejìdou Qprop, ìpwc dìjhke sto [35], h tim  tou
i-stou ��rouc dÐnetai apì thn akìloujh sqèsh:

wk+1
i = wk

i −

{
∂iE(wk)− ∂iE(wk−1)

wk
i − wk−1

i

}−1

∂iE(wk).

Qrhsimopoi¸ntac sumbolismì pin�kwn, h parap�nw sqèsh gr�fetai wc ex c:
wk+1 = wk −B−1

k ∇E(wk),

ìpou o pÐnakac Bk eÐnai ènac diag¸nioc pÐnakac ìpou ta stoiqeÐa tou [bkii], i = 1, 2, . . . , ndÐnontai wc ex c:
bkii =

∂iE(wk)− ∂iE(wk−1)
wk

i − wk−1
i

.

EÐnai profanèc ìti o pÐnakac Bk ikanopoieÐ thn akìloujh exÐswsh qord c:
Bk

(
wk − wk−1

)
= ∇E(wk)−∇E(wk−1), (4|6)

kai ètsi h mèjodoc Qprop an kei sth kathgorÐa mejìdwn quasi�Newton|
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Qrhsimopoi¸ntac to plaÐsio autì, parousi�zoume thn parak�tw tropopoÐhsh thc me-�ìdou Quickprop:

wk+1
i = wk

i − ηi

{
∂iE(wk)− ∂iE(wk−1)

wk
i − wk−1

i

}−1

∂iE(wk),

ìpou ηi eÐnai aujaÐretoi mh mhdenikoÐ pragmatikoÐ arijmoÐ| H tropopoihmènh mèjodocikanopoieÐ thn exÐswsh qord c kai sunep¸c an kei kai aut  sth kathgorÐa mejìdwn quasi�Newton| Basizìmenoi sthn anwtèrw an�lush eÐnai plèon �anerì ìti h mèjodoc Qprop,kaj¸c epÐshc kai h anwtèrw tropopoÐhs  thc, èqei tic idiìthtec sÔgklishc twn mejìdwnqord c [30,96,125]|Genik�, o pÐnakac Bk mporeÐ na èqei kai mh �etik� stoiqeÐa| Autì èqei san apotelè-smata èna mh �etik� orismèno pÐnaka, pou sthn pr�xh shmaÐnei ìti h mèjodoc mporeÐ nad¸sei arnhtik�   mhdenik� � mata stic antÐstoiqec kateujÔnseic| Gia na apaleifjeÐ autìto prìblhma, èqei eisaqjeÐ mia euretik  par�metroc apokaloÔmenh {mègistoc par�go-ntac aÔxhshc} (maximum growth factor) [35] kai elègqei tic auxomei¸seic twn �hm�twn thcmejìdou|
4|4 Algìrijmoi EureÐac SÔgklishc me Prosarmostikì Rujmì

EkpaÐdeushc

ànac algìrijmoc ekpaÐdeushc mporeÐ na apokt sei thn idiìthta thc eureÐac sÔgklishcme kat�llhlh prosarmog  tou �ujmoÔ ekpaÐdeushc, kat� tètoio trìpo ¸ste to sf�lmatou TND na elaqistopoieÐtai akrib¸c kat� m koc thc paroÔsac kateÔjunshc anÐqneushcse k�je epan�lhyh, dhlad  E(wk+1) < E(wk)| Gia to skopì autì, apaiteÐtai mia epa-nalhptik  anaz thsh, h opoÐa eÐnai suqn� akrib  apì thn �poyh twn upologism¸n thcsun�rthshc sf�lmatoc| Prèpei na shmeiwjeÐ ìti h anwtèrw sqetik� apl  sunj kh deneggu�tai thn eureÐa sÔgklish gia genikèc sunart seic, dhlad  thn sÔgklish se èna topikìshmeÐo elaqÐstou apì opoiod pote arqikì shmeÐo (gia mia genik  suz thsh sqetik� me ticeurèwc sugklÐnousec mejìdouc �l| [30])|H qr sh algorÐjmwn gia thn prosarmog  tou �ujmoÔ ekpaÐdeushc pou epib�llounmonìtonh meÐwsh tou sf�lmatoc qrhsimopoi¸ntac akat�llhlec timèc gia krÐsimec eureti-kèc paramètrouc ekpaÐdeushc mporoÔn na epibradÔnoun shmantik� to �ujmì sÔgklishc,  akìma kai na odhg soun th mèjodo se apìklish kai prìwro koresmì (premature satura­tion) [68,130]| Epiprosjètwc, sthn perÐptwsh qr shc euretik¸n paramètrwn ekpaÐdeushcden eÐnai dunat  h dhmiourgÐa algorÐjmwn eureÐac sÔgklishc| Mia kalÔterh antimet¸pishtou probl matoc eÐnai h prosarmog  tou �ujmoÔ ekpaÐdeushc ètsi ¸ste h tim  thc sun�r-thshc sf�lmatoc na mei¸netai arket� se k�je epan�lhyh kai h meÐwsh aut  na sunodeÔetaiapì allag  thc tim c tou trèqontoc shmeÐou w|Akolouj¸ntac ton parap�nw sullogismì, gia to epanalhptikì sq ma:
wk+1 = wk + ηkϕk, (4|7)

ìpou ϕk eÐnai h kateÔjunsh anÐqneushc, ìpwc eÐdame kai sto Kef�laio 3, mporoÔn naqrhsimopoihjoÔn oi sunj kec tou Wolfe:
E(wk+1)− E(wk) 6 σ1η

k
〈
∇E(wk), ϕk

〉
, (4|8)〈

∇E(wk+1), ϕk
〉

> σ2

〈
∇E(wk), ϕk

〉
, (4|9)

ìpou 0 < σ1 < σ2 < 1 kai 〈·, ·〉 sumbolÐzei to eswterikì ginìmeno sto Rn|
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H pr¸th anisìthta exasfalÐzei ìti h tim  thc sun�rthshc sf�lmatoc �a mei¸netai arke-t� se k�je epan�lhyh, en¸ h deÔterh anisìthta empodÐzei ton �ujmì ekpaÐdeushc na gÐneipolÔ mikrìc, me apotèlesma thn prìwrh sÔgklish thc mejìdou| MporeÐ na deiqjeÐ ìti an

ϕk eÐnai mia kateÔjunsh meÐwshc kai h sun�rthsh sf�lmatoc E eÐnai suneq¸c paragwgÐ-simh kai k�tw �ragmènh kat� m koc thc aktÐnac {wk + ηϕk | η > 0}, tìte p�nta up�rqeik�poioc �ujmìc ekpaÐdeushc pou na ikanopoieÐ tic Sqèseic (4|8)�(4|9) [95,174,175]|To akìloujo Je¸rhma, pou dìjhke apì ton Wolfe [30, 95, 174, 175], apodeiknÔei ìtie�n h sun�rthsh sf�lmatoc E eÐnai k�tw �ragmènh, tìte h akoloujÐa shmeÐwn {wk}∞k=0pou dhmiourgeÐtai apì opoiond pote algìrijmo pou akoloujeÐ mia kateÔjunsh meÐwshc
ϕk thc opoÐac h gwnÐa θk me −∇E(wk) eÐnai:

cos θk =

〈
−∇E(wk), ϕk

〉
‖∇E(wk)‖ ‖ϕk‖

> δ > 0, (4|10)
kai epÐshc ikanopoieÐ tic sunj kec tou Wolfe, tìte isqÔei ìti eÐte ∇E(wk) = 0 gia k�poio
k,   lim

k→∞
∇E(wk) = 0 [29]|

Je¸rhma 4|1 [30,95,174,175] àstw ìti h sun�rthsh sf�lmatocE : Rn → R eÐnai suneq¸c
paragwgÐsimh sto Rn kai ìti ∇E eÐnai Lipschitz suneq c sto Rn| Tìte, gia opoiod pote
w0 ∈ Rn, eÐte h E den eÐnai k�tw �ragmènh,   up�rqei akoloujÐa shmeÐwn {wk}∞k=0 pou
ikanopoioÔn tic sunj kec tou Wolfe (4|8)�(4|9) kai eÐte:

(i) 〈
∇E(wk), (wk+1 − wk)

〉
< 0,  

(ii) ∇E(wk) = 0, kai wk+1 − wk = 0,

gia k�je k > 0| Epiprosjètwc, gia k�je tètoia akoloujÐa, eÐte:

(a) ∇E(w) 6= 0 gia k�poio k > 0,  

(�) lim
k→∞

E(wk) = −∞,  

(g) lim
k→∞

〈
∇E(wk), (wk+1 − wk)

〉
/‖wk+1 − wk‖ = 0|

Gia èna an�logo �ewrhtikì apotèlesma sÔgklishc �rÐsketai sto [30, sel| 123], ìpou hakoloujÐa {wk}∞k=0 sugklÐnei q-upergrammik� se èna el�qisto w∗|Sthn pr�xh, h sunj kh (4|9) den eÐnai aparaÐthth kai mporeÐ na antikatastajeÐ apìmia strathgik  opisjodrìmhshc (backtracking) pou �a èqei san skopì thn apofug  twnpolÔ mikr¸n �hm�twn [84]| Mia apl  tètoia strathgik  gia thn �Ôjmish tou � matoc thcelaqistopoÐhshc, ètsi ¸ste na ikanopoieÐ tic sunj kec (4|8)�(4|9) se k�je epan�lhyh, eÐnaina mei¸netai o �ujmìc ekpaÐdeushc kat� èna par�gonta meÐwshc 1/q, ìpou q > 1 [84,96]|EpÐshc mporeÐ na apodeiqjeÐ ìti e�n h Sqèsh (4|9) antikatastajeÐ apì thn akìloujh sqèsh:
E(wk + ηkϕk)− E(wk) > σ2η

k
〈
∇E(wk), ϕk

〉
, (4|11)

ìpou σ2 ∈ (σ1, 1), tìte to Je¸rhma 4|1 exakoloujeÐ na isqÔei [30]|
4|5 H Tropopoihmènh Mèjodoc Quickprop

Gia na apofÔgoume thn epÐponh �Ôjmish twn euretik¸n paramètrwn ekpaÐdeushc thcmejìdou Qprop kai gia na egguhjoÔme thn epijumht  idiìthta o pÐnakac Bk na eÐnai p�nta
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�etik� orismènoc, proteÐnoume thn akìloujh tropopoÐhsh thc mejìdou Qprop:

wk+1
i = wk

i − η


∣∣∂iE(wk)− ∂iE(wk−1)

∣∣∣∣∣wk
i − wk−1

i

∣∣∣

−1

∂iE(wk),

ìpou o suntelest c η mporeÐ na �ujmisteÐ kat�llhla| Me autì ton trìpo, to m koc tou� matoc thc elaqistopoÐhshc tropopoieÐtai ètsi ¸ste na ikanopoieÐ tic sunj kec tou Wolfe,en¸ par�llhla ta ��rh anane¸nontai kat� m koc mia kateÔjunshc meÐwshc|AkoloujeÐ mia perigraf  thc tropopoihmènhc mejìdou Quickprop (MQprop), ìpou
MIT eÐnai o mègistoc epitreptìc arijmìc epanal yewn kai ε eÐnai h epijumht  akrÐbeia|
Algìrijmoc 4|1 H Tropopoihmènh Mèjodoc Quickprop � MQprop

1| EÐsodoc: {E;w0; η0; (λ0
1, λ

0
2, . . . , λ

0
n);MIT ; ε}|

2| Jèse k = −1|

3| E�n k < MIT , antikatèsthse to k me k + 1, �èse η = η0, kai p gaine sto epìmeno
B ma; alli¸c, p gaine sto B ma 8|

4| E�n k > 1 kai Λk
i = |∂iE(wk) − ∂iE(wk−1)|/|wk

i − wk−1
i | 6= 0, gia k�je i = 1, . . . , n,

�èse λk
i = 1/Λk

i , alli¸c �èse λ
k
i = λ0

i |

5| RÔjmise kat�llhla to η|

6| Jèse wk+1 = wk − η diag{λk
1, λ

k
2, . . . , λ

k
n}∇E(wk)|

7| E�n ‖∇E(wk)‖ 6 ε p gaine sto B ma 8; alli¸c p gaine sto B ma 3|

8| àxodoc: {wk;E(wk);∇E(wk)}|

Ac upojèsoume t¸ra ìti h �Ôjmish tou η sto B ma 5 tou Algìrijmou 4|1 gÐnetai me��sh tic Sqèseic (4|8) kai (4|9)| To epìmeno Je¸rhma apodeiknÔei ìti e�n h sun�rthshsf�lmatoc E eÐnai k�tw �ragmènh, tìte h akoloujÐa shmeÐwn {wk}∞k=0 pou par�getai apìton Algìrijmo 4|1 sugklÐnei se èna shmeÐo w∗ gia to opoÐo isqÔei ∇E(w∗) = 0|
Je¸rhma 4|2 [166] àstw ìti h sun�rthsh sf�lmatoc E : Rn → R eÐnai suneq¸c paragw-
gÐsimh kai k�tw �ragmènh sto Rn kai èstw ìti ∇E eÐnai Lipschitz suneq c sto Rn| Tìte, gia
opoiod pote arqikì shmeÐo w0 ∈ Rn, gia thn akoloujÐa shmeÐwn {wk}∞k=0, pou par�getai apì
ton Algìrijmo 4|1, ikanopoi¸ntac tic sunj kec (4|8)�(4|9), isqÔei ìti limk→∞∇E(wk) = 0|

Apìdeixh| H akoloujÐa {wk}∞k=0 akoloujeÐ thn kateÔjunsh
ϕk(wk) = −diag{1/Λk

1, . . . , 1/Λ
k
n}∇E(wk),

h opoÐa eÐnai kateÔjunsh meÐwshc afoÔ〈
∇E(wk), ϕk(wk)

〉
< 0.

Epiprìsjeta, h proôpìjesh gia thn gwnÐa θk ikanopoieÐtai afoÔ eÐnai profanèc ìti qrh-simopoi¸ntac thn Sqèsh (4|10) paÐrnoume cos θk > 0| Sunep¸c, apì to Je¸rhma 4|1 isqÔeiìti limk→∞∇E(wk) = 0| To Je¸rhma apodeÐqjhke| 2

Parat rhsh 4|1 Na shmeiwjeÐ ìti gia TND pou qrhsimopoioÔn sigmoeideÐc sunart seic ener-
gopoÐhshc h upìjesh gia suneq¸c paragwgÐsimh sun�rthsh sf�lmatoc eÐnai peritt | EpÐshc,
sthn perÐptwsh aut  h sun�rthsh sf�lmatoc eÐnai p�nta k�tw �ragmènh (san �jroisma te-
trag¸nwn) sto Rn|
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4|6 Peiramatik� Apotelèsmata

Sthn enìthta aut  parousi�zoume apotelèsmata apì trÐa probl mata ekpaÐdeushcTND| àqoume dokim�sei kai sugkrÐnei tic akìloujec mejìdouc:
(i) th mèjodo thc opisjodromik c di�doshc tou sf�lmatoc me stajerì �ujmì ekpaÐdeu-shc (BP) [133]|(ii) th mèjodo thc pio apìtomhc kajìdou me grammik  anÐqneush gia ton �ujmì ekpaÐ-deushc (Steepest Descent with Line Search), pou prot�jhke apì ton Polak [125](SDLS)|(iii) th mèjodo thc opisjodromik c di�doshc tou sf�lmatoc me stajerì �ujmì ekpaÐdeu-shc kai orm  (momentum) (BPM) [57,133]|(iv) th mèjodo thc opisjodromik c di�doshc tou sf�lmatoc me prosarmostikì �ujmìekpaÐdeushc kai orm  (ABP) [159]|(v) th mèjodo twn Fletcher�Reeves (FR) [40]|(vi) th mèjodo twn Polak�Ribiere (PR) [40]|(vii) th mèjodo twn Polak�Ribiere desmeumènh apì th mèjodo FR (PR�FR) [40]|(viii) thn mèjodo Quickprop (Qprop) [35]|(ix) thn tropopoihmènh mèjodo Quickprop (MQprop)|
Gia thn ulopoÐhsh twn mejìdwn FR, PR, kai PR�FR, qrhsimopoioÔme thn grammik anÐqneush tou Arm�o ìpwc èqei tropopoihjeÐ apì ton Polak [125]| Sto B ma 5 thc mejìdouMQprop (�l| Algìrijmo 4|1), qrhsimopoioÔme mia apl  strathgik  opisjodrìmhshc giathn �Ôjmish tou η; to η mei¸netai kat� èna par�gonta 1/q, ìpou q = 2 [84]|Gia ìla ta probl mata, sta apotelèsmata pou parajètoume stouc akìloujouc pÐnakecparousi�zoume ton mèso arijmì twn epanal yewn (µIT ) pou apait jhkan apì thn k�jemèjodo gia thn sÔgklish se k�poio topikì el�qisto, ton mèso arijmì twn upologism¸n thcsun�rthshc sf�lmatoc (µFE ) kai ton arijmì twn epituqhmènwn peiram�twn se èna sÔnolo1000 anex�rthtwn dokim¸n (EpituqÐa)|EÐnai gnwstì ìti h epilog  tou arqikoÔ dianÔsmatoc twn �ar¸n eÐnai polÔ shmantik sthn ekpaÐdeush TND| PolÔ mikr� arqik� ��rh èqoun san apotèlesma polÔ mikr� � mata,kai telik� h elaqistopoÐhsh proc k�poiec kateujÔnseic eÐnai praktik� adÔnath| àtsigia thn ekpaÐdeush apaitoÔntai polÔ perissìterec epanal yeic [133]| Sthn qeirìterhperÐptwsh, h mèjodoc mporeÐ na pagideuteÐ se k�poio anepijÔmhto topikì el�qisto meapotèlesma h ekpaÐdeush na stamat sei| Apì thn �llh meri�, meg�lec arqikèc timècepitaqÔnoun arqik� thn diadikasÐa ekpaÐdeushc, all� pollèc �orèc odhgoÔn k�poioucneur¸nec se koresmì kai par�goun nèa shmeÐa me polÔ mikrèc (sqedìn mhdenikèc) timècthc klÐshc touc| Se autèc tic peript¸seic h ekpaÐdeush eÐnai exairetik� arg  [81]| àtsi,eÐnai sunhjismènh taktik  sthn ekpaÐdeush TND, ta arqik� ��rh na epilègontai apì thnomoiìmorfh katanom  sto di�sthma (wmin, wmax), ìpou sun jwc eÐnai wmin = −wmax| Giana sugkrÐnoume tic di�forec mejìdouc epilèqjhkan 1000 arqikèc timèc gia ta ��rh, mesunist¸sec apì to parap�nw di�sthma (−1,+1)|

4|6|1 Apokleistikì�EITE
To klasikì prìblhma tou apokleistikì�EITE (�l| Par�rthma A|1) gnwstì gia ta poll�topik� el�qista pou parousi�zei [57, 133], �a eÐnai to pr¸to prìblhma pou �a dokim�-soume| H sunj kh termatismoÔ gia ìlouc touc algìrijmouc pou dokim�same eÐnai na�rejeÐ èna topikì el�qisto pou na èqei sunarthsiak  tim  E 6 0.04| Ta apotelèsmat�sunoyÐzontai ston PÐnaka 4|1|
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Sto par�deigma autì o arijmìc twn epituqi¸n exart�tai apì ta poll� anepijÔmhtatopik� el�qista| àtsi oi mèjodoi FR, PR kai PR�FR sunèklinan sun jwc se anepijÔmhtatopik� el�qista, dhlad  topik� el�qista me sunarthsiak  tim  E > 0.04| Sthn pr�xh au-tì sun jwc shmaÐnei ìti to ekpaideumèno TND den katafèrnei na taxinom sei swst� k�poiaapì ta prìtupa eisìdou| H mèjodoc pou proteÐnoume (MQprop) èqei kalÔtero posostìepituqÐac apì tic mejìdouc FR, PR kai PR�FR| EpÐshc, eÐnai grhgorìterh apì tic mejìdoucBP, SDLS, BPM kai FR, afoÔ apaiteÐ ligìterouc upologismoÔc thc tim c thc sun�rthshcsf�lmatoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc gia na katafèrei na ekpaideÔ-sei to TND| Oi mèjodoi PR kai PR�FR apaitoÔn ligìterouc sunarthsiakoÔc upologismoÔc,all� èqoun mikrìtero posostì epituqÐac apì thn MQprop| Tèloc, prèpei na shmei¸sou-me ìti h klasik  mèjodoc Qprop qwrÐc thn kat�llhlh kai qronobìro �Ôjmish euretik¸nparamètrwn ekpaÐdeushc den katafèrnei na ekpaideÔsei to TND|

PÐnakac 4|1: Apotelèsmata apì to prìblhma tou apokleistikì�EITEAlgìrijmoc µIT µFE EpituqÐaBP 549 1098 810/1000SDLS 64 435 810/1000BPM 803 1606 810/1000ABP 157 314 810/1000FR 84 282 130/1000PR 21 169 380/1000PR�FR 22 171 410/1000MQprop 52 234 810/1000

4|6|2 Taxinìmhsh uf c
To prìblhma taxinìmhshc uf c [82] eÐnai to deÔtero prìblhma pou parousi�zoume| à-na 16�8�12 TND (me 244 metablhtèc) ekpaideÔetai gia na taxinomeÐ 12 eikìnec diaforetik cuf c (�l| Par�rthma A|8)|Leptomer  apotelèsmata sqetik� me thn apìdosh twn algorÐjmwn parousi�zoume stonPÐnaka 4|2| H sunj kh termatismoÔ gia ìlouc touc algìrijmouc eÐnai na epitÔqoun sf�l-ma taxinìmhshc CE < 3%, dhlad  to ekpaideumèno TND na taxinomeÐ epituq¸c toul�qi-ston 117 apì ta 120 prìtupa| Kai se autì to par�deigma h klasik  mèjodoc Qprop qwrÐceuretikèc paramètrouc èqei polÔ kak  apìdosh, kaj¸c sun jwc apoklÐnei, kai ètsi densumperilamb�netai ston PÐnaka 4|2|

PÐnakac 4|2: Apotelèsmata apì to prìblhma taxinìmhshc uf cAlgìrijmoc µIT µFE EpituqÐaBP 15839 31678 960/1000SDLS 13256 26517 965/1000BPM 12422 24844 940/1000ABP 560 1120 1000/1000FR 1624 12674 250/1000PR 140 810 990/1000PR�FR 145 1005 996/1000MQprop 406 1228 1000/1000
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Ektìc apì thn taqÔthta kai to posostì epituqÐac se autì to prìblhma elègqoume kaithn ikanìthta genÐkeushc twn mejìdwn| Ta epituq¸c ekpaideumèna TND kaloÔntai na taxi-nom soun k�poia �gnwsta prìtupa elègqou| Gia ton upologismì thc genÐkeushc twn TNDqrhsimopoioÔme ton kanìna tou megÐstou (max rule), dhlad  èna prìtupo elègqou �ew-�eÐtai swst� taxinomhmèno, an h tim  tou antÐstoiqou neur¸na exìdou eÐnai h megalÔterhapì ìlouc touc �llouc neur¸nec exìdou| H mèsh genÐkeush gia k�je algìrijmo eÐnai:BP=90.0%, SDLS=90.0%, BPM=90.0%, ABP=93.5%, FR=92.0%, PR=92.6%, PR�FR=93.5%,kai MQprop=94.0%|Sumperasmatik� mporoÔme na poÔme ìti h mèjodoc PR apaiteÐ, se sÔgkrish me ticupìloipec mejìdouc, touc ligìterouc upologismoÔc thc sun�rthshc sf�lmatoc kai toudianÔsmatoc twn merik¸n parag¸gwn thc gia thn ekpaÐdeush tou TND| Apì thn �llh me-�i� oi mèjodoi ABP kai MQprop parousi�zoun sjenarìterh sumperifor�, kaj¸c èqounmegalÔtero posostì epituqÐac kai epÐshc polÔ kal  genÐkeush|

4|6|3 Anagn¸rish arijm¸n
Se autì to peÐrama [82,148] èna 64�6�10 TND (444 ��rh kai 16 pol¸seic) ekpaideÔetaina anagnwrÐzei touc arijmoÔc apì 0 èwc 9 (�l| Par�rthma A|7)| H sunj kh termatismoÔgia ìlec tic mejìdouc eÐnai na �rejeÐ èna topikì el�qisto me sunarthsiak  tim  E 6 0.001|Ta apotelèsmata parousi�zontai ston PÐnaka 4|3| EÐnai �anerì ìti h mèjodoc MQpropeÐnai taqÔterh apì ìlec tic �llec mejìdouc pou dokim�same kai èqei posostì epituqÐac100%|

PÐnakac 4|3: Apotelèsmata apì to prìblhma anagn¸rishc twn arijm¸nAlgìrijmoc µIT µFE EpituqÐaBP 14489 28978 660/1000SDLS 12225 24454 990/1000BPM 10142 20284 540/1000ABP 1975 3950 910/1000FR 620 3121 420/1000PR 649 2124 960/1000PR�FR 750 3473 1000/1000MQprop 159 739 1000/1000

4|7 Sumper�smata � Suneisfor�

Se autì to kef�laio perigr�yame thn gnwst  mèjodo ekpaÐdeushc TND QuickProp kaid¸same èna �ewrhtikì apotèlesma sqetik� me thn sÔgklis  thc| Sth sunèqeia proteÐnamemia tropopoÐhs  thc (MQprop), pou den apaiteÐ thn suqn� dÔskolh �Ôjmish twn euretik¸nkai exartwmènwn apì to prìblhma paramètrwn ekpaÐdeushc thc mejìdou QProp| Autèc oieuretikèc par�metroi, afoÔ touc dojoÔn kat�llhlec timèc, �ohjoÔn thn klasik  mèjodoQProp na èqei stajerìterh sÔgklish kai na apoklÐnei spaniìtera|EpÐshc, apodeiknÔetai èna nèo �e¸rhma pou eggu�tai thn sÔgklish thc proteinìmenhctropopoÐhshc| H nèa aut  mèjodoc sugkrÐjhke me pollèc �llec mejìdouc ekpaÐdeushcTND kai to sumpèrasma eÐnai ìti parousi�zei taqÔtath, omal  kai sjenar  sÔgklish,me apotèlesma na èqei megalÔtera posost� epituqÐac| Tèloc, h aÔxhsh sthn taqÔthtasÔgklishc, den èqei arnhtikèc sunèpeiec sthn ikanìthta genÐkeushc twn ekpaideumènwn TND,afoÔ aut� eÐqan polÔ uyhl  genÐkeush se ìla ta probl mata pou dokim�same|
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K E F A L A I O 5

EkpaÐdeush Teqnht¸n Neurwnik¸n DiktÔwn me
Akèraia B�rh

Den eÐnai to isqurìtero eÐdoc autìpou epibi¸nei, oÔte to pio èxupno;eÐnai to pio eupros�rmosto stic allagèc|
�Charles Robert Darwin (1809�1882)

S
e autì to kef�laio �a melet soume me thn efarmog  Exeliktik¸n Algìrijmwn (E­volutionary Algorithms � EA) gia thn ekpaÐdeush TND me akèraia ��rh| Ta TNDme akèraia ��rh eÐnai pio eÔkola ulopoi sima se ulikì (hardware) se sqèsh meta dÐktua pou qrhsimopoioÔn ��rh pragmatikoÔc arijmoÔc| Stìqoc tou kefalaÐou eÐnaipar�llhla me touc nèouc algìrijmouc ekpaÐdeushc pou anaptÔqjhkan na parousi�sei kaimia pio genik  eikìna twn EA kai twn efarmog¸n touc [117,119,120]|

5|1 Eisagwg 

Ta TND mporoÔn na exomoiwjoÔn me th qr sh programm�twn upologist¸n| ämwc gia namporèsoun na qrhsimopoihjoÔn se pragmatikèc efarmogèc ìpou apaiteÐtai polÔ mikrìcqrìnoc ektèleshc kai se efarmogèc pragmatikoÔ qrìnou (real time), eÐnai aparaÐthth hulopoÐhsh se ulikì (hardware)| EpÐshc, h plèon �usik  ulopoÐhsh eÐnai h par�llhlhulopoÐhsh, lìgw thc anexarthsÐac pou parousi�zoun oi upologismoÐ se k�je neur¸na sesqèsh me touc upologismoÔc pou gÐnontai stouc upìloipouc neur¸nec tou Ðdiou str¸matoc|To prìblhma eÐnai ìti oi perissìteroi algìrijmoi ekpaÐdeushc TND, par�goun dÐktuapou èqoun ��rh pragmatikoÔc arijmoÔc| H ulopoÐhsh se yhfiakì ulikì tètoiwn diktÔwneÐnai dÔskolh all� kai akrib | àna deÔtero prìblhma eÐnai h apoj keush twn pragma-tik¸n �ar¸n, afoÔ gia na mporeÐ to TND na leitourg sei swst� apaiteÐtai apoj keushpoll¸n dekadik¸n yhfÐwn touc|Antijètwc, ta TND pou èqoun ekpaideuteÐ me akèraia ��rh eÐnai pio eÔkolo na ulopoi-hjoÔn tìso me hlektronik� ìso kai me optik� kukl¸mata kai h apoj keush twn akèraiwn�ar¸n eÐnai polÔ pio apl |
5|2 EkpaÐdeush me DiaforoexeliktikoÔc Algìrijmouc

Se mÐa prìsfath ergasÐa touc oi Storn kai Price [153] parousÐasan mÐa nèa kl�-sh mejìdwn elaqistopoÐhshc kai onìmasan autoÔc touc algìrijmouc DiaforoexeliktikoÔc(Di�erential Evolution � DE)| Oi algìrijmoi autoÐ an koun sthn genikìterh kathgorÐa twnEA|
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Oi DiaforoExeliktikoÐ Algìrijmoi (DEA) sqedi�sthkan gia na mporoÔn na antimetw-pÐsoun dÔskola probl mata elaqistopoÐhshc, ìpou h antikeimenik  sun�rthsh eÐnai mhgrammik , pijan� mh paragwgÐsimh kai èqei poll� topik�, all� kai olik� el�qista| Giana epiteuqjeÐ autìc o stìqoc, oi DEA eÐnai mia kl�sh stoqastik¸n par�llhlwn mejìdwn poudaneÐzetai idèec apì thn eurÔterh kl�sh twn Exeliktik¸n AlgorÐjmwn, kai apaitoÔn apì tonqr sth na �ujmÐsei lÐgec kai sqetik� eÔkolec sthn epilog  paramètrouc| Ta apotelèsmatathc ergasÐac [153] deÐqnoun ìti oi DEA èqoun kalèc idiìthtec sÔgklishc (taqÔthta, posostìepituqÐac, eÔresh tou olikoÔ el�qistou) kai ìti xepernoÔn se epÐdosh �llouc EA|Gia na mporoÔn na qrhsimopoihjoÔn oi DEA sthn ekpaÐdeush TND me akèraia ��rh, xe-kin�me ton algìrijmo me èna sugkekrimèno arijmì (NP) apìN�di�stata akèraia dianÔsma-ta �ar¸n, san arqikì plhjusmì, kai ta exelÐssoume kaj¸c proqwr� o qrìnoc (epanal yeic)mèsw twn telest¸n twn DEA|To pl joc twn arqik¸n N�di�statwn akèraiwn dianusm�twn paramènei stajerì kaj'ìlh thn di�rkeia thc ekpaÐdeushc| O plhjusmìc twn �ar¸n arqikopoieÐtai me tuqaÐoucakèraiouc apì to di�sthma [−∆,∆], akolouj¸ntac thn omoiìmorfh katanom | Se k�jeepan�lhyh tou algorÐjmou, pou onom�zetai kai geni� (generation), dhmiourgoÔntai nèadianÔsmata �ar¸n (reproduction) me ton kat�llhlo sunduasmì tuqaÐa epilegmènwn dianu-sm�twn apì ton trèqonta plhjusmì kai to apotèlesma stroggulopoieÐtai ston plhsièsteroakèraio| Aut  h diadikasÐa onom�zetai telest c met�llaxhc (mutation operator)|Ta nèa aut� akèraia dianÔsmata {anameignÔontai} kat�llhla me èna prokajorismènoakèraio di�nusma tou plhjusmoÔ � to di�nusma stìqo (target vector) � kai h diadikasÐaaut  onom�zetai telest c anasunduasmoÔ1 (crossover operator)| To apotèlesma aut c thcdiadikasÐac eÐnai èna akèraio di�nusma pou onom�zetai dokimastikì (trial vector)| To doki-mastikì di�nusma gÐnetai apodektì gia thn epìmenh geni� an kai mìno an �elti¸nei (mei¸nei)thn prohgoÔmenh tim  thc sun�rthshc sf�lmatoc E tou TND| H teleutaÐa diadikasÐa ono-m�zetai kai telest c epilog c (selection operator)| Sunoptik�, h diadikasÐa efarmog c twnDEA perigr�fetai apì to akìloujo algorijmikì sq ma:

0 : ArqikopoÐhsh tou TND;1 : For j = 1,maxgen2 : For i = 1, NP3 : MUTATION(wi
j )→ mutant_vector;4 : CROSSOVER(mutant_vector)→ trial_vector;5 : If E(trial_vector) 6 E(wi

j );6 : apodoq  tou trial_vector gia thn epìmenh geni�;7 : EndIf8 : EndFor9 : If (Sunj kh TermatismoÔ) Terminate;10: EndFor
Sthn sunèqeia �a orÐsoume touc parap�nw �asikoÔc telestèc pou qrhsimopoioÔntaisthn ekpaÐdeush TND|

5|2|1 O telest c met�llaxhc
O pr¸toc telest c pou �a perigr�youme eÐnai o telest c met�llaxhc| Sugkekrimèna,gia k�je di�nusma �ar¸n wi

g, i = 1, . . . , NP, ìpou g dhl¸nei thn trèqousa geni�, dhmiour-geÐtai èna nèo di�nusma vi
g+1, pou onom�zetai metallagmèno di�nusma (mutant vector)| To

1O anasunduasmìc sthn Genetik  An�lush onom�zetai kai qiasmatupÐa|
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nèo autì di�nusma upologÐzetai akolouj¸ntac mÐa apì tic parak�tw sqèseic:

vi
g+1 = wr1

g + µ
(
wr1

g − wr2
g

)
, (5|1)

vi
g+1 = wbest

g + µ
(
wr1

g − wr2
g

)
, (5|2)

vi
g+1 = wr1

g + µ
(
wr2

g − wr3
g

)
, (5|3)

vi
g+1 = wi

g + µ
(
wbest

g − wi
g

)
+ µ

(
wr1

g − wr2
g

)
, (5|4)

vi
g+1 = wbest

g + µ
(
wr1

g − wr2
g

)
+ µ

(
wr3

g − wr4
g

)
, (5|5)

vi
g+1 = wr1

g + µ
(
wr2

g − wr3
g

)
+ µ

(
wr4

g − wr5
g

)
, (5|6)

ìpou µ > 0 eÐnai mÐa pragmatik  par�metroc, pou onom�zetai stajer� met�llaxhc kaielègqei thn èntash thc diafor�c metaxÔ tou arqikoÔ kai tou metallagmènou dianÔsmatoc,kai r1, r2, r3, r4, r5 ∈ {1, 2, . . . , i− 1, i+ 1, . . . , NP}, eÐnai tuqaÐoi akèraioi, metaxÔ toucdiaforetikoÐ kai diaforetikoÐ apì ton trèqonta deÐkth i| Profan¸c, o telest c met�llaxhcpar�gei èna pragmatikì di�nusma, afoÔ h stajer� met�llaxhc µ ∈ R| ämwc o skopìc maceÐnai na diathr soume èna plhjusmì apì akèraia dianÔsmata| àtsi k�je sunist¸sa toumetallagmènou dianÔsmatoc stroggulopoieÐtai ston kontinìtero akèraio|Sqoli�zontac tic parap�nw sqèseic, mporoÔme na poÔme ìti h sqèsh (5|1) prwtoqrhsi-mopoi jhke san telest c anasunduasmoÔ gia GenetikoÔc Algìrijmouc [89] kai moi�zei metic sqèseic (5|2) kai (5|3)| Oi upìloipec sqèseic eÐnai parallagèc pou mporoÔn na pro-kÔyoun apì aploÔc sunduasmoÔc twn (5|1), (5|2) kai (5|3)| EÐnai �anerì ìti perissìterectètoiec sqèseic mporoÔn na prokÔyoun qrhsimopoi¸ntac san domik� stoiqeÐa tic parap�nw|
5|2|2 O telest c anasunduasmoÔ

Gia na aux soume peraitèrw thn poikilÐa twn stroggulopoihmènwn metallagmènwn atì-mwn ston nèo plhjusmì, efarmìzetai o telest c anasunduasmoÔ| Pio sugkekrimèna, giak�je akèraia sunist¸sa j (j = 1, 2, . . . , N ) tou metallagmènou dianÔsmatoc vi
g+1, epilè-goume tuqaÐa èna pragmatikì arijmì r apì to di�sthma [0, 1]| Sthn sunèqeia, sugkrÐnoumeautìn ton arijmì me th stajer� anasunduasmoÔ ρ (crossover constant), kai an r 6 ρ, epi-lègoume san thn j sunist¸sa tou dokimastikoÔ dianÔsmatoc ui

g+1 thn antÐstoiqh sunist¸sa
j tou metallagmènou dianÔsmatoc; diaforetik� epilègoume thn j sunist¸sa tou akèraioudianÔsmatoc stìqou wi

g+1| Prèpei na shmei¸soume ìti to apotèlesma tou telest  anasun-duasmoÔ eÐnai epÐshc èna akèraio di�nusma|
5|2|3 Apotelèsmata ekpaÐdeushc me akèraia ��rh

Sthn par�grafo aut  parousi�zoume apotelèsmata apì thn melèth thc apìdoshctwn DEA algorÐjmwn se klasik� probl mata ekpaÐdeushc TND, ìpwc to prìblhma touApokleistikoÔ�EITE (�l| Par�rthma A|1), thc isotimÐac 3�bit (�l| Par�rthma A|2), kai toprìblhma tou 4�2�4 Kwdikopoiht /Apokwdikopoiht  (�l| Par�rthma A|3)|Gia to upìloipo tou kefalaÐou autoÔ, �a onom�zoumeDE1 ton algìrijmo pou qrhsimo-poieÐ th sqèsh (5|1) wc telest  met�llaxhc, DE2 ton algìrijmo pou qrhsimopoieÐ th sqèsh(5|2), kai oÔtw kajex c| Gia ìlec tic prosomoi¸seic ta sÔnola ekpaÐdeushc kai elègqouqrhsimopoioÔn dipolik� dianÔsmata, dhlad  dianÔsmata me timèc −1   1| H sun�rthshenergopoÐhshc pou qrhsimopoi same, tìso sto krufì ìso kai sto str¸ma exìdou, eÐnai huperbolik  efaptomènh|Oi anaferìmenec par�metroi stouc pÐnakec pou akoloujoÔn, gia tic prosomoi¸seicpou èqoun �j�sei sth lÔsh (èqoun ekpaideÔsei to TND), eÐnai: Min o el�qistoc arijmìc,
µ o mèsoc arijmìc, Max o mègistoc arijmìc, kai σ h tupik  apìklish twn upologism¸nthc tim c thc sun�rthshc sf�lmatoc E| Prèpei na shmei¸soume ìti ìtan ènac algìrijmoc
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apotugq�nei na sugklÐnei, entìc tou orÐou twn sunarthsiak¸n upologism¸n (maxgen), �ew-�eÐtai ìti apotugq�nei na ekpaideÔsei to TND kai oi upologismoÐ thc tim c thc sun�rthshcsf�lmatoc den sumperilamb�nontai stouc pÐnakec| Prèpei tèloc na tonisjeÐ ìti èna kÔrioqarakthristikì twn DEA eÐnai pwc apaitoÔntai mìno oi timèc thc sun�rthshc sf�lmatoc|Sqetik� me thn klÐsh thc sun�rthshc sf�lmatoc den apaiteÐtai kamÐa plhroforÐa, ètsi denup�rqei an�gkh gia thn opisjodromik  di�dosh tou sf�lmatoc (back propagation)|Gia ta probl mata pou exet�same den katab�llame kamÐa prosp�jeia eÔreshc tim¸n giatic stajerèc met�llaxhc kai anasunduasmoÔ, µ kai ρ antÐstoiqa, gia thn epÐteuxh �èltisthc  sqedìn �èltisthc taqÔthtac sÔgklishc| Antijètwc, qrhsimopoi same proepilegmènec timèc(µ = 0.5 kai ρ = 0.7) gia ìla ta probl mata| EÐnai profanèc ìti mporoÔn na kajoristoÔnme akrÐbeia oi par�metroi autèc gia k�je prìblhma, me skopì na epiteuqjoÔn ta kalÔteradunat� apotelèsmata, dhlad  ligìteroi upologismoÐ thc tim c thc sun�rthshc sf�lmatoc /kai uyhlìtero posostì epituqÐac; k�ti tètoio ìmwc proôpojètei prìsjeto upologistikìkìpo gia k�je prìblhma|äson afor� to mègejoc tou plhjusmoÔ NP, peiramatik� apotelèsmata èqoun deÐ-xei [117, 119, 120] ìti mia kal  epilog  gia thn tim  tou NP eÐnai 2N 6 NP 6 4N | EÐnaiprofanèc ìti h diereÔnhsh tou q¸rou twn �ar¸n eÐnai apotelesmatikìterh gia meg�lectimèc tou NP, all� ètsi apaitoÔntai perissìteroi upologismoÐ thc sun�rthshc sf�lmatocse k�je geni�| Af' etèrou, mikrèc timèc tou NP kajistoÔn touc DEA aneparkeÐc kai su-n jwc apaitoÔntai perissìterec genièc gia na epiteuqjeÐ h ekpaÐdeush tou TND| Sunep¸c,prosektik  epilog  tou megèjouc tou plhjusmoÔ mporeÐ na epitaqÔnei thn sÔgklish touDEA|O plhjusmìc twn dianusm�twn twn �ar¸n arqikopoi jhke me tuqaÐouc akèraiouc arij-moÔc apì to di�sthma [−∆,∆]| Par� to gegonìc ìti an ∆ > 1 suqn� h sÔgklish twn DEAeÐnai pio gr gorh, epilèxame ∆ = 1 giatÐ h prìjes  mac  tan na ekpaideÔsoume me ìso todunatìn mikrìtera arqik� ��rh|
Apokleistikì�EITE

To pr¸to prìblhma pou �a antimetwpÐsoume eÐnai to prìblhma tou ApokleistikoÔ�EITE, to opoÐo istorik� pèra twn �llwn èqei �ewrhjeÐ wc kalì prìblhma gia ton èlegqothc axiopistÐac algorÐjmwn ekpaÐdeushc TND| àna 2�2�1 TND (6 ��rh kai 3 pol¸seic)qrhsimopoi jhke stic dokimèc autèc| H ekpaÐdeush stam�thse ìtan �rèjhke tim  giata ��rh, tètoia ¸ste h sun�rthsh sf�lmatoc E, na eÐnai E 6 0.1 mèsa se 100 genièc(maxgen = 100)| O plhjusmìc apoteleÐtai apì 18 �toma (NP = 18)|Ta apotelèsmata �aÐnontai ston PÐnaka 5|1| àna tupikì di�nusma �ar¸n eÐnai toakìloujo: w = (2,−3,−2, 2, 3, 3,−2,−2, 2), me E(w) = 0.003| Oi 6 pr¸tec suntetagmènecantistoiqoÔn sta ��rh tou diktÔou, en¸ oi upìloipec 3 stic pol¸seic| AxÐzei na shmeiwjeÐìti o mèsoc arijmìc upologism¸n thc tim c thc sun�rthshc sf�lmatoc kaj¸c epÐshc kaio arijmìc twn epituqhmènwn prosomoi¸sewn pou èqoun oi proteinìmenec strathgikèc, eÐnaikalÔteroc apì ton antÐstoiqo arijmì polÔ gnwst¸n mejìdwn (p|q| twn mejìdwn BP, BPM,kai ABP), pou qrhsimopoioÔn suneq  ��rh kai plhroforÐec sqetik� me thn par�gwgo thcsun�rthshc sf�lmatoc|
IsotimÐa twn 3�bit

To deÔtero prìblhma pou �a melet soume eÐnai to prìblhma thc isotimÐac 3�bit, toopoÐo mporeÐ na �ewrhjeÐ wc èna genikeumèno prìblhma apokleistikoÔ�EITE, all� eÐnaiduskolìtero| O stìqoc eÐnai na ekpaideujeÐ èna TND ¸ste na parag�gei to �jroisma, mod2 tri¸n duadik¸n eisìdwn (  alli¸c na upologÐsei th sun�rthsh thc peritt c isotimÐac)|Ed¸ qrhsimopoioÔme èna 3�3�1 TND (12 ��rh kai 4 pol¸seic)| O arqikìc plhjusmìc a-poteleÐtai apì 32 dianÔsmata �ar¸n kai h ekpaÐdeush suneqÐsthke mèqri na �rejeÐ tim  gia
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PÐnakac 5|1: Apotelèsmata apì to prìblhma tou apokleistikoÔ EITEAlgìrijmoc Min µ Max σ EpituqÐa (%)

DE1 108 547|9 1332 268|1 91%
DE2 60 180|5 500 91|0 80%
DE3 126 551|7 1656 281|5 95%
DE4 120 271|7 940 133|9 82%
DE5 90 283|6 1530 256|2 81%
DE6 126 720|9 1782 387|2 93%NP = 18, µ = 0.5, ρ = 0.7, maxgen = 100

ta ��rh, tètoia ¸ste h tim  thc sun�rthshc sf�lmatoc na eÐnai E 6 0.1 mèsa se 100 genièc(maxgen = 100)| àna qarakthristikì di�nusma �ar¸n met� apì to tèloc thc ekpaÐdeu-shc tou TND eÐnai w = (1,−3, 1,−2, 2, 2,−3,−4, 3, 3, 2,−3,−1, 0,−1, 0) kai h antÐstoiqhtim  thc sun�rthshc sf�lmatoc eÐnai E(w) = 0.009| Ston PÐnaka 5|2 parousi�zontai taapotelèsmata gia autì to prìblhma|
PÐnakac 5|2: Apotelèsmata apì to prìblhma thc isotimÐac 3�bitAlgìrijmoc Min µ Max σ EpituqÐa (%)

DE1 660 1721|2 2910 640|4 72%
DE2 150 517|4 1980 298|2 97%
DE3 900 2004|4 2910 561|6 81%
DE4 300 768|2 2040 379|5 99%
DE5 180 732|1 2430 472|9 89%
DE6 600 2115|6 2970 645|4 50%NP = 32, µ = 0.5, ρ = 0.7, maxgen = 100

4�2�4 Kwdikopoiht c/Apokwdikopoiht c
To teleutaÐo prìblhma ekpaÐdeushc pou �a exet�soume eÐnai o 4�2�4 kwdikopoih-t c/apokwdikopoiht c| Tèssera diaforetik� prìtupa eisìdou parousi�zontai sto dÐktuo|To k�je prìtupo èqei 4�bit; 3 apì aut� eÐnai 0 kai mìno èna èqei thn tim  1| Skopìc stoprìblhma autì eÐnai na anaparaqjeÐ sthn èxodo to Ðdio prìtupo me autì pou parousi�sth-ke sthn eÐsodo| Gia na sumbeÐ autì, to TND prèpei na anaptÔxei mia monadik  kwdikopoÐhshgia k�je ènan apì ta 4 prìtupa kai dedomènou ìti ìlec oi plhroforÐec pernoÔn apì tokrufì str¸ma pou èqei mìno 2 neur¸nec, mporoÔme na poÔme ìti to sÔnolo twn �ar¸nekteloÔn thn kwdikopoÐhsh kai apokwdikopoÐhsh twn dedomènwn thc eisìdou|Aut  h kwdikopoÐhsh �ewreÐtai idiaÐtera dÔskolh (tight), dedomènou ìti o arijmìc twnneur¸nwn sto krufì str¸ma eÐnai Ðsoc me to log�rijmo me ��sh 2 twn neur¸nwn tou str¸-matoc exìdou (log2 4 = 2)| Autì to prìblhma èqei epileqjeÐ epeid  eÐnai arket� kont� stapragmatik� probl mata taxinìmhshc, ìpou oi mikrèc allagèc sta stoiqeÐa tou sunìloueisìdou prokaloÔn tic mikrèc allagèc sthn èxodo [35]| Sto prìblhma autì o plhjusmìcapoteleÐtai apì 64 �toma (NP = 64)| O PÐnakac 5|3 sunoyÐzei ta apotelèsmata|
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PÐnakac 5|3: Apotelèsmata apì to prìblhma tou 4�2�4 Kwdikopoiht /Apokwdikopoiht Algìrijmoc Min µ Max σ EpituqÐa (%)

DE1 2640 2838|0 3036 280|1 2%
DE2 448 912|7 4096 569|4 84%
DE3 1984 4501|3 6272 1098|6 60%
DE4 512 1026|6 3776 438|6 100%
DE5 246 1192|5 4092 757|2 78%
DE6 3136 4640|0 6272 956|7 18%NP = 64, µ = 0.5, ρ = 0.7, maxgen = 100

5|3 EkpaÐdeush me Periorismèna Akèraia B�rh

Sthn Enìthta 5|2 exet�same strathgikèc ekpaÐdeushc TND me akèraia ��rh| Ed¸ �aproqwr soume akìma perissìtero periorÐzontac ta ��rh aut� sto di�sthma [−2k−1 +
1, 2k−1 − 1], me k = 3, 4, 5, to opoÐo antistoiqeÐ se k�bit anapar�stash twn akèraiwn �a-�¸n [119,120]| H idiìthta aut  elatt¸nei to posì thc apaitoÔmenhc mn mhc gia thn apo-� keush twn �ar¸n se yhfiakèc hlektronikèc ulopoi seic| Epiprosjètwc aplopoieÐ thndiadikasÐa tou pollaplasiasmoÔ, afoÔ gia na pollaplasi�soume opoiond pote arijmì meènan akèraio k�bit, apaitoÔntai mìno: mia allag  pros mou, (k − 1)(k − 2)/2 aristerècolisj seic enìc � matoc (one�step left shift) kai (k− 2) prosjèseic| Tèloc, an ta dedomènaeisìdou eÐnai periorismèna sto sÔnolo {−1, 1} (dipolik� dianÔsmata), tìte oi neur¸nec stostr¸ma eisìdou gia ton pollaplasiasmì arkeÐ na k�noun mìno mia allag  pros mou kaiakèraiec prosjèseic|Gia na mporèsoume na efarmìsoume touc DEA sthn ekpaÐdeush TND me k�bit akèraia��rh, �a prèpei na arqikopoi soume ton plhjusmì twn dianusm�twn twn �ar¸n me tuqaÐoucakèraiouc apì thn omoiìmorfh katanom  sto di�sthma [−2k−1+1, 2k−1−1], gia k = 3, 4, 5|EpÐshc, �a prèpei na tropopoi soume elafr� ton telest  met�llaxhc, o opoÐoc èqeisan apotèlesma pragmatik� dianÔsmata �ar¸n| AfoÔ o stìqoc mac eÐnai na diathr soumeèna plhjusmì k�bit akèraiwn dianusm�twn, to metallagmèno di�nusma, arqik�, stroggu-lopoieÐtai ston plhsièstero akèraio| Sthn sunèqeia, an to nèo di�nusma den an kei stodi�sthma [−2k−1 + 1, 2k−1 − 1]N , tìte upologÐzoume to metallagmèno di�nusma apì thnakìloujh sqèsh:

vi
g+1 = sign(vi

g+1) ·
(∣∣vi

g+1

∣∣ mod 2k−1
)
.

Tèloc, shmei¸noume ìti to apotèlesma tou telest  anasunduasmoÔ eÐnai kai autì èna k�bitakèraio di�nusma, afoÔ apl� metajètei sunist¸sec metaxÔ k�bit akèraiwn dianusm�twn|
5|3|1 Apotelèsmata ekpaÐdeushc me periorismèna akèraia ��rh

Gia na elègxoume thn apìdosh twn DEA me periorismèna akèraia ��rh, touc efarmìsa-me sta duo klasik� probl mata ekpaÐdeushc pou eÐdame kai sthn prohgoÔmenh enìthta,dhlad  to prìblhma tou ApokleistikoÔ�EITE (�l| Par�rthma A|1) kai to prìblhma thcisotimÐac 3�bit (�l| Par�rthma A|2)| Ja parousi�soume apotelèsmata gia tic di�forectimèc tou k, (k = 3, 4, 5)|To pl joc, NP, twn dianusm�twn twn �ar¸n pou apoteloÔn ton plhjusmì twn DEA eÐnaikai gia ta dÔo probl mata NP = 2N , ìpou N eÐnai h di�stash tou probl matoc| TadianÔsmata twn �ar¸n arqikopoi jhkan me tuqaÐouc akèraiouc apì to di�sthma [−2k−1 +
1, 2k−1 − 1]|
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Apokleistikì�EITE

àna 2�2�1 TND (6 ��rh kai 3 pol¸seic) qrhsimopoi jhke stic dokimèc autèc| H ek-paÐdeush stam�thse ìtan �rèjhke tim  gia ta ��rh, tètoia ¸ste h sun�rthsh sf�lmatocna eÐnai E 6 0.1 mèsa se 100 genièc (maxgen = 100)| O plhjusmìc apoteleÐtai apì 18�toma (NP = 18)| Ta apotelèsmata �aÐnontai ston PÐnaka 5|1| àna tupikì akèraio 3�bitdi�nusma �ar¸n eÐnai to akìloujo: w = (3, 3, 2, 3, 2, −2, 1, −3, −2), me E(w) = 0.0221|Oi èxi pr¸tec suntetagmènec antistoiqoÔn sta ��rh tou diktÔou, en¸ oi upìloipec treic sticpol¸seic| AxÐzei na shmeiwjeÐ ìti kai se autì to prìblhma o arijmìc twn epituqhmènwnprosomoi¸sewn poÔ èqoun oi proteinìmenec strathgikèc, eÐnai megalÔteroc apì ton antÐ-stoiqo arijmì �llwn mejìdwn, pou qrhsimopoioÔn suneq  ��rh kai plhroforÐec sqetik�me thn klÐsh thc sun�rthshc sf�lmatoc|
PÐnakac 5|4: Apotelèsmata ekpaÐdeushc me periorismèna ��rh (Apokleistikì�EITE)
k Algìrijmoc Min µ Max σ EpituqÐa (%)3 DE1 54 191|9 810 89|7 63|0%

DE2 90 836|3 1782 371|7 93|5%
DE3 90 300|5 1584 171|2 82|5%
DE4 54 364|5 1676 222|6 93|4%
DE5 36 1047|8 1782 422|6 63|0%
DE6 54 931|5 1782 431|1 73|1%4 DE1 90 182|9 612 97|5 69|0%
DE2 72 266|7 1188 162|4 87|2%
DE3 198 647|8 1566 246|3 99|1%
DE4 126 764|1 1656 357|2 95|9%
DE5 72 316|9 1602 300|4 92|3%
DE6 108 660|0 1566 368|7 93|1%5 DE1 54 192|9 684 124|7 75|1%
DE2 72 284|9 1332 216|2 80|4%
DE3 144 583|9 1314 256|3 97|3%
DE4 180 706|1 1764 343|7 97|5%
DE5 72 300|5 1584 250|2 85|2%
DE6 90 482|9 1368 264|9 93|0%NP = 18, µ = 0.5, ρ = 0.7, maxgen = 100

IsotimÐa twn 3�bit
Gia to prìblhma thc isotimÐac 3�bit qrhsimopoi jhke èna 3�3�1 TND (12 ��rh kai 4pol¸seic)| O plhjusmìc apoteleÐtai apì 32 dianÔsmata �ar¸n kai ta apotelèsmata �aÐno-ntai ston PÐnaka 5|5| àna tupikì akèraio di�nusma �ar¸n met� to tèloc thc ekpaÐdeushceÐnai to akìloujo: w = (3, 3, 2, 3, −1, −1, 2, −2, −2, −3, 3, −3, 1, 0, 1, 1) kai hantÐstoiqh tim  thc sun�rthshc sf�lmatoc eÐnai E(w) = 0.0257|Stouc parap�nw pÐnakec apotelesm�twn èqoume deÐxei ìti oi strathgikèc DE3 kai DE4eÐnai oi pio apodotikèc gia thn ekpaÐdeush TND me akèraia ��rh| To gegonìc autì epi-�ebai¸netai kai apì ton PÐnaka 5|5, ìpou oi strathgikèc DE1, DE3 kai DE4 èqoun thnkalÔterh apìdosh gia ìlec tic timèc tou k pou dokim�same|
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PÐnakac 5|5: Apotelèsmata ekpaÐdeushc me periorismèna ��rh (IsotimÐa 3�bit)
k Algìrijmoc Min µ Max σ EpituqÐa (%)3 DE1 96 809|2 2016 313|9 88|1%

DE2 704 1966|9 3072 769|2 1|5%
DE3 320 1123|4 3168 461|0 97|7%
DE4 160 2072|1 3168 631|9 75|5%
DE5 1344 2057|1 3072 703|9 0|7%
DE6 160 1890|0 3168 907|7 3|2%4 DE1 96 762|7 2624 515|1 90|3%
DE2 192 2056|0 3072 711|4 28|1%
DE3 320 978|3 3136 555|5 95|4%
DE4 288 1333|0 3104 652|6 96|5%
DE5 192 1959|1 2816 981|6 9|6%
DE6 1056 2153|4 3168 619|7 17|8%5 DE1 160 622|6 3072 522|1 90|8%
DE2 576 1994|1 3168 657|6 60|8%
DE3 224 896|3 2688 450|6 99|1%
DE4 256 1060|2 3168 716|6 97|5%
DE5 672 2112|0 3104 644|9 26|0%
DE6 352 2062|5 3168 794|8 44|1%NP = 32, µ = 0.5, ρ = 0.7, maxgen = 100

5|4 EkpaÐdeush me Qr sh Sunart sewn EnergopoÐhshc me Ka-

t¸flia

Se aut  thn enìthta, �a melet soume thn ekpaÐdeush TND me qr sh mìno sunart sewnenergopoÐhshc me kat¸flia [121]| An kai up�rqoun algìrijmoi pou eÐnai ikanoÐ na ek-paideÔsoun me kat¸flia [26,85], sun jwc apaitoÔn to prìblhma na eÐnai statikì, dhlad ta prìtupa ekpaÐdeushc na mhn all�zoun me ton qrìno| Mia anaskìphsh twn mejìdwnekpaÐdeushc me kat¸flia up�rqei sthn ergasÐa [105]| H �asik  touc idèa eÐnai na kata-�èroun na ekpaideÔsoun to TND kai na �roun k�poia pragmatik� ��rh ta opoÐa met� naulopoi soun se ulikì| ämwc pollèc pragmatikèc efarmogèc apaitoÔn h ekpaÐdeush namporeÐ na suneqisteÐ kai sto ulikì ìtan nèa prìtupa ekpaÐdeushc gÐnoun diajèsima| ànaapì ta pleonekt mata twn DEA eÐnai ìti mporoÔn na suneqÐsoun thn ekpaÐdeush se ulikìme qr sh apokleistik� sunart sewn katwfli¸n|äpwc eÐdame kai parap�nw, oi DEA den apaitoÔn oi sunart seic energopoÐhshc naeÐnai paragwgÐsimec kai ètsi eÐnai kat�llhloi gia ekpaÐdeush TND me akèraia ��rh kai meqr sh sunart sewn energopoÐhshc me kat¸flia| Autì mporeÐ na gÐnei se dÔo ��seic| Sthnpr¸th ��sh oi DEA ekpaideÔoun to TND, me akèraia ��rh, qrhsimopoi¸ntac sigmoeideÐcsunart seic energopoÐhshc, ìpwc oi akìloujec:
f1(x) =

2
1 + e−λx

− 1, (5|7)
f2(x) =

1
1 + e−λx

, (5|8)
f3(x) = tanh

(
λx

2

)
, (5|9)
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ìpou λ eÐnai mia par�metroc pou �ujmÐzei thn morf  thc sigmoeidoÔc sun�rthshc; ìsomegalÔterec timèc paÐrnei h par�metroc λ tìso pio apìtomh gÐnetai h sigmoeid c kai pro-seggÐzei ton katakìrufo �xona| Aut  h ��sh epitugq�nei mia pr¸th gr gorh ekpaÐdeush|Sthn deÔterh ��sh, stadiak� aux�netai h tim  tou λ, me tètoio trìpo ¸ste h sigmoeid ctelik� na proseggÐzei thn sun�rthsh kat¸fli| Sugkekrimèna, afoÔ to TND èqei ekpaideu-teÐ me sigmoeideÐc sunart seic, h tim  tou λ aux�netai sÔmfwna me to akìloujo sq ma:
(1, 10, 20, 30, 40, 50,∞)| EÐnai pijanì na apaithjoÔn epiprìsjetec epanal yeic me thn al-lag  tou λ apì mia tim  sthn epìmenh   telik� me th qr sh thc sun�rthshc kat¸fli| StoSq ma 5|1, �lèpoume thn epÐdrash pou èqei h aÔxhsh thc paramètrou λ sthn morf  miacsigmoeidoÔc sun�rthshc energopoÐhshc|

Sq ma 5|1: H epÐdrash thc paramètrou λ sthn morf  miac sigmoeidoÔc sun�rthshc energopoÐhshc
H diadikasÐa aut  par�gei mia sun�rthsh energopoÐhshc pou eÐnai parìmoia me to ìriothc arqik c, ìtan to λ teÐnei sto �peiro| Telik�, to TND qrhsimopoieÐ gia energopoi seicmìno sunart seic kat¸flia kai ètsi h poluplokìtht� tou èqei meiwjeÐ kat� polÔ, k�no-nt�c to idiaÐtera eÔkolo gia ulopoÐhsh se ulikì| AxÐzei na shmeiwjeÐ ìti an nèa prìtupaekpaÐdeushc prokÔyoun met� thn ekpaÐdeush, h proteinìmenh mejodologÐa eÐnai ikan  naekpaideÔsei to TND kai afoÔ èqei  dh ulopoihjeÐ se ulikì (``on�chip'' training), qwrÐc thqr sh sigmoeid¸n sunart sewn|

5|4|1 Apotelèsmata ekpaÐdeushc me sunart seic energopoÐhshc me kat¸-�lia
Stouc PÐnakec 5|6 kai 5|7 �aÐnontai ta apotelèsmata twn algorÐjmwn DE3 kai DE4,ìtan h ekpaÐdeush gÐnetai sÔmfwna me thn mejodologÐa pou anaptÔxame sthn Enìthta 5|4,dhlad  ìtan qrhsimopoioÔntai mìno sunart seic energopoÐhshc me kat¸flia| Ta probl -mata pou dokim�same  tan to Apokleistikì�EITE kai to prìblhma thc isotimÐac 3�bit|Apì ta apotelèsmata eÐnai safèc ìti oi DEA eÐnai ikanoÐ na ekpaideÔsoun TND me qr sh
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PÐnakac 5|6: Apotelèsmata ekpaÐdeushc me kat¸flia (Apokleistikì�EITE)
k Algìrijmoc Min µ Max σ EpituqÐa (%)3 DE3 270 442|4 756 87|1 100%

DE4 270 513|2 1386 204|4 100%4 DE3 270 449|6 4104 375|5 100%
DE4 252 385|0 918 91|7 100%5 DE3 270 432|4 1062 106|6 100%
DE4 252 394|0 1170 111|9 100%NP = 18, µ = 0.5, ρ = 0.7, maxgen = 100

PÐnakac 5|7: Apotelèsmata ekpaÐdeushc me kat¸flia (IsotimÐa 3�bit)
k Algìrijmoc Min µ Max σ EpituqÐa (%)3 DE3 1024 2142|4 5376 760|0 100%

DE4 1056 3459|8 6240 1137|6 100%4 DE3 512 1348|2 3808 577|4 100%
DE4 608 1901|1 4960 903|2 100%5 DE3 672 1423|8 7488 825|6 100%
DE4 640 1732|8 9888 1195|8 100%NP = 32, µ = 0.5, ρ = 0.7, maxgen = 100

energopoi sewn me kat¸flia| SugkrÐnontac m�lista ta apotelèsmata aut� me ta upìloipaapotelèsmata twn DEA sto kef�laio autì, �lèpoume ìti an kai up�rqei mia aÔxhsh stoupologistikì kìstoc (perissìteroi upologismoÐ twn tim¸n thc sun�rthshc sf�lmatoc), lì-gw thc stadiak c aÔxhshc thc paramètrou λ, up�rqei epÐshc mia shmantik  aÔxhsh touposostoÔ epituqÐac, pou eÐnai 100% gia ìlec tic dokimèc mac|
5|5 EkpaÐdeush me Par�llhlouc DEA

S' aut  thn enìthta proteÐnoume kai exet�zoume touc Par�llhlouc DiaforoexeliktikoÔcAlgìrijmouc (PDEA) [122]| Oi PDEA eÐnai mia nèa kl�sh algorÐjmwn gia thn ekpaÐdeushTND me akèraia ��rh| To telikì logismikì pou ulopoieÐ touc PDEA ekteleÐtai se par�l-lhla upologistik� sust mata pou èqoun perissìterouc tou enìc epexergastèc|Genik�, oi EA mporoÔn eÔkola na ulopoihjoÔn se par�llhlo logismikì kai na ekte-lestoÔn se par�llhla upologistik� sust mata| Autì eÐnai efiktì giatÐ epexergazìmastek�je �tomo tou plhjusmoÔ xeqwrist�| To monadikì shmeÐo pou prèpei na up�rxei sugqro-nismìc kai epikoinwnÐa metaxÔ twn atìmwn eÐnai kat� thn efarmog  twn telest¸n met�llaxhckai anasunduasmoÔ| H epikoinwnÐa aut  mporeÐ na gÐnei kai par�llhla afoÔ den apaiteÐsunergasÐa tou sunìlou tou plhjusmoÔ|Sth sunèqeia �a perigr�youme ta duo montèla gia thn par�llhlh epexergasÐa EA|SÔmfwna me to pr¸to (�ne grain parallelism), k�je �tomo antiproswpeÔetai apì èna epe-xergast | Autì to montèlo profan¸c dhmiourgeÐ thn an�gkh Ôparxhc meg�lou arijmoÔdiajèsimwn epexergast¸n kai upodom c gia thn taqÔtath epikoinwnÐa metaxÔ touc, me apo-tèlesma na èqei auxhmèno kìstoc kat� thn ulopoÐhs  tou|To deÔtero montèlo antistoiqeÐ se k�je epexergast  èna tm ma tou arqikoÔ plhjusmoÔ
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(upoplhjusmìc)| Oi upoplhjusmoÐ se k�je epexergast  exelÐssontai par�llhla kai ane-x�rthta, kai kajènac exelÐssetai proc k�poia lÔsh tou probl matoc| Peristasiak� gÐnetai{metan�steush} twn kalÔterwn atìmwn metaxÔ twn upoplhjusm¸n me skopì thn sunerga-sÐa twn upoplhjusm¸n kai twn atìmwn gia thn taqÔterh diereÔnhsh tou q¸rou twn �ar¸nkai sÔgklish tou algìrijmou| Stic dokimèc pou �a parousi�soume sthn sunèqeia, èqeiqrhsimopoihjeÐ to deÔtero montèlo|H metan�steush twn kalÔterwn atìmwn akoloujeÐ mia proepilegmènh topologÐa twnupoplhjusm¸n| H topologÐa pou qrhsimopoi jhke ed¸ eÐnai aut  tou daktÔliou (ring),dhlad  to kalÔtero �tomo apì k�je upoplhjusmì metakineÐtai ston epìmeno upoplhjusmìtou daktulÐou| Aut  h topologÐa mei¸nei tic metanasteÔseic kai sunep¸c kai ta mhnÔmatapou antall�ssontai metaxÔ twn epexergast¸n| �llec pijanèc topologÐec eÐnai h sÔndeshìlwn twn upoplhjusm¸n me ìlouc (full mesh), h tuqaÐa sÔndesh twn upoplhjusm¸n (ran­dom) kai h sÔndesh me ��sh èna plègma (grid), dhlad  k�je epexergast c epikoinwneÐ me�llouc 4 se èna didi�stato plègma, me �llouc 6 se èna trisdi�stato plègma ktl|H suqnìthta thc metan�steushc twn kalÔterwn atìmwn elègqetai apì thn stajer� meta-
n�steushc (migration constant), pou an kei sto di�sthma φ ∈ (0, 1)| Se k�je geni�, ènactuqaÐoc pragmatikìc arijmìc apì to di�sthma (0, 1) epilègetai tuqaÐa apì thn omoiìmor-�h katanom  kai sugkrÐnetai me th stajer� metan�steushc| E�n h stajer� metan�steushceÐnai megalÔterh, tìte to kalÔtero �tomo k�je upoplhjusmoÔ metakineÐtai sÔmfwna methn topologÐa se k�poio �llo upoplhjusmì kai paÐrnei thn �èsh enìc tuqaÐa epilegmènouatìmou (diaforetikì apì to kalÔtero tou upoplhjusmoÔ); alli¸c kamÐa metan�steush dengÐnetai| Peiramatik� apotelèsmata deÐqnoun ìti mia kal  tim  gia th stajer� metan�-steushc eÐnai φ = 0.1, afoÔ epitrèpei stouc upoplhjusmoÔc na exeliqjoÔn autìnoma giamerikèc genièc prin thn metakÐnhsh twn kalÔterwn atìmwn touc|Prèpei ed¸ na epishm�noume ìti eÐnai dunat  h seiriak  prosomoÐwsh twn PDEA seupologistik� sust mata me èna epexergast | Sthn perÐptwsh aut  den èqoume �èbaia tokèrdoc thc meÐwshc tou qrìnou ektèleshc, all� parìla aut� h efarmog  PDEA sust netaiafoÔ h idèa twn upoplhjusm¸n (ìpwc �a �aneÐ kai apì ta epìmena apotelèsmata) �ohj�shmantik� sthn aÔxhsh tou posostoÔ epituqÐac twn algìrijmwn|
5|5|1 H g ransh tou plhjusmoÔ

Gia na apofÔgoume thn paramon  ston plhjusmì twn atìmwn gia polÔ meg�lo qronikìdi�sthma, qrhsimopoioÔme thn idèa thc g ranshc [142,152]| Gia na to epitÔqoume autì, sek�je di�nusma tou plhjusmoÔ anajètoume tuqaÐa èna akèraio arijmì, o opoÐoc prosdio-�Ðzei thn mègisth hlikÐa tou atìmou| H mègisth hlikÐa an kei sto di�sthma [α, β], ìpou αkai β eÐnai h mikrìterh kai h megalÔterh dunat  hlikÐa twn atìmwn, antÐstoiqa|Se k�je epan�lhyh tou algìrijmou h hlikÐa k�je atìmou aux�netai kat� mÐa mon�dakai ìtan xeper�sei thn mègisth hlikÐa tou, tìte to �tomo {pejaÐnei}| Autì èqei san apotèle-sma to sugkekrimèno �tomo na antikatastajeÐ apì èna �llo, tuqaÐa epilegmèno, �tomo touplhjusmoÔ| Prèpei na shmei¸soume ìti genik� den eÐnai epijumhtì na antikatast soume tokalÔtero �tomo tou plhjusmoÔ; gia to lìgo autì ìtan to kalÔtero �tomo {pej�nei}, apl�arqikopoioÔme kai p�li tuqaÐa thn mègisth hlikÐa tou| H idèa thc g ranshc genik� �ohj�thn sÔgklish twn DEA [152] kai se sunduasmì me thn idèa twn upoplhjusm¸n o arijmìctwn epituqi¸n twn DEA aux�netai shmantik�|Enallaktik�, kai gia na aux soume thn poikilÐa tou plhjusmoÔ mporoÔme to nèo �tomona mhn an kei ston  dh up�rqonta plhjusmì, all� na arqikopoieÐtai tuqaÐa|
5|5|2 Apotelèsmata ekpaÐdeushc me par�llhlouc DEA

Sth sunèqeia parajètoume apotelèsmata efarmog c twn PDEA sthn ekpaÐdeush TNDme akèraia ��rh, me kai qwrÐc sigmoeideÐc sunart seic energopoÐhshc, sta probl mata
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tou ApokleistikoÔ�EITE (�l| Par�rthma A|1), thc isotimÐac 3�bit (�l| Par�rthma A|2), kaitou 4�2�4 Kwdikopoiht /Apokwdikopoiht  (�l| Par�rthma A|3)| Onom�zoume PDE1 thnpar�llhlh ekdoq  tou algìrijmou DE1 me qr sh upoplhjusm¸n kai g ranshc, PDE2thn par�llhlh ekdoq  tou algìrijmou DE2 ktl|Den epiqeir same kamÐa prosp�jeia �Ôjmishc twn stajer¸n met�llaxhc, anasundua-smoÔ kai metan�steushc ¸ste na aux soume thn taqÔthta twn PDEA| AntÐjeta, qrhsimopoi- same tupikèc prokajorismènec timèc gia ìla ta probl mata µ = 0.5, ρ = 0.7 kai φ = 0.1,antÐstoiqa| Mikrìterec timèc thc stajer�c metan�steushc φ odhgoÔn se akìma ligìteramhnÔmata metaxÔ twn epexergast¸n, all� mporeÐ na k�noun tic metanasteÔseic sp�niec kaisunep¸c aneparkeÐc| Gia kajèna apì ta parak�tw peir�mata qrhsimopoi same 3 upoplh-�usmoÔc se topologÐa daktulÐou|
Apokleistikì�EITE

Gia to prìblhma tou ApokleistikoÔ�EITE h sunj kh termatismoÔ  tan na �rejoÔn��rh tètoia ¸ste h sun�rthsh sf�lmatoc E, na èqei tim  E 6 0.1| To mègejoc k�jeupoplhjusmoÔ  tan NP = 10| To k�tw kai �nw �r�gma hlikÐac k�je atìmou,  tan α = 20kai β = 30, antÐstoiqa| Stouc PÐnakec 5|8 kai 5|9 parajètoume ta apotelèsmata me qr shsigmoeid¸n sunart sewn energopoÐhshc kai me th qr sh katwfli¸n|
PÐnakac 5|8: Apotelèsmata PDEA me sigmoeideÐc sunart seic energopoÐhshc (Apokleistikì�EITE)Algìrijmoc Min µ Max σ EpituqÐa (%)

PDE1 40 238|4 750 136|3 100%
PDE2 130 720|1 1840 352|6 100%
PDE3 80 342|2 1090 186|1 100%
PDE4 50 395|6 1080 218|5 100%
PDE5 140 1209|7 3360 661|5 100%
PDE6 60 402|4 1220 248|4 100%

PÐnakac 5|9: Apotelèsmata PDEA me kat¸flia (Apokleistikì�EITE)Algìrijmoc Min µ Max σ EpituqÐa (%)
PDE1 360 590|4 1150 159|5 100%
PDE2 420 1197|6 5340 614|0 100%
PDE3 390 651|3 1250 177|5 100%
PDE4 380 746|9 1480 225|6 100%
PDE5 490 1473|8 3790 586|2 100%
PDE6 410 832|7 2130 294|2 100%

IsotimÐa twn 3�bit
To deÔtero prìblhma pou exet�same  tan to prìblhma thc isotimÐac 3�bit| Ed¸ k�-�e upoplhjusmìc apoteleÐtai apì 11 �toma kai h mègisth hlikÐa k�je atìmou epilègetaituqaÐa apì to di�sthma [α, β], ìpou α = 50 kai β = 100| H sunj kh termatismoÔ  -tan h sun�rthsh sf�lmatoc E, na èqei tim  E 6 0.1| Ta apotelèsmata �aÐnontai stoucPÐnakec 5|10 kai 5|11
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PÐnakac 5|10: Apotelèsmata PDEA me sigmoeideÐc sunart seic energopoÐhshc (IsotimÐa 3�bit)Algìrijmoc Min µ Max σ EpituqÐa (%)

PDE1 275 1272|9 3949 619|1 82%
PDE2 1353 3562|7 8525 1367|8 86%
PDE3 198 1473|0 6457 873|3 91%
PDE4 264 2227|3 5104 903|5 99%
PDE5 1430 4829|6 9306 1598|2 91%
PDE6 341 2465|8 5412 1011|3 100%

PÐnakac 5|11: Apotelèsmata PDEA me kat¸flia (IsotimÐa 3�bit)Algìrijmoc Min µ Max σ EpituqÐa (%)
PDE1 561 3022|3 12078 3523|2 100%
PDE2 1562 5222|3 25377 3757|7 100%
PDE3 660 2238|8 11847 2100|7 100%
PDE4 1419 3147|7 11517 1742|4 100%
PDE5 2387 6868|2 35310 5473|2 100%
PDE6 1672 2965|8 11088 1863|4 100%

4�2�4 Kwdikopoiht c/Apokwdikopoiht c
To teleutaÐo prìblhma pou dokim�same touc PDEA,  tan to prìblhma tou 4�2�4 kw-dikopoiht /apokwdikopoiht | Stic dokimèc autèc, to mègejoc k�je upoplhjusmoÔ  tanNP = 20 kai to k�tw kai �nw �r�gma thc hlikÐac twn atìmwn  tan α = 50 kai β = 200antÐstoiqa| H sunj kh termatismoÔ  tan h sun�rthsh sf�lmatoc E, na èqei tim  E 6 0.1|àna tupikì di�nusma �ar¸n 3�bit eÐnai to akìloujo w = ( 0, 2, −2, 3, −3, −3, 2, 3,

−3, −3, 2, −3, −2, 2, 3, 2, 1, 0, −3, −3, −2, −2), me tim  thc sun�rthshc sf�lmatoc
E(w) = 0.0459| Oi PÐnakec 5|12 kai 5|13 deÐqnoun ta apotelèsmata apì to prìblhma tou4�2�4 kwdikopoiht /apokwdikopoiht 
PÐnakac 5|12: Apotelèsmata PDEA me sigmoeideÐc sunart seic energopoÐhshc (4�2�4 Kwdikopoi-ht c/Apokwdikopoiht c)

Algìrijmoc Min µ Max σ EpituqÐa (%)
PDE1 330 1614|8 4680 868|5 100%
PDE2 3960 8160|6 13360 2160|5 100%
PDE3 300 1428|2 4020 660|9 100%
PDE4 660 4540|5 8520 1505|4 100%
PDE5 7260 13110|9 20640 3092|4 100%
PDE6 720 4832|5 9140 1734|3 100%

5|6 Melèth thc GenÐkeushc

Ektìc apì tic dokimèc gia ton èlegqo thc axiopistÐac kai tic taqÔthtac sÔgklishc twnDEA, sthn enìthta aut  exet�zoume kai thn ikanìthta genÐkeushc twn diktÔwn pou proèr-
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PÐnakac 5|13: Apotelèsmata PDEA me kat¸flia (4�2�4 Kwdikopoiht c/Apokwdikopoiht c)
Algìrijmoc Min µ Max σ EpituqÐa (%)
PDE1 980 2520|8 23260 2326|4 100%
PDE2 4780 8724|9 16580 2264|6 100%
PDE3 1040 2104|5 4660 680|0 100%
PDE4 1860 4778|1 9720 1278|0 100%
PDE5 6080 14070|3 20740 2795|4 100%
PDE6 1920 5132|3 1820 1321|6 100%

qontai apì autoÔc| Gia ton skopì autì dokim�same tic kalÔterec apì tic DEA strathgikèc(dhlad  tic DE3 kai DE4) sto prìblhma genÐkeushc MONK (�l| Par�rthma A|4 kai [156])|Dokim�same loipìn tic DE3 kai DE4 ènanti twn polÔ gnwst¸n mejìdwn thc opisjodro-mik c di�doshc tou sf�lmatoc (BP) [133], thc mejìdou thc opisjodromik c di�doshc tousf�lmatoc me exasjènhsh twn �ar¸n (BP with Weight Decay � BPWD) [124], kai thc mejì-dou twn diadoqik¸n susqetÐsewn (Cascade Correlation � CC) [37]| Ta apotelèsmata apì taprobl mata MONK sunoyÐzontai ston PÐnaka 5|14|
PÐnakac 5|14: SÔgkrish thc genÐkeush sta probl mata MONKAlgìrijmoc MONK�1 MONK�2 MONK�3BP 100% 100% 93|1%BPWD 100% 100% 97|2%CC 100% 100% 97|2%
DE3 100% 100% 100%
DE4 100% 100% 100%

EÐnai safèc apì ton PÐnaka 5|14, ìti oi strathgikèc DE ekpaideÔoun TND pou eÐnaitoul�qiston to Ðdio ikan� me ta kalÔtera TND pou qrhsimopoioÔn pragmatik� ��rh kaipragmatikèc pol¸seic| Ta TND twn strathgik¸nDE èqoun entopÐsei thn idèa pou �rÐsketaikrummènh sta prìtupa eisìdou| Autì gÐnetai perissìtero emfanèc sto prìblhmaMONK�3,ìpou up�rqei 5% eskemmèna lajemènh taxinìmhsh kai ta TND pou ekpaideÔthkan me ticBP, BPWD, kai CC den èqoun 100% epituqÐa taxinìmhshc|H topologÐa twn TND pou exet�same �aÐnetai ston PÐnaka 5|15| äpwc eÐnai gnwstìta TND pou parousi�zoun uyhl  genÐkeush den eÐnai oÔte polÔ apl�, all� oÔte polÔsÔnjeta; moi�zoun na akoloujoÔn thn poluplokìthta tou probl matoc pou kaloÔntai naepilÔsoun|Gia ton lìgo autì, gia na mporoÔn na sugklÐnoun kai na èqoun kal  genÐkeush ta TNDpou qrhsimopoioÔn akèraia ��rh eÐnai megalÔtera apì TND me pragmatik� ��rh, afoÔperissìteroi akèraioi apì ìti pragmatikoÐ arijmoÐ qrei�zontai gia na enarmonistoÔn me thnpoluplokìthta tou probl matoc|Sto tèloc autoÔ tou kefalaÐou, stouc PÐnakec 5|16, 5|17 kai 5|18 parousi�zoume taakèraia ��rh apì TND pou ekpaideÔthkan me th strathgik  DE3, gia ta 3 probl mataMONK| An�loga ��rh prokÔptoun kai me thn efarmog  thc strathgik c DE4|
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PÐnakac 5|15: H topologÐa twn diktÔwn gia ta probl mata MONKAlgìrijmoc MONK�1 MONK�2 MONK�3BP 17:3:1 17:2:1 17:4:1BPWD 17:2:1 17:2:1 17:2:1CC 17:1:1 17:1:1 17:3:1
DE3 17:4:1 17:4:1 17:3:1
DE4 17:4:1 17:4:1 17:3:1

5|7 Sumper�smata � Suneisfor�

S' autì to kef�laio proteÐname kai melet same nèouc DiaforoexeliktikoÔc AlgorÐjmoucgia thn ekpaÐdeush TND, me sigmoeideÐc sunart seic energopoÐhshc all� kai me kat¸flia,pou èqoun periorismèna akèraia ��rh| Oi prosarmosmènoi autoÐ DEA efarmìzontai se ènaplhjusmì akèraiwn dianusm�twn �ar¸n me skopì na ton exelÐxoun kat� th di�rkeia touqrìnou kai na exereun soun ìso to dunatìn eurÔtera to q¸ro twn akeraÐwn �ar¸n| AutìeÐnai èna endiafèron eÐdoc TND, epeid  to posì mn mhc pou apaiteÐtai gia thn apoj keushtwn �ar¸n eÐnai shmantik� meiwmèno ènanti twn diktÔwn me pragmatik� ��rh| Epiplèon,oi yhfiakèc diadikasÐec prìsjeshc kai pollaplasiasmoÔ pou apaitoÔntai aplopoioÔntaishmantik�|PeriorÐzontac ta ��rh kai tic pol¸seic sto di�sthma [−2k−1+1, 2k−1−1], gia k = 3, 4, 5,mporoÔn na antiproswpeujoÔn apì akrib¸c k duadik� yhfÐa| Profan¸c, ìso mikrìteroto k tìso ligìterh mn mh apaiteÐtai gia thn apoj keush twn �ar¸n| Af' etèrou ìmwcèqoume parathr sei ìti h diadikasÐa ekpaÐdeushc eÐnai apotelesmatikìterh kai apodoti-kìterh ìtan qrhsimopoioÔntai perissìtera duadik� yhfÐa gia thn apoj keush twn �ar¸n|Kat� sunèpeia, gia mia dedomènh efarmog  prèpei na exetasteÐ h swst  sqèsh metaxÔ thcapotelesmatikìthtac kai thc katan�lwshc mn mhc| EpÐshc eÐnai gnwstì ìti eÐnai dÔsko-lh h ulopoÐhsh se ulikì thc opisjodromik c di�doshc twn sfalm�twn, pou upologÐzei todi�nusma twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc| Gia to lìgo autì ìloi oiproteinìmenoi algìrijmoi apaitoÔn mìno emprìsjia di�dosh twn protÔpwn ekpaÐdeushc,gia ton upologismì mìno thc tim c thc sun�rthshc sf�lmatoc|H apìdosh aut¸n twn algorÐjmwn èqei exetasteÐ kai èqoun parousiasteÐ apotelèsmat�touc apì klasik� probl mata ekpaÐdeushc TND| SunoyÐzontac tic prosomoi¸seic, katal -goume sto sumpèrasma ìti oi algìrijmoi DE3 kai DE4 eÐnai oi kalÔterec epilogèc| Af'etèrou, akìmh kai o algìrijmoc DE1, �asismènoc sthn apl  strathgik  thc Sqèshc (5|1)apèdwse polÔ kal�| Mia endiafèrousa parat rhsh eÐnai ìti genik� oi algìrijmoi aux�-noun thn apìdos  touc ìtan aux�netai h tim  tou k| Ta apotelèsmata deÐqnoun ìti aut  hnèa kl�sh twn algorÐjmwn eÐnai apotelesmatik , akìma kai ìtan sugkrÐnetai me gnwstoÔcalgìrijmouc pou apaitoÔn plhroforÐec gia thn klÐsh thc sun�rthshc sf�lmatoc kai ek-paideÔoun TND me pragmatik� ��rh| Epiplèon, èqoume exet�sei thn ikanìthta genÐkeushctwn diktÔwn pou par�gontai apì touc algìrijmouc DE3 kai DE4| Kai oi dÔo algìrij-moi èqoun �risth apìdosh kai xepernoÔn �llouc gnwstoÔc algìrijmouc ekpaÐdeushc mepragmatik� ��rh|H qr sh katwfli¸n gia ìlouc touc neur¸nec mei¸nei kat� polÔ thn poluplokìthta thculopoÐhshc se ulikì, epeid  den up�rqei an�gkh na sqediastoÔn kai na efarmostoÔn perÐ-plokec mh�grammikèc sunart seic energopoÐhshc| Ta TND pou eÐnai �asismèna se neur¸nectwn opoÐwn h èxodoc mporeÐ na �rÐsketai se mia idiaÐterh kat�stash ({−1, 1}   {0, 1}), eÐnaishmantik� dedomènou ìti mporoÔn na qeiristoÔn pollèc apì tic eggen¸c duadikèc stoiqei¸-deic ergasÐec gia tic opoÐec ta TND qrhsimopoioÔntai| Oi eswterikèc anaparast�seic toucmporoÔn na ermhneutoÔn kai eÐnai upologistik� aploÔstera, se sqèsh me ta TND pou qrh-
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simopoioÔn sigmoeideÐc sunart seic energopoÐhshc [85]| Sunep¸c mporoÔn na apotelèsounmia ��sh gia thn kalÔterh katanìhsh twn idiot twn kai thc diergasÐac ekpaÐdeushc TND|Tèloc, èna akìma �asikì qarakthristikì twn TND pou qrhsimopoioÔn kat¸flia eÐnai ìti hekpaÐdeush mporeÐ na suneqisteÐ sto ulikì e�n to sÔnolo twn protÔpwn èqei all�xei|àna �llo pleonèkthma twn TND me ta akèraia ��rh kai pol¸seic, kaj¸c kai kat¸-�lia eÐnai ìti to ekpaideumèno TND mporeÐ na eÐnai se pollèc peript¸seic anjektikì sto�ìrubo pou perièqetai sta prìtupa ekpaÐdeushc| Tètoia dÐktua eÐnai ikan� na sull�bounto �asikì qarakthristikì gn¸risma twn protÔpwn ekpaÐdeushc (ìpwc �aÐnetai kai apì taapotelèsmata genÐkeushc) kai genik� �ìruboc qamhl c èntashc den mporeÐ na diatar�xeita akèraia ��rh, afoÔ apaitoÔntai sqetik� meg�lec diakum�nseic, ètsi ¸ste ta ��rh kai oipol¸seic na metakinhjoÔn apì mia akèraia tim  sthn epìmenh   sthn prohgoÔmenh| Tèloc,oi proteinìmenoi algìrijmoi mporoÔn na ektelestoÔn apodotik� apì upologistikèc mhqa-nèc me ènan   perissìterouc epexergastèc| Gia thn perÐptwsh thc par�llhlhc ektèleshc,proteÐname kai melet same nèouc algìrijmouc PDEA|

PÐnakac 5|16: Akèraia ��rh kai pol¸seic gia to prìblhma MONK�1Apì ton neur¸na Proc ton neur¸naKrufì1 Krufì2 Krufì3 Krufì4 àxodocEÐsodoc1 3 −3 3 −1EÐsodoc2 2 −1 2 3EÐsodoc3 3 −2 −3 −2EÐsodoc4 2 −3 3 2EÐsodoc5 1 1 2 3EÐsodoc6 1 −1 −2 1EÐsodoc7 −3 3 −3 3EÐsodoc8 −2 3 −3 3EÐsodoc9 2 2 −3 3EÐsodoc10 0 2 −2 3EÐsodoc11 1 2 −3 3EÐsodoc12 1 −3 −3 3EÐsodoc13 2 2 −3 −3EÐsodoc14 0 2 −3 −3EÐsodoc15 2 2 −3 −3EÐsodoc16 −3 −3 −3 2EÐsodoc17 −1 −3 −2 2Pìlwsh −2 3 3 −3Krufì1 −3Krufì2 −1Krufì3 −3Krufì4 2Pìlwsh 3
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PÐnakac 5|17: Akèraia ��rh kai pol¸seic gia to prìblhma MONK�2Apì ton neur¸na Proc ton neur¸naKrufì1 Krufì2 Krufì3 Krufì4 àxodocEÐsodoc1 −2 −1 −3 −2EÐsodoc2 3 2 −2 3EÐsodoc3 2 2 −2 3EÐsodoc4 1 1 −3 −2EÐsodoc5 2 2 −2 3EÐsodoc6 3 2 −2 3EÐsodoc7 2 2 2 −3EÐsodoc8 1 −3 3 2EÐsodoc9 3 1 2 −2EÐsodoc10 2 2 3 3EÐsodoc11 1 1 3 3EÐsodoc12 −2 −3 2 −2EÐsodoc13 −1 3 3 3EÐsodoc14 −2 0 3 3EÐsodoc15 −1 2 3 3EÐsodoc16 2 −1 2 −3EÐsodoc17 2 2 3 2Pìlwsh −1 0 3 −3Krufì1 0Krufì2 0Krufì3 2Krufì4 −2Pìlwsh 0
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PÐnakac 5|18: Akèraia ��rh kai pol¸seic gia to prìblhma MONK�3Apì ton neur¸na Proc ton neur¸naKrufì1 Krufì2 Krufì3 àxodocEÐsodoc1 0 0 1EÐsodoc2 −1 0 1EÐsodoc3 −1 0 −1EÐsodoc4 0 −2 0EÐsodoc5 −2 −2 2EÐsodoc6 −1 2 0EÐsodoc7 1 1 −2EÐsodoc8 −2 1 1EÐsodoc9 −2 0 0EÐsodoc10 −1 2 2EÐsodoc11 −2 2 1EÐsodoc12 1 −1 1EÐsodoc13 −2 −1 −3EÐsodoc14 1 −3 0EÐsodoc15 0 3 1EÐsodoc16 2 0 0EÐsodoc17 0 0 1Pìlwsh 0 1 −2Krufì1 0Krufì2 −2Krufì3 0Pìlwsh 2



K E F A L A I O 6

EkpaÐdeush me Mejìdouc Apofug c Topik¸n
ElaqÐstwn

Agwnizìmenoi gia to kalÔtero,suqn� katastrèfoume to kalì|
�Shakespeare (1564�1616)

T
o antikeÐmeno tou kefalaÐou autoÔ eÐnai h parousÐash diafìrwn mejìdwn olik c�eltistopoÐhshc (Global Optimization � GO) kaj¸c kai teqnik¸n me tic opoÐec autècmporoÔn na qrhsimopoihjoÔn gia thn apotelesmatik  ekpaÐdeush TND [109, 111,114]| Sun jwc h ekpaÐdeush twn TND eÐnai �asismènh se mejìdouc topik c sÔgklishc, pouden parèqoun kanèna mhqanismì pou na touc epitrèpei na apofÔgoun thn perioq  enìc ane-pijÔmhtou topikoÔ el�qistou| àna topikì el�qisto eÐnai anepijÔmhto ìtan to shmeÐo autìèqei sqetik� meg�lh sunarthsiak  tim  me apotèlesma to ekpaideumèno TND na mhn èqeiikanopoihtik  genÐkeush   ìtan èqei sunarthsiak  tim  megalÔterh apì thn sunj kh ter-matismoÔ pou èqoume �èsei| Ja parousi�soume ed¸ strathgikèc pou tropopoioÔn gnwstècmejìdouc topik c sÔgklishc se nèec mejìdouc olik c �eltistopoÐhshc kai �a ereun soumeperaitèrw th qr sh tètoiwn mejìdwn gia thn ekpaÐdeush TND|Oi proteinìmenec mèjodoi teÐnoun na odhgoÔn se epijumht� sÔnola �ar¸n kai epitrè-poun sto dÐktuo na m�jei olìklhro to sÔnolo ekpaÐdeushc, kai, upì aut  thn ènnoia,�elti¸noun thn apodotikìthta thc diadikasÐac ekpaÐdeushc| Parak�tw, parousi�zoumeprosomoi¸seic apì probl mata gnwst� gia ta poll� kai anepijÔmhta topik� el�qista pouparousi�zoun, kai parèqoume mia ekten  sÔgkrish di�forwn algorÐjmwn ekpaÐdeushc|

6|1 Eisagwg 

äpwc èqoume dei kai sta pr¸ta kef�laia, h ekpaÐdeush twn TND sun jwc pragmato-poieÐtai apì thn elaqistopoÐhsh miac sun�rthshc kìstouc pou eÐnai h sun�rthsh (poll¸nmetablht¸n) tou sf�lmatoc tou diktÔou| Aut  h �e¸rhsh dÐnei k�poio pleonèkthma sthnan�ptuxh apotelesmatik¸n algorÐjmwn ekpaÐdeushc, epeid  to prìblhma thc elaqistopoÐ-hshc miac suneqoÔc sun�rthshc poll¸n metablht¸n eÐnai eurèwc gnwstì ston tomèa thcBeltistopoÐhshc kai apoteleÐ ed¸ kai qrìnia antikeÐmeno èreunac| EntoÔtoic, lìgw twneidik¸n qarakthristik¸n twn TND, oi algìrijmoi ekpaÐdeushc mporoÔn na {pagideutoÔn}se èna anepijÔmhto topikì el�qisto thc sun�rthshc sf�lmatoc, kaj¸c eÐnai �asismènoi semejìdouc topik c anÐqneushc kai den èqoun kanènan mhqanismì pou na touc epitrèpei na{xefÔgoun} apì thn perioq  enìc anepijÔmhtou topikoÔ el�qistou|Se praktikèc efarmogèc, oi mèjodoi olik c �eltistopoÐhshc mporeÐ na aniqneÔsoun kaina entopÐsoun me akrÐbeia {sqedìn �èltistec} lÔseic thc antikeimenik c sun�rthshc| Sepollèc peript¸seic autèc oi lÔseic eÐnai apodektèc, all� up�rqoun kai efarmogèc ìpou h
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�èltisth lÔsh eÐnai ìqi mìno epijumht  all� kai aparaÐthth| Epomènwc, h an�ptuxh sje-nar¸n kai apodotik¸n mejìdwn olik c �eltistopoÐhshc apoteleÐ antikeÐmeno thc trèqousacèreunac|Se autì to kef�laio �a melet soume th qr sh mejìdwn olik c �eltistopoÐhshc giathn ekpaÐdeush TND kai �a parousi�soume strathgikèc olik c anÐqneushc (global search),pou stoqeÔoun na apotrèyoun to prìblhma thc peristasiak c sÔgklishc se anepijÔmhtatopik� el�qista| Oi mèjodoi olik c anÐqneushc anamènetai na odhg soun se {�èltistec}  {sqedìn �èltistec} lÔseic sto q¸ro twn �ar¸n kai par�llhla �a parèqoun mhqanismoÔcapofug c twn topik¸n elaqÐstwn kat� th di�rkeia thc ekpaÐdeushc|AxÐzei na shmeiwjeÐ ìti, genik� oi algìrijmoi ekpaÐdeushc pou eÐnai �asismènoi se me-�ìdouc olik c �eltistopoÐhshc katèqoun tic �ewrhtikèc idiìthtec sÔgklishc twn mejìdwnaut¸n, kai, toul�qiston se genikèc grammèc, eÐnai aploÐ sthn efarmog  kai thn ulopoÐhs touc| Gia na aux soume thn arijmhtik  apodotikìtht� touc exoplÐzoume touc algìrijmoucolik c �eltistopoÐhshc me èna algìrijmo topik c �eltistopoÐhshc, pou èqei gr gorh sÔ-gklish se topik� el�qista| Bèbaia, akìmh kai t¸ra o algìrijmoc olik c �eltistopoÐhshceÐnai upeÔjunoc gia thn aneÔresh olik¸n elaqÐstwn, pou �ewrhtik� apaiteÐ {exantlhtik }anÐqneush| Autèc oi parathr seic deÐqnoun thn èmfuth apaÐthsh se upologistikoÔc pìrouctwn algorÐjmwn olik c �eltistopoÐhshc, h opoÐa aux�netai mh�poluwnumik�, san sun�r-thsh tou megèjouc tou probl matoc, akìmh kai stic aploÔsterec peript¸seic ekpaÐdeushcTND|To prìblhma pou parathreÐtai sthn ekpaÐdeush TND eÐnai ìti tìso oi algìrijmoi pou�asÐzontai sthn opisjodromik  di�dosh tou sf�lmatoc ìso kai oi algìrijmoi deÔterhct�xhc, suqn� sugklÐnoun se anepijÔmhta topik� el�qista, me apotèlesma na ephre�zetaiarnhtik� h diadikasÐa thc ekpaÐdeushc tou TND, afoÔ èqei san apotèlesma k�poio di�nu-sma �ar¸n pou den eÐnai ikanopoihtikì| Diaisjhtik�, h sun�rthsh sf�lmatoc parousi�zeipollapl� topik� el�qista diìti eÐnai h sÔnjesh twn mh grammik¸n sunart sewn energo-poÐhshc (pou èqoun el�qista se diaforetik� shmeÐa), me apotèlesma pollèc �orèc h telik sun�rthsh na mhn eÐnai kurt  [42]| O anepark c arijmìc neur¸nwn sto krufì str¸ma,h akat�llhlh arqikopoÐhsh twn �ar¸n kai h lanjasmènh �Ôjmish twn euretik¸n paramè-trwn epidein¸noun thn kat�stash me apotèlesma thn sÔgklish se topik� el�qista me mhepijumht  sunarthsiak  tim | Telik� to TND den katafèrnei na ekpaideuteÐ se ìla taprìtupa eisìdou kai h apìdos  tou den eÐnai h anamenìmenh|ArketoÐ ereunhtèc èqoun asqolhjeÐ me to prìblhma thc prìwrhc sÔgklishc kai èqounparousi�sei apotelèsmata pou �elti¸noun thn apìdosh twn mejìdwn, all� apaitoÔn naisqÔoun eidikèc sunj kec sqetik� me thn topologÐa tou TND, tou sunìlou protÔpwn ekpaÐ-deushc, kai twn arqik¸n �ar¸n [42, 68, 178]| ämwc, sunj kec ìpwc h grammik  diaqw-�isimìthta twn protÔpwn eisìdou kai h morf  {puramÐdac} gia topologÐa tou TND [42],kaj¸c epÐshc kai h an�gkh gia megalÔtero arijmì neur¸nwn sto krufì epÐpedo (p|q| tìsoineur¸nec ìsa kai ta prìtupa eisìdou) k�noun ta endiafèronta aut� apotelèsmata dÔskolaulopoi sima se praktikèc efarmogèc akìma kai gia ta pio apl� probl mata|AxÐzei na shmeiwjeÐ ìti mia mèjodoc topik c anÐqneushc mporeÐ na tropopoihjeÐ ètsi¸ste na èqei eureÐa sÔgklish qrhsimopoi¸ntac gia par�deigma tic sunj kec tou Wolfe poumelet jhkan sto Kef�laio 2   tic mh monìtonec strathgikèc pou �a analÔsoume sto Kef�-laio 8| ànac algìrijmoc ekpaÐdeushc topik c anÐqneushc mporeÐ na apokt sei thn idiìthtathc eureÐac sÔgklishc me ton kajorismì enìc tètoiou � matoc ¸ste se k�je epan�lhyh tosf�lma na elaqistopoieÐtai akrib¸c kat� m koc thc trèqousac kateÔjunshc anÐqneushc,dhlad  na isqÔei se k�je epan�lhyh E(wk+1) < E(wk)| Gia autì ton lìgo apaiteÐtaimia epanalhptik  eujÔgrammh (monodi�stath) anÐqneush an� kateÔjunsh, pou eÐnai suqn�akrib  apì thn �poyh twn upologism¸n thc tim c thc sun�rthshc sf�lmatoc| Prèpei nashmei¸soume ed¸ ìti h anwtèrw apl  sunj kh den eggu�tai eureÐa sÔgklish gia genikècsunart seic, dhlad  thn sÔgklish se èna topikì el�qisto apì opoiod pote arqikì shmeÐo
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(�l| thn ergasÐa [30] gia mia genik  suz thsh sqetik� me tic mejìdouc eureÐac sÔgklishc)|Sth sunèqeia tou kefalaÐou �a esti�soume se duo diaforetikèc proseggÐseic:

• se mejìdouc olik c �eltistopoÐhshc pou efarmìzontai sthn ekpaÐdeush TND, kai
• se metasqhmatismoÔc thc antikeimenik c sun�rthshc (sun�rthsh sf�lmatoc) me sko-pì thn stadiak  ex�leiyh twn anepijÔmhtwn topik¸n elaqÐstwn|

Autèc oi proseggÐseic mporoÔn genik� na qrhsimopoihjoÔn gia thn tropopoÐhsh uparqì-ntwn algorÐjmwn gia thn epÐlush tou probl matoc thc peristasiak c sÔgklishc se anepi-�Ômhta topik� el�qista|
6|2 Mèjodoi Olik c BeltistopoÐhshc gia thn EkpaÐdeush TND

S' aut  thn enìthta �a perigr�youme tic �asikèc arqèc tri¸n mejìdwn olik c �eltisto-poÐhshc| Sugkekrimèna �a melet soume thn mèjodo thc prosomoiwmènhc anìpthshc, toucgenetikoÔc algìrijmouc, kai th mèjodoc �eltistopoÐhshc me sm noc swmatidÐwn| S' aut thn kathgorÐa mejìdwn an koun kai oi DiaforoexeliktikoÐ algìrijmoi pou èqoume ekten¸canalÔsei sto Kef�laio 5|
6|2|1 H mèjodoc thc prosomoiwmènhc anìpthshc

H mèjodoc thc Prosomoiwmènhc Anìpthshc (PA) (Simulated Annealing � SA) [62, 90]anafèretai sth diadikasÐa kat� thn opoÐa eis�getai sthn antikeimenik  sun�rthsh tuqaÐoc�ìruboc kai sth sunèqeia mei¸netai susthmatik� me èna stajerì �ujmì| àtsi arqik� up�r-qei {exereÔnhsh} tou q¸rou twn lÔsewn, en¸ sth sunèqeia enisqÔetai h orj  apìkrish tousust matoc k�nontac dunat  th sÔgklish se k�poia {�èltisth}   {sqedìn �èltisth} lÔsh|Sto plaÐsio thc arijmhtik c �eltistopoÐhshc, h PA eÐnai mia diadikasÐa pou èqei thnikanìthta na kinhjeÐ èxw apì tic perioqèc twn topik¸n elaqÐstwn| H PA �asÐzetai se tuqaÐ-ouc upologismoÔc thc antikeimenik c sun�rthshc, kat� tètoio trìpo ¸ste na eÐnai dunatècoi metab�seic èxw apì thn perioq  enìc topikoÔ elaqÐstou| Den eggu�tai, �usik�, ìti �asugklÐnei sto olikì el�qisto, all� e�n h antikeimenik  sun�rthsh èqei pollèc sqedìn �èl-tistec lÔseic, tìte pijanìtata �a entopÐsei mia apì autèc|Eidikìtera, h PA eÐnai se �èsh na k�nei diakrÐseic metaxÔ perioq¸n me {akajìristhsumperifor�} thc sun�rthshc sf�lmatoc kai perioq¸n me {mikrìterec diakum�nseic}| Hmèjodoc eÐnai ikan  met� apì mia �ainomenik� tuqaÐa arqik  sumperifor�, lìgw thc me-g�lhc èntashc tou �orÔbou, na kinhjeÐ se mia perioq  thc antikeimenik c sun�rthshc ìpoueÐnai parìnta epijumht� topik� el�qista   k�poio olikì el�qisto, asqètwc apì ta pijan�geitonik� topik� el�qista pou �rÐskontai sthn perioq | äso h èntash tou �orÔbou eÐnaisqetik� meg�lh, h mèjodoc kineÐtai se di�forec perioqèc tou q¸rou lÔsewn �rÐskontacmia perioq  me ikanopoihtik  sunarthsiak  tim | àpeita, afoÔ h tim  tou �orÔbou èqeigÐnei sqetik� mikr , asqoleÐtai me topikèc leptomèreiec thc perioq c tou q¸rou twn lÔsewnpou kat�lhxe, �rÐskontac èna {sqedìn �èltisto} topikì el�qisto, e�n ìqi to Ðdio to olikìel�qisto|Sta plaÐsia ìmwc thc ekpaÐdeushc TND h apìdosh thc klasik c PA den eÐnai h ana-menìmenh: h mèjodoc apaiteÐ megalÔtero arijmì upologism¸n thc sun�rthshc sf�lmatocapì autìn pou apaitoÔn sun jwc algìrijmoi ekpaÐdeushc pr¸thc t�xhc kai den axiopoieÐplhroforÐec sqetikèc me to di�nusma twn parag¸gwn thc sun�rthshc sf�lmatoc| Epipro-sjètwc, h sun�rthsh sf�lmatoc den èqei topik� el�qista kal� kajorismèna se mia mikr perioq  tou q¸rou twn �ar¸n, all� antijètwc eureÐec perioqèc pou eÐnai sqedìn epÐpe-dec (�at regions)| Se aut n thn perÐptwsh, h elaqistopoÐhsh eÐnai polÔ dÔskolh kai hapokaloÔmenh kÐnhsh Metropolis (Metropolis move) [88] den eÐnai arket� isqur  gia naapomakrÔnei ton algìrijmo apì autèc tic perioqèc [170]|
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Gia touc parap�nw lìgouc, oi Burton kai Mpitsos [21] proteÐnoun thn parak�tw tro-popoÐhsh thc klasik c PA, h opoÐa axiopoieÐ plhroforÐec sqetikèc me thn par�gwgo thcsun�rthshc sf�lmatoc, kai mporeÐ na qrhsimopoihjeÐ gia na �elti¸sei ton algìrijmo opi-sjodromik c di�doshc tou sf�lmatoc:

wk+1 = wk − µ∇E(wk) + nc2−dk, (6|1)
ìpou n eÐnai mia par�metroc pou elègqei thn arqik  èntash tou �orÔbou pou eis�goumesto sÔsthma, c ∈ (−0.5,+0.5) eÐnai ènac tuqaÐoc arijmìc apì thn omoiìmorfh katanom kai d eÐnai h stajer� meÐwshc tou �orÔbou (noise decay constant)|Sta apotelèsmata apì ta peir�mata pou anafèroume sthn Enìthta 6|4, parousi�zoumeapotelèsmata apì dÔo parallagèc thc mejìdou pou dÐnetai apì th Sqèsh (6|1)| Sthn pr¸-th parallag , èqoume efarmìsei apokleistik� thn Sqèsh (6|1) ìpwc akrib¸c proteÐnetaisto [21]| Onom�zoume aut  th mèjodo SA| Enallaktik�, mporoÔme na ekpaideÔoume to TNDme thn gnwst  mèjodo thc opisjodromik c di�doshc tou sf�lmatoc (BP), all� ìtan aut sugklÐnei se èna anepijÔmhto topikì el�qisto, qrhsimopoioÔme thn mèjodo SA gia na toapofÔgoume| Onom�zoume thn sunduastik  aut  mèjodo BPSA|
6|2|2 GenetikoÐ algìrijmoi

Oi GenetikoÐ Algìrijmoi (GA) (Genetic Algorithms � GA) eÐnai aploÐ all� isquroÐ algì-�ijmoi �eltistopoÐhshc �asismènoi stouc mhqanismoÔc thc �usik c epilog c kai thc Geneti-k c| To majhmatikì plaÐsio twn GA anaptÔqjhke sth dekaetÐa tou 1960 kai parousi�zetaisto prwtoporiakì �iblÐo tou Holland [51]| Oi GA èqoun qrhsimopoihjeÐ pr¸tista se dÔsko-la probl mata �eltistopoÐhshc kai oi �asikèc arqèc thc leitourgÐac touc perigr�fontaisÔntoma wc ex c: se k�je geni�1 (generation) enìc GA, dhmiourgeÐtai èna nèo sÔnolo pro-seggÐsewn thc lÔshc qrhsimopoi¸ntac touc telestèc twn GA (pou eÐnai daneismènoi apì thGenetik ) kai epilègontac ta �toma gia thn epìmenh geni� sÔmfwna me ton telest  epilog c|Aut  h diadikasÐa odhgeÐ sthn exèlixh tou plhjusmoÔ twn atìmwn, pou ètsi prosarmìzontaikalÔtera sto perib�llon apì touc progìnouc touc, akrib¸c ìpwc sthn �usik  epilog |Pio sugkekrimèna, ènac aplìc GA epexerg�zetai ènan peperasmèno plhjusmì duadi-k¸n dianusm�twn stajeroÔ m kouc, pou apokaloÔntai qrwmos¸mata (chromosomes)| Oisunist¸sec tou qrwmoswm�twn apokaloÔntai gonÐdia (genes)| Oi GA èqoun dÔo �asikoÔctelestèc: (a) ton telest  anasunduasmoÔ (crossover operator) twn qrwmoswm�twn, kai (�)ton telest  met�llaxhc (mutation operator) twn qrwmoswm�twn gia thn tuqaÐa metabol  thctim c twn gonidÐwn touc|O telest c anasunduasmoÔ ereun� tic diaforetikèc domèc kai sq mata twn qrwmosw-m�twn, me thn antallag  mia om�dac gonidÐwn metaxÔ dÔo proepilegmènwn qrwmoswm�twn,en¸ o telest c met�llaxhc qrhsimeÔei pr¸tista sthn apofug  topik¸n elaqÐstwn tou q¸-�ou twn �ar¸n me thn allag  thc tim c enìc gonidÐou, eis�gontac ètsi poikilomorfÐa stonplhjusmì| àna meg�lo mèroc thc apotelesmatikìthtac thc anaz thshc twn GA ofeÐletaisthn sunduasmènh dr�sh tou anasunduasmoÔ kai thc met�llaxhc| ànac �lloc telest c pousundèetai me touc parap�nw kai dra met� apì autoÔc, eÐnai o telest c epilog c (selectionoperator), o opoÐoc eÐnai upeÔjunoc gia thn epilog  twn qrwmoswm�twn gia thn epìmenhgeni� kai thn epibÐwsh twn katallhlìterwn| Gia mia perigraf  thc leitourgÐac enìc aploÔGA �lèpe to Sq ma 6|1|H dunatìthta thc par�llhlhc ektèleshc twn GA, h antoq  touc ston �ìrubo, kaj¸cepÐshc kai h ikanìtht� touc na aniqneÔoun kai perioqèc me megalÔterec sunarthsiakèctimèc apì to trèqwn kalÔtero shmeÐo, kajistoÔn touc GA katexoq n kat�llhlouc gia thn
1O ìroc geni� stouc GA tautÐzetai me ton ìro epan�lhyh se opoiond pote �llo klasikì algìrijmo

�eltistopoÐhshc|
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ekpaÐdeush TND, kaj¸c �aÐnontai ikanoÐ na exereun soun kai na aniqneÔsoun apotelesma-tik� to q¸ro twn �ar¸n| Gia ta peir�mat� mac qrhsimopoi same to prìgramma GeneticAlgorithm for Optimization Toolbox (GAOT) [55]| Qrhsimopoi same touc proepilegmènouctelestèc anasunduasmoÔ kai met�llaxhc tou GAOT kai pragmatikoÔc arijmoÔc gia thnkwdikopoÐhsh twn �ar¸n twn TND|
Montelo Aplou Genetikou Algorijmou{ //ArqikopoÐhse thn metablht  mètrhshc tou qrìnout := 0;//ArqikopoÐhse ton plhjusmìInitPopulation(P(t));//Upolìgise thn antikeimenik  sun�rthsh gia ìla ta �tomaEvaluate(P(t));//àlegxe to krit rio termatismoÔwhile not Termination Criterion dot := t + 1;//Epèlexe ton upoplhjusmì gia thn dhmiourgÐa twn apogìnwnQ(t) := SelectParents(P(t));//AnasundÔase ta {gonÐdia} twn gonèwnRecombine(Q(t));//Diat�raxe stoqastik� ton nèo plhjusmìMutate(Q(t));//Upolìgise thn antikeimenik  sun�rthsh gia ìla ta �tomaEvaluate(Q(t));//Epèlexe ta �toma gia thn epìmenh geni�P(t + 1) := Survive(P(t), Q(t));end}

Sq ma 6|1: Perigraf  enìc aploÔ GenetikoÔ Algìrijmou
6|2|3 H mèjodoc �eltistopoÐhshc me sm noc swmatidÐwn

H mèjodoc BeltistopoÐhshc me Sm noc SwmatidÐwn (BSS) (Particle Swarm Optimization� PSO) qrhsimopoieÐ èna plhjusmì apì pijanèc lÔseic, pou h dunamik  tou mporeÐ naparomoiasjeÐ me thn sumperifor� enìc sm nouc swmatidÐwn   kalÔtera pouli¸n| àtsipragmatopoieÐtai dianom  twn plhrofori¸n metaxÔ twn mel¸n tou sm nouc kai ta �tomamporoÔn na wfelhjoÔn apì tic anakalÔyeic kai thn prohgoÔmenh empeirÐa ìlwn twn �l-lwn suntrìfwn touc kat� th di�rkeia thc anaz thshc trof c! Kat� sunèpeia, k�je ènacsÔntrofoc, pou onom�zetai swmatÐdio (particle), tou plhjusmoÔ, pou kaleÐtai t¸ra sm noc(swarm), upotÐjetai ìti {pet�} p�nw apì ton q¸ro twn �ar¸n prokeimènou na �rejoÔn oipio {elpidofìrec} perioqèc tou topÐou| ParadeÐgmatoc q�rin, sthn perÐptwsh elaqistopoÐ-hshc, tètoiec perioqèc eÐnai autèc pou èqoun tic mikrìterec sunarthsiakèc timèc| Se autìto plaÐsio, k�je swmatÐdio antimetwpÐzetai wc èna shmeÐo ston N -di�stato q¸ro twn �ar¸n,pou �ujmÐzei thn {pt sh} tou sÔmfwna me thn empeirÐa tou kaj¸c epÐshc kai thn empeirÐatwn �llwn swmatidÐwn (sÔntrofoi)|Mèqri s mera èqoun protajeÐ pollèc parallagèc thc BSS, met� apì thn eisagwg  thcapì touc Eberhart kai Kennedy [33, 61]| Sta peir�mat� mac èqoume qrhsimopoi sei miaprìsfath tropopoÐhsh autoÔ tou algorÐjmou, h opoÐa par�getai me thn prosj kh mia nèac
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paramètrou (��roc adr�neiac) sthn arqik  dunamik  thc BSS [32]| Aut  h tropopoÐhshperigr�fetai sth sunèqeia|Pr¸ta ac kajorÐsoume ton sumbolismì pou �a qrhsimopoi soume se aut  thn pa-��grafo: to i-sto swmatÐdio tou sm nouc anaparÐstatai apì èna N�di�stato di�nusma
Xi = (xi1, xi2, . . . , xiN ) kai to kalÔtero swmatÐdio tou sm nouc, dhlad  autì pou èqei thmikrìterh sunarthsiak  tim  dhl¸netai apì ton deÐkth g| H prohgoÔmenh kalÔterh �èshtou i-stou swmatidÐou katagr�fetai kai sumbolÐzetai san Pi = (pi1, pi2, . . . , piN ), kai tèloch metabol  thc �èshc tou k�je swmatidÐou, dhlad  h taqÔthta (velocity) tou i-stou swmati-dÐou sumbolÐzetai Vi = (vi1, vi2, . . . , viN )| To mègejoc tou sm nouc (NP) paramènei stajerìkaj' ìlh thn di�rkeia thc ekpaÐdeushc|H taqÔthta kai h �èsh twn swmatidÐwn tou sm nouc upologÐzontai apì tic akìloujecexis¸seic:

vin = w vin + c1r1(pin − xin) + c2r2(pgn − xin), (6|2)
xin = xin + vin, (6|3)

ìpou n = 1, 2, . . . , N , i = 1, 2, . . . ,NP, w eÐnai to ��roc adr�neiac, c1 kai c2 eÐnai �etikècstajerèc, kai r1 kai r2 eÐnai tuqaÐoi pragmatikoÐ arijmoÐ apì to di�sthma [0, 1]|H Sqèsh (6|2) qrhsimopoieÐtai gia ton upologismì thc nèac taqÔthtac tou i-stou sw-matidÐou, lamb�nontac upìyh treic ìrouc: thn prohgoÔmenh taqÔthta tou swmatidÐou, thnapìstash metaxÔ thc kalÔterhc prohgoÔmenhc kai thc trèqousac �èshc tou swmatidÐou,kai, thn apìstash metaxÔ thc kalÔterhc empeirÐac tou sm nouc (th �èsh tou kalÔterou sw-matidÐou tou sm nouc) kai thc trèqousac �èshc tou swmatidÐou| Katìpin, to i-sto swmatÐdiokineÐtai se mia nèa �èsh sÔmfwna me th Sqèsh (6|3)|O �ìloc tou ��rouc adr�neiac w, �ewreÐtai polÔ shmantikìc sth sumperifor� sÔ-gklishc thc BSS| To ��roc adr�neiac qrhsimopoieÐtai gia na elègxei ton antÐktupo thcprohgoÔmenhc istorÐac twn taqut twn sthn trèqousa taqÔthta| Kat' autì ton trìpo, h pa-��metroc w parèqei exisorrìphsh metaxÔ thc olik c kai topik c dunatìthtac anaz thshctou sm nouc|àna sqetik� meg�lo ��roc adr�neiac dieukolÔnei thn olik  exereÔnhsh (sunep¸c kaithn anÐqneush nèwn perioq¸n), en¸ èna sqetik� mikrì ��roc adr�neiac teÐnei na dieukolÔneithn topik  exereÔnhsh, dhlad  thn sÔgklish se k�poio el�qisto| H kat�llhlh tim  gia to��roc adr�neiac w parèqei sun jwc isorropÐa metaxÔ thc olik c kai topik c anÐqneushckai sunep¸c èqei san apotèlesma th meÐwsh tou arijmoÔ twn epanal yewn pou apaitoÔntaigia na entopisteÐ mia �èltisth lÔsh| ànac empeirikìc kanìnac proteÐnei ìti eÐnai kalÔte-�a to ��roc adr�neiac na èqei arqik� mia sqetik� meg�lh tim , prokeimènou na gÐnei hkalÔterh dunat  anÐqneush tou q¸rou twn �ar¸n, kai �ajmiaÐa na mei¸netai ¸ste na �oh-�hjeÐ h sÔgklish thc mejìdou| Gia to lìgo autì h tim  tou ��rouc adr�neiac metab�lletaiantistrìfwc an�loga tou arijmoÔ twn epanal yewn|Apì thn anwtèrw suz thsh eÐnai profanèc ìti wc èna orismèno �ajmì h BSS moi�zeime touc ExeliktikoÔc AlgorÐjmouc pou melet same sto Kef�laio 5| EntoÔtoic, h BSS antÐna qrhsimopoioÔn genetikoÔc telestèc, k�je swmatÐdio enhmer¸nei th �èsh tou �asizìmenosthn empeirÐa tou kai sthn empeirÐa kai tic {anakalÔyeic} twn suntrìfwn tou| H prosj khtou ìrou thc taqÔthtac sthn trèqousa �èsh tou swmatidÐou, prokeimènou na upologisteÐ hepìmenh �èsh, moi�zei me ton telest  met�llaxhc| Shmei¸noume ìti sthn BSS, entoÔtoic, otelest c met�llaxhc kajodhgeÐtai apì thn empeirÐa tou swmatidÐou all� kai tou sm nouc|Me �lla lìgia, h BSS �ewreÐtai na qrhsimopoieÐ èna telest  met�llaxhc me {suneÐdhsh},ìpwc epishmaÐnetai sto [32]|
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6|3 MetasqhmatismoÐ thc Sun�rthshc Sf�lmatoc

S' aut  thn enìthta �a exet�soume metasqhmatismoÔc thc sun�rthshc sf�lmatoc meskopì thc stadiak  ex�leiyh anepijÔmhtwn topik¸n elaqÐstwn| àstw to shmeÐo w̄ tìte ¸steup�rqei mia geitoni� B tou w̄ me:
E(w̄) 6 E(w), ∀w ∈ B. (6|4)

Tìte autì to shmeÐo eÐnai èna topikì el�qisto thc sun�rthshc sf�lmatoc kai, ìpwc èqei dh anaferjeÐ anwtèrw, pollèc mèjodoi pagideÔontai se tètoia anepijÔmhta topik� el�qi-sta| H kÔria idèa thc efarmog c enìc metasqhmatismoÔ sth sun�rthshc sf�lmatoc eÐnaimerik� apì ta anepijÔmhta topik� el�qista na exafanistoÔn, en¸ to olikì el�qisto kaj¸ckai �lla epijumht� topik� el�qista na parameÐnoun amet�blhta| Oi teqnikèc pou �a peri-gr�youme katwtèrw stoqeÔoun sto metasqhmatismì thc sun�rthshc sf�lmatoc kat� tètoiotrìpo ¸ste h sÔgklish se èna olikì   genikìtera epijumhtì topikì el�qisto enisqÔetaigia opoiond pote algìrijmo ekpaÐdeushc pou eÐnai exoplismènoc me autèc| DÔo teqnikècperigr�fontai parak�tw: (a) h teqnik  thc parekklÐnousac troqi�c, kai (�) h teqnik  tou{efelkusmoÔ} thc antikeimenik c sun�rthshc|
6|3|1 H teqnik  thc parekklÐnousac troqi�c

H teqnik  thc ParekklÐnousac Troqi�c (de�ection procedure) prot�jhke sto [83], kaisÔmfwna me aut  ìtan h akoloujÐa twn dianusm�twn twn �ar¸n {wk}∞0 sugklÐnei se ènaanepijÔmhto topikì el�qisto w̄ ∈ RN , tìte h sun�rthsh sf�lmatoc E(w) metasqhmatÐzetaisÔmfwna me thn akìloujh sqèsh:
F (w) = S(w; w̄, λ)−1E(w),

ìpou S(w; w̄, λ) eÐnai mia sun�rthsh pou exart�tai apì to di�nusma w kai to topikì e-l�qisto w̄ thc E, kai λ eÐnai mia par�metroc qal�rwshc (relaxation parameter)| SthnperÐptwsh pou �èloume na exaleÐyoume m topik� el�qista thc sun�rthsh sf�lmatoc
w̄1, . . . , w̄m ∈ RN , h parap�nw sqèsh gÐnetai:

F (w) = S(w; w̄1, λ1)−1 · · ·S(w; w̄m, λm)−1E(w).

H teqnik  thc parekklÐnousac troqi�c parèqei mia {kat�llhlh} sun�rthsh S(·) tètoia ¸steh nèa sun�rthsh F (w) na mhn parousi�zei el�qisto sta shmeÐa w̄i, i = 1, . . . ,m, en¸ ìlata upìloipa el�qista thc arqik c sun�rthshc sf�lmatoc E na paramènoun amet�blhta|Dhlad , kataskeu�zoume sunart seic S pou parèqoun sthn sun�rthsh F thn akìloujhidiìthta: gia k�je topikì el�qisto w̄i thc sun�rthshc E (to opoÐo �rÐskei h mèjodoc ek-paÐdeushc), h F den �a parousi�zei el�qisto sto w = w̄i| Epiprìsjeta, h sun�rthsh FdiathreÐ ìla ta �lla el�qista thc E| Aut  eÐnai h teqnik  thc parekklÐnousac troqi�c [83]|Gia par�deigma èstw h sun�rthsh:
S(w; w̄i, λi) = tanh (λi‖w − w̄i‖) ,

h opoÐa dÐnei sthn nèa sun�rthsh F aut  thn idiìthta, ìpwc �a deÐxoume parak�tw|Ac upojèsoume ìti èqoume �rei èna anepijÔmhto topikì el�qisto w̄i| Tìte:
lim

w→w̄i

E(w)
tanh (λ‖w − w̄i‖)

= +∞,

pou shmaÐnei ìti to w̄i den eÐnai el�qisto thc F | Epiprosjètwc, eÐnai eÔkolo na deiqjeÐ ìti
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gia ‖w − w̄i‖ > ε, ìpou ε eÐnai mia mikr  �etik  stajer�, isqÔei

lim
λ→+∞

F (w) = lim
λ→+∞

E(w)
tanh (λ‖w − w̄i‖)

= E(w), (6|5)
kaj¸c o paronomast c teÐnei sthn mon�da| Sunep¸c, h sun�rthsh sf�lmatoc paramèneiamet�blhth ston upìloipo q¸ro twn �ar¸n|AxÐzei na shmeiwjeÐ ìti to apotèlesma thc teqnik c thc parekklÐnousac troqi�c exart�taiapì to prìblhma kai thn tim  thc paramètrou λ| Gia tuqaÐec timèc tou λ up�rqei mia mikr geitoni� R(w̄, ρ) me kèntro w̄ kai aktÐna ρ, me ρ ∝ λ−1, ìpou gia k�je x ∈ R(w̄, ρ) isqÔeiìti F (w) > E(w)| Pio sugkekrimèna, ìtan h tim  tou λ eÐnai sqetik� mikr  (èstw λ < 1), oparonomast c thc Sqèshc (6|5) gÐnetai Ðsoc me thn mon�da gia w {makri�} apì to w̄| àtsi, hteqnik  thc parekklÐnousac troqi�c ephre�zei mia {meg�lh} geitonÐa tou q¸rou twn �ar¸ngÔrw apì to w̄| ätan h tim  thc paramètrou λ eÐnai sqetik� meg�lh, nèa topik� el�qistaeÐnai pijanì na dhmiourghjoÔn sth geitoni� tou w̄, san èna {Mexik�niko kapèlo}| Aut� tatopik� el�qista èqoun sunarthsiakèc timèc megalÔterec apì F (w̄) kai mporoÔn eÔkola naapofeuqjoÔn me thn epilog  enìc kat�llhlou �ujmoÔ ekpaÐdeushc   all�zontac thn tim tou λ| MporoÔme na doÔme to apotèlesma thc teqnik c thc parekklÐnousac troqi�c sthn

Sq ma 6|2: Grafik  par�stash thc sun�rthshc Six Hump Camel Back

Sq ma 6|3: Efarmìzontac thn teqnik  thc parekklÐnousac troqi�c sth sun�rthsh Six Hump Camel
Back, gia λ = 1.5 kai λ = 10

gnwst  sun�rthsh Six Hump Camel Back, pou dÐnetai apì thn èkfrash:
f(x1, x2) = 4x2

1 − 2.1x4
1 +

1
3
x6

1 + x1x2 − 4x2
2 + 4x4

2.

H grafik  par�stash thc sun�rthshc �aÐnetai sto Sq ma 6|2| H efarmog  thc teqnik cthc parekklÐnousac troqi�c gia λ = 1.5 apeikonÐzetai sto Sq ma 6|3 (arister�) kai gia
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λ = 10 sto Sq ma 6|3 (dexi�)|Gia na d¸soume mia epoptik  eikìna thc teqnik c thc parekklÐnousac troqi�c dÐnoumeakìma èna par�deigma, to opoÐo afor� thn ekpaÐdeush enìc neur¸na (single neuron) methn mèjodo thc opisjodromik c di�doshc tou sf�lmatoc| To prìblhma afor� thn ekm�-�hsh 8 
eug¸n tim¸n eisìdou�exìdou apì to el�qisto autì TND| H epif�neia sf�lmatocapeikonÐzetai sto Sq ma| 6|4 (ep�nw arister�)| To epijumhtì el�qisto �rÐsketai sto kèntrotou sq matoc, kai epÐshc up�rqoun duo {koil�dec} pou odhgoÔn se anepijÔmhta topik�el�qista| Sto Sq ma 6|4 (ep�nw dexi�) apeikonÐzetai h troqi� twn dianusm�twn twn �ar¸nkat� thn di�rkeia thc ekpaÐdeushc, ìpou oi arqik  sunj kh od ghse thn mèjodo se ènaapì ta anepijÔmhta topik� el�qista| Sto Sq ma 6|4 (k�tw arister�) kai sto Sq ma 6|4(k�tw dexi�) parousi�zoume thn parekklÐnousa troqi� twn dianusm�twn twn �ar¸n, h o-poÐa apeikonÐzetai mazÐ me tic isoôyeÐc kampÔlec tou metasqhmatismoÔ F , kaj¸c kai thcarqik c sun�rthshc sf�lmatoc E|

Sq ma 6|4: Efarmìzontac thn mèjodo thc parekklÐnousac troqi�c sthn ekpaÐdeush TND (me xshmei¸noume to el�qisto thc sun�rthshc E)
AxÐzei na parathr soume ìti h teqnik  thc parekklÐnousac troqi�c mporeÐ na enswma-twjeÐ se opoiond pote algìrijmo ekpaÐdeushc TND kai �ohj� sthn apofug  anepijÔmhtwntopik¸n elaqÐstwn| Sta apotelèsmata pou parousi�zoume parak�tw, èqoume dokim�sei thnklasik  mèjodo thc opisjodromik c di�doshc tou sf�lmatoc se sunduasmì me thn teqnik thc parekklÐnousac troqi�c| Onom�zoume thn nèa mèjodo (BPD)|

6|3|2 H teqnik  tou {efelkusmoÔ} thc antikeimenik c sun�rthshc
H teqnik  tou {efelkusmoÔ} thc antikeimenik c sun�rthshc (function ``stretching'') a-poteleÐ èna metasqhmatismì thc sun�rthshc sf�lmatoc E(w) kai mporeÐ na efarmosteÐafoÔ èna topikì el�qisto w̄ thc sun�rthshc E èqei �rejeÐ [100�102]| O metasqhmatismìc
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apoteleÐtai apì dÔo ��seic, pou ulopoioÔntai sÔmfwna me tic akìloujec sqèseic:

G(w) = E(w) +
γ1

2
‖w − w̄‖ (sign(E(w)− E(w̄)) + 1) , (6|6)

H(w) = G(w) + γ2
sign (E(w)− E(w̄)) + 1
2 tanh (µ(G(w)−G(w̄)))

, (6|7)
ìpou γ1, γ2 kai µ eÐnai tuqaÐec �etikèc stajerèc, kai sign(·) eÐnai h gnwst  sun�rthshtou pros mou| H sun�rthsh tou pros mou mporeÐ na proseggisteÐ apì mia sigmoeid sun�rthsh, ìpwc p|q| h logistik  sun�rthsh   h uperbolik  efaptomènh:

sign(w) ≈ logsig(w) =
2

1 + exp(−λw)
− 1 ≡ tanh

(
λ

2
w

)
,

gia meg�lec timèc tou λ| Autèc oi sigmoeideÐc sunart seic eÐnai suneq¸c paragwgÐsimec kaiqrhsimopoioÔntai san sunart seic energopoÐhshc TND|Prèpei na shmeiwjeÐ ìti h pr¸th ��sh tou metasqhmatismoÔ, pou dÐnetai apì th Sqè-sh (6|6), {anashk¸nei} thn sun�rthsh sf�lmatoc E(w) me skopì na apaleÐyei ìla tael�qista pou èqoun megalÔterec timèc apì E(w̄)| H deÔterh ��sh tou metasqhmatismoÔ,pou dÐnetai apì th Sqèsh (6|7), {tent¸nei} thn geitoni� tou shmeÐou w̄ proc ta ep�nw, afoÔdÐnei se ìla aut� ta shmeÐa megalÔterec sunarthsiakèc timèc| Kai oi dÔo ��seic tou me-tasqhmatismoÔ den tropopoioÔn perioqèc thc sun�rthshc sf�lmatoc pou èqoun mikrìterhsunarthsiak  tim  apì to topikì el�qisto w̄| àtsi to olikì el�qisto kai ìla ta el�qistame mikrìterh sunarthsiak  tim  paramènoun amet�blhta|Se autì to shmeÐo parèqoume èna par�deigma thc teqnik c aut c gia na deÐxoume thnleitourgÐa thc| To prìblhma pou �a dokim�soume eÐnai h sun�rthsh dÔo metablht¸n pouonom�zetai Levy No. 5 [70], eÐnai gnwst  gia thn plhj¸ra topik¸n elaqÐstwn pou èqei kaidÐnetai apì ton akìloujo tÔpo:
f(x) =

5∑
i=1

i cos[(i+ 1)x1 + i]×
5∑

j=1

j cos[(j + 1)x2 + j] +

+(x1 + 1.42513)2 + (x2 + 0.80032)2, (6|8)
ìpou −10 6 xi 6 10, i = 1, 2| H sun�rthsh aut  parousi�zei perÐpou 760 topik� el�qistakai èna olikì el�qisto sto shmeÐo x∗ = (−1.3068,−1.4248) me sunarthsiak  tim  f∗ =
−176.1375| O meg�loc arijmìc topik¸n akrot�twn k�nei thn prosp�jeia gia ton entopismìtou olikoÔ elaqÐstou exairetik� dÔskolh| Sto Sq ma 6|5, parousi�zoume thn grafik par�stash thc Levy No. 5 sto tetr�gwno [−2, 2]2|AfoÔ efarmìsoume ton metasqhmatismì thc Sqèshc (6|6) (pr¸th ��sh tou metasqhma-tismoÔ) sth sun�rthsh Levy No. 5, h nèa morf  thc sun�rthshc �aÐnetai sto Sq ma 6|6(arister�)| EÐnai �anerì ìti ta el�qista me sunarthsiakèc timèc megalÔterec apì to el�qi-sto sto opoÐo efarmìsame ton metasqhmatismì apaleÐfontai, en¸ h perioq  {k�tw} apì totopikì el�qisto w̄ paramènei analloÐwth| Sto Sq ma 6|6 (dexi�), parousi�zoume thn telik sun�rthsh met� thn efarmog  kai thc Sqèshc (6|7) (deÔterh ��sh tou metasqhmatismoÔ)sthn sun�rthsh Levy No. 5| EÐnai safèc apì to sq ma ìti olìklhrh h geitoni� tou topikoÔel�qistou èqei {anuywjeÐ}, me apotèlesma to el�qisto na èqei metatrapeÐ se mègisto| Sthsunèqeia dÐnoume leptomèreiec sqetik� me thn apìdosh thc teqnik c aut c se sunduasmìme ton algìrijmo BSS| Onom�zoume (SPSO) thn nèa sÔnjeth mèjodo|
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Sq ma 6|5: Grafik  par�stash thc sun�rthshc Levy No. 5

Sq ma 6|6: Grafik  par�stash thc sun�rthshc Levy No. 5 met� apì to pr¸to st�dio (arister�)kai met� apì to deÔtero st�dio (dexi�) tou proteinìmenou metasqhmatismoÔ
6|4 Apotelèsmata

Sthn enìthta aut  dÐnoume sugkritik� apotelèsmata kai mia axiolìghsh thc apìdoshctwn parap�nw mejìdwn, tic opoÐec èqoume dokim�sei se dÔo probl mata ekpaÐdeushc gnw-st� gia ta poll� topik� el�qista pou parousi�zoun, kai tic sugkrÐnoume me thn mèjodothc opisjodromik c di�doshc tou sf�lmatoc (BP) [133] kai thn mèjodo thc opisjodromik cdi�doshc tou sf�lmatoc me orm  (BPM) [57, 133]| Oi algìrijmoi arqikopoi jhkan me taÐdia arqik� ��rh, pou epilèqjhkan tuqaÐa apì thn omoiìmorfh katanom  sto di�sthma
(−1, 1)| Oi mèjodoi BPSA kai BPD enhmer¸noun to di�nusma twn �ar¸n qrhsimopoi¸ntacthn mèjodo thc opisjodromik c di�doshc tou sf�lmatoc, èwc ìtou epiteuqjeÐ sÔgklishse èna olikì   epijumhtì topikì el�qisto| To di�nusma twn �ar¸n wk �ewreÐtai shmeÐoepijumhtoÔ topikoÔ elaqÐstou an E(wk) 6 0.04| Prèpei na shmeiwjeÐ ìti h sÔgklish seèna topikì el�qisto sqetÐzetai me to mègejoc thc parag¸gou thc sun�rthshc sf�lmatoc|àtsi, ìtan ikanopoieÐtai to krit rio termatismoÔ ‖∇E(wk)‖ 6 10−3, to wk �ewreÐtai wcèna topikì el�qisto w̄i thc sun�rthshc sf�lmatoc E|Stic dokimèc mac den k�name kami� prosp�jeia gia thn �Ôjmish twn paramètrwn twnmejìdwn| Antijètwc, qrhsimopoi same stajerèc timèc| Sta peir�mata thc PSO pou pa-
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�ajètoume parak�tw, oi timèc twn paramètrwn γ1, γ2 kai µ  tan gia ìlec tic dokimèc
γ1 = 10000, γ2 = 1 kai µ = 10−10| O arijmìc twn qrwmoswm�twn pou apoteloÔn tonplhjusmì gia ton Genetikì Algìrijmo (GA), epilèqjhke na isoÔtai me dÔo �orèc th di�sta-sh tou probl matoc (isqÔoun kai ed¸ ta sqìlia thc Upoenìthtac 5|2|3 tou KefalaÐou 5 giato mègejoc tou plhjusmoÔ)|H exisorrìphsh metaxÔ thc olik c kai topik c anÐqneushc tou q¸rou twn �ar¸n apì ticmejìdouc PSO kai SPSO �asik� elègqetai apì to ��roc adr�neiac| Akolouj¸ntac ton sul-logismì pou anaptÔqjhke sthn Upoenìthta 6|2|3, epilèxame na metab�lloume (mei¸noume)thn tim  tou ��rouc adr�neiac me to qrìno| àtsi d¸same thn arqik  tim  1 kai stadiak�pou stadiak� meiwnìtan èwc thn tim  0.4| H strathgik  aut  apodeÐqjhke sthn pr�xh naèqei polÔ kalÔtera apotelèsmata apì thn qr sh mia stajer  tim  gia to ��roc adr�neiac,afoÔ oi sqetik� meg�lh arqik  tim  epitrèpei thn eureÐa exereÔnhsh tou q¸rou twn �ar¸n,en¸ h stadiak  meÐws  thc �ohj� sthn kalÔterh exereÔnhsh mikrìterwn perioq¸n|K�je epan�lhyh twn mejìdwn BP, BPM, BBP, SA, BPSA kai BPD antistoiqeÐ se ènaupologismì thc tim c kai èna upologismì tou dianÔsmatoc twn merik¸n parag¸gwn thcsun�rthshc sf�lmatoc, se antÐjesh me tic mejìdouc BPVS, NMBPM, NMBBP kai NMBPVSìpou, genik�, o arijmìc twn upologism¸n thc tim c thc sun�rthshc sf�lmatoc (FunctionEvaluations � FE) eÐnai megalÔteroc apì ton arijmì twn upologism¸n tou dianusm�twntwn merik¸n parag¸gwn thc (Gradient Evaluations � GE), lìgw thc eujÔgrammhc (mono-di�stathc) anÐqneushc pou qrhsimopoioÔn| Ston PÐnaka 6|1 parousi�zoume duo grammècme apotelèsmata gia tic mejìdouc autèc: h pr¸th anafèretai stouc upologismoÔc thc ti-m c thc sun�rthshc sf�lmatoc (FE), en¸ h deÔterh stouc upologismoÔc tou dianÔsmatoctwn merik¸n parag¸gwn (GE)| Tèloc, na tonÐsoume ìti èna apì ta �asik� gnwrÐsmata twnalgorÐjmwn GA, PDE, PSO kai SPSO eÐnai ìti apaitoÔn mìno ton upologismì twn tim¸n thcsun�rthshc sf�lmatoc|Gia thn eukolìterh sÔgkrish twn algorÐjmwn, dokim�same kai tic mejìdouc opisjo-dromik c di�doshc tou sf�lmatoc (BP) [133], opisjodromik c di�doshc tou sf�lmatocme orm  (momentum) [57, 133] (BPM), kai opisjodromik c di�doshc tou sf�lmatoc meprosarmostikì �ujmì ekpaÐdeushc kai orm  [159] (ABP)| Tèloc, ston PÐnaka twn apotele-sm�twn èqoume sumperil�bei kai apotelèsmata apì tic mh monìtonec mejìdouc (NMBPM,NMBBP kai NMBPVS) pou parousi�zontai sto Kef�laio 8 kai apì touc Par�llhloucDiaforoexeliktikoÔc algìrijmouc (PDE1, PDE2, PDE3, PDE4, PDE5 kai PDE6) pouparousi�zontai sto Kef�laio 5|
1) To prìblhma tou apokleistikoÔ�EITE| To klasikì prìblhma tou apokleistikì�EITE [133,146] (�l| Par�rthma A|1) apoteleÐ thn pr¸th dokim  mac, giatÐ parousi�zei euaisjhsÐa sticarqikèc timèc twn �ar¸n kai meg�lo arijmì topik¸n el�qistwn [17]| O �ujmìc ekpaÐdeushcpou qrhsimopoi same  tan Ðsoc me 1.5 kai oi par�metroi twn mejìdwn SA, BPSA kai PSOeÐqan tic timèc n = 0.3, d = 0.002 kai c1 = c2 = 0.5| Gia ìlec tic mejìdouc èginan 100peir�mata kai ta apotelèsmata sunoyÐzontai ston PÐnaka 6|1|
2) To prìblhma thc isotimÐac 3�bit| To deÔtero prìblhma pou dokim�same  tan to prìblhmathc isotimÐac 3�bit [133] (�l| Par�rthma A|2)| EÐnai gnwstì ìti sto prìblhma autì o q¸roctwn �ar¸n parousi�zei poll� topik� el�qista kaj¸c kai meg�lec epÐpedec perioqèc| O�ujmìc ekpaÐdeushc epilèqjhke na eÐnai Ðsoc me 0.5 kai oi par�metroi twn mejìdwn SA,BPSA kai PSO eÐqan tic timèc n = 0.1, d = 0.00025, c1 = 0.1 kai c2 = 1| Ta apotelèsmataapì 100 anex�rthtec dokimèc gia k�je algìrijmo parousi�zontai ston PÐnaka 6|1|
6|5 Sumper�smata � Suneisfor�

Apì th melèth twn apotelesm�twn tou PÐnaka 6|1 eÐnai �anerì ìti o sunduasmìc mejì-dwn olik c kai topik c anÐqneushc, ìpwc oi mèjodoi BPSA kai BPD, parèqei megalÔtero
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PÐnakac 6|1: Sugkritik� apotelèsmataAlgìrijmoc Prìblhma ApokleistikoÔ�EITE Prìblhma IsotimÐac 3�bitEkpaÐdeushc µ σ EpituqÐa µ σ EpituqÐaBP 144|1 112|6 42% 932|0 1320|8 91%BPM 249|7 322|1 49% 219|9 198|9 93%BBP 93|3 201|5 71% 150|3 137|3 94%

(FE) 260|4 287|8 244|3 205|9NMBPM 68% 99%
(GE) 254|4 287|3 235|1 204|4
(FE) 191|6 328|9 106|6 123|1NMBBP 80% 99%
(GE) 102|1 173|4 99|2 164|5
(FE) 199|1 373|1 105|8 186|9BPVS 78% 98%
(GE) 185|2 343|3 100|4 171|6
(FE) 208|4 395|2 102|1 109|9NMBPVS 80% 99%
(GE) 201|3 378|8 95|3 183|5SA 424|2 420|8 43% 805|4 2103|1 22%BPSA 1661|9 2775|7 65% 2634|0 6866|8 66%GA 422|3 397|5 95% 1091|5 766|2 73%

PDE1 238|4 136|3 100% 1272|9 619|1 82%
PDE2 720|1 352|6 100% 3562|7 1367|8 86%
PDE3 342|2 186|1 100% 1473|0 873|3 91%
PDE4 395|6 218|5 100% 2227|3 903|5 99%
PDE5 1209|7 661|5 100% 4829|6 1598|2 91%
PDE6 402|4 248|4 100% 2465|8 1011|3 100%PSO 1459|7 1143|1 77% 6422|4 2992|1 42%SPSO 7869|6 13905|4 100% 9803|6 5436|6 95%BPD 575|1 387|3 100% 760|0 696|4 100%

posostì epituqÐac se sÔgkrish me thn klasik  mèjodo thc opisjodromik c di�doshc tousf�lmatoc (BP)| H apìdosh thc BPSA eÐnai saf¸c kalÔterh apì thn apìdosh thc apl cSA, all� den eÐnai tìso kal  ìso anamenìtan an kai h mèjodoc qrhsimopoieÐ kai plh-�oforÐec sqetik� me thn par�gwgo thc sun�rthshc sf�lmatoc| AntÐjeta, h mèjodoc BPDkat�fere na apofÔgei ta anepijÔmhta topik� el�qista se ìlec tic dokimèc mac kai sunep¸ceÐqe posostì epituqÐac 100%| Ta apotelèsmata deÐqnoun ìti oi GA (GA) kai oi EA (PDE)eÐnai apotelesmatikoÐ kai apodotikoÐ, akìma kai ìtan sugkrijoÔn me mejìdouc pou ektìcapì thn tim  thc sun�rthshc sf�lmatoc apaitoÔn kai plhroforÐec gia thn klÐsh thc| àtsi�lèpoume ìti h mèjodoc GA kai oi mèjodoi PDE epèdeixan polÔ kal  apìdosh sta pro-�l mata pou dokim�same| Tèloc, h mèjodoc PSO sunepikouroÔmenh apì thn teqnik  tou{efelkusmoÔ} thc sun�rthshc sf�lmatoc (SPSO) eÐqe auxhmèno posostì epituqÐac sugkri-nìmenh me thn klasik  mèjodo PSO, an kai apait jhkan perissìterec epanal yeic gia nasugklÐnei|En katakleÐdi, se autì to kef�laio parousi�sthkan kai sugkrÐjhkan nèec mèjodoi oli-k c anÐqneushc, oi opoÐec suqn� katafèrnoun na apofÔgoun thn sÔgklish se anepijÔmhtatopik� el�qista, kat� thn diadikasÐa ekpaÐdeushc TND| H apofug  tètoiwn elaqÐstwn,sthn pr�xh, den eÐnai p�nta efikt , all� oi mèjodoi autèc èqoun megalÔterh pijanìthtana katal xoun se mia apodekt  lÔsh kai kat� aut  thn ènnoia �elti¸noun thn diadikasÐaekpaÐdeushc| EpÐshc analÔsame kai dÔo metasqhmatismoÔc thc sun�rthshc sf�lmatoc,pou èqoun san skopì thn apaloif  topik¸n elaqÐstwn thc| H teqnik  thc parekklÐnousactroqi�c kai h teqnik  tou {efelkusmoÔ} thc antikeimenik c sun�rthshc parèqoun stajer sÔgklish kai polÔ meg�lh pijanìthta epituqÐac| Ta peir�mat� mac deÐqnoun ìti algì-
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�ijmoi ekpaÐdeushc pou �ohjoÔntai apì touc metasqhmatismoÔc autoÔc eÐnai dunatìn naanakalÔptoun epijumht� el�qista me polÔ megalÔterh pijanìthta| Genik�, ta apotelè-smata apì dÔo probl mata gnwst� gia ta topik� touc el�qista eÐnai enjarruntik� kaideÐqnoun th qrhsimìthta kai efarmosimìthta ìlwn twn teqnik¸n pou parousi�same|
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K E F A L A I O 7

EkpaÐdeush an� Prìtupo Eisìdou

EÐnai h �Ôsh tou probl matoc tètoiapou h k�je mèjodoc gÐnetai sqoinoten ckaj¸c oi arijmoÐ gÐnontai megalÔteroi|
�Karl Friedrich Gauss (1777�1855)

S
e autì to kef�laio �a asqolhjoÔme me thn ekpaÐdeush TND an� prìtupo eisìdou(online training)| Aut  h prosèggish sthn ekpaÐdeush TND �ewreÐtai katexoq nkat�llhlh gia meg�la sÔnola protÔpwn  /kai dÐktua, ìpou h ekpaÐdeush an�om�da protÔpwn eisìdou �a apaitoÔse perissìtero qrìno kai megalÔtero apojhkeutikìq¸ro| Epiprìsjeta, �ohj� sthn apofug  twn topik¸n el�qistwn kai parèqei mia pio�usik  prosèggish gia thn ekpaÐdeush mh statik¸n problhm�twn, dhlad  problhm�twnpou to sÔnolo twn protÔpwn metab�lletai me ton qrìno|Sth sunèqeia �a parousi�soume mia mèjodo gia thn autìmath prosarmog  enìc koinoÔ�ujmoÔ ekpaÐdeushc gia ìla ta ��rh, pou qrhsimopoieÐtai sthn ekpaÐdeush an� prìtu-po eisìdou| H proteinìmenh teqnik  apoteleÐ tropopoÐhsh thc stoqastik c mejìdou thcpio apìtomhc kajìdou (stochastic gradient descent), se sunduasmì me thn mèjodo pouproteÐnetai sthn ergasÐa [3]| H nèa ptuq  thc prosèggis c mac sunÐstatai sto gegonìc ìtilamb�nei upìyh  dh upologismènec plhroforÐec gia na epitÔqei thn kalÔterh prosarmog tou koinoÔ �ujmoÔ ekpaÐdeushc|O proteinìmenoc algìrijmoc èqei efarmosteÐ, exetasteÐ kai sugkrijeÐ me �llec mejìdoucekpaÐdeushc an� prìtupo eisìdou, all� kai mejìdouc ekpaÐdeushc an� om�da protÔpwneisìdou (batch training)| Ta apotelèsmata pou parousi�zoume deÐqnoun ìti sumperifèretaiproblèyima, eÐnai apodotikìc kai ìti èqei arket� ikanopoihtik  mèsh apìdosh [77,78,108,110]|

7|1 Eisagwg 

Sto ereunhtikì pedÐo twn TND, ta dÐktua pou h ekpaÐdeus  touc �asÐzetai sthn mèjodothc opisjodromik c di�doshc tou sf�lmatoc (Backpropagation) [133] eÐnai ta pio dhmofi-l | ApodotikoÐ algìrijmoi ekpaÐdeushc tètoiwn TND eÐnai èna �asikì �èma thc epÐkairhcèreunac kai gia autìn ton skopì èqoun protajeÐ polu�rijmoi algìrijmoi|Mia koin  prosèggish ekpaÐdeushc eÐnai h elaqistopoÐhsh tou sf�lmatoc twn diktÔwn,to opoÐo apoteleÐ èna mètro thc apìdos  touc| To sf�lma autì upologÐzetai sun jwc wch diafor� metaxÔ tou pragmatikoÔ dianÔsmatoc exìdou tou diktÔou kai tou epijumhtoÔdianÔsmatoc exìdou (ekpaÐdeush me epÐbleyh)| O gr goroc upologismìc enìc sunìlou�ar¸n pou elaqistopoieÐ autì to sf�lma eÐnai mia m�llon dÔskolh ergasÐa lìgo tou gego-nìtoc ìti, genik�, o arijmìc twn �ar¸n tou diktÔwn eÐnai idiaÐtera meg�loc kai h sun�rthshsf�lmatoc par�gei mia perÐplokh epif�neia| H sun�rthsh sf�lmatoc sun jwc èqei poll�
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topik� el�qista kai meg�lec epÐpedec perioqèc (�at regions), pou akoloujoÔntai apì polÔstenèc perioqèc me meg�lh klÐsh|Oi algìrijmoi ekpaÐdeushc me epÐbleyh mporoÔn na diairejoÔn se dÔo �asikèc kath-gorÐec:

• algìrijmoi ekpaÐdeushc an� prìtupo eisìdou (on�line   stochastic training), kai
• algìrijmoi ekpaÐdeushc an� om�da protÔpwn eisìdou (batch   o��line training)|

H ekpaÐdeush an� om�da protÔpwn eisìdou eÐnai h klasik  prosèggish, ìpou èna sÔnoloprotÔpwn lamb�netai kai qrhsimopoieÐtai prokeimènou na ekpaideuteÐ to TND, protoÔ autìqrhsimopoihjeÐ se k�poia efarmog | AntÐjeta, sthn ekpaÐdeush an� prìtupo eisìdou tastoiqeÐa pou sugkentr¸nontai kat� th di�rkeia thc kanonik c leitourgÐac tou sust matocqrhsimopoioÔntai gia thn suneq  ekpaÐdeush kai prosarmog  tou TND|H ekpaÐdeush an� om�da protÔpwn eisìdou antimetwpÐzetai apì th �ewrÐa thc �el-tistopoÐhshc qwrÐc periorismoÔc, afoÔ h pragmatik  klÐsh thc sun�rthshc sf�lmatockai plhroforÐec apì olìklhro to sÔnolo qrhsimopoioÔntai| äpwc eÐdame kai sto Kef�-laio 2, h ekpaÐdeush an� om�da protÔpwn eisìdou antimetwpÐzetai me thn elaqistopoÐhshthc sun�rthshc sf�lmatoc E pou orÐzetai wc to �jroisma, gia ìla ta prìtupa eisìdou,twn tetrag¸nwn twn diafor¸n thc pragmatik c exìdou tou TND kai thn epijumht  èxodo:
E(w) =

1
2

P∑
p=1

NL∑
j=1
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j,p − tj,p
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=
P∑

p=1

Ep, (7|1)
ìpou P eÐnai o sunolikìc arijmìc protÔpwn, yL

j,p h èxodoc tou j neur¸na pou an kei sto Lstr¸ma, NL o arijmìc twn neur¸nwn tou str¸matoc exìdou, tj,p h epijumht  èxodoc tou jneur¸na exìdou sto prìtupo p, kai Ep to sf�lma tou diktÔou an� prìtupo eisìdou| SthnekpaÐdeush an� prìtupo eisìdou ta ��rh tou diktÔou enhmer¸nontai met� apì thn parou-sÐash k�je prìtupo eisìdou, to opoÐo mporeÐ na epileqjeÐ apì to sÔnolo ekpaÐdeushc me  qwrÐc epanatopojèthsh| Autì antistoiqeÐ sthn elaqistopoÐhsh tou stigmiaÐou sf�lmatoc
Ep tou TND, ìpwc �aÐnetai sth Sqèsh (7|1)|H ekpaÐdeush an� prìtupo eisìdou mporeÐ na epileqjeÐ gia probl mata pou èqouneÐte polÔ meg�lo arijmì protÔpwn (pijan� kai k�poio arijmì peritt¸n   lanjasmènwnprotÔpwn), eÐte ìtan prospajoÔme na proseggÐsoume èna arg� metaballìmeno sÔsthma|An kai h ekpaÐdeush an� om�da protÔpwn eisìdou �aÐnetai na eÐnai taqÔterh gia mikr�sÔnola protÔpwn kai dÐktua, h ekpaÐdeush an� prìtupo eisìdou eÐnai saf¸c grhgorìterhgia meg�la sÔnola protÔpwn kai TND me poll� ��rh (pollèc qili�dec ��rh kai pol¸seic),�ohj� shmantik� sthn apofug  topik¸n elaqÐstwn kai parèqei mia �usik  prosèggishgia thn ekpaÐdeush TND se mh statik� probl mata, dhlad  probl mata pou to sÔnoloprotÔpwn metab�lletai arg� me ton qrìno|Lamb�nontac upìyh thn èmfuth apodotikìthta thc stoqastik c mejìdou thc pio a-pìtomhc kajìdou, èqoun protajeÐ prìsfata di�foroi algìrijmoi [3, 136, 140, 141, 154]|Dustuq¸c, h ekpaÐdeush an� prìtupo eisìdou p�sqei apì k�poia meionekt mata ìpwc giapar�deigma h euaisjhsÐa stic paramètrwn ekpaÐdeushc [136]| àna �llo meionèkthma eÐnaiìti pio prohgmènec mèjodoi �eltistopoÐhshc, ìpwc oi suzugeÐc mèjodoi klÐshc (conjugategradient), oi mèjodoi metablht c metrik c (variable metric), h mèjodoc thc prosomoiwmènhcanìpthshc (simulated annealing) k|a|, mporoÔn na efarmostoÔn mìno se stajerèc epif�-neiec sf�lmatoc, kai ètsi up�rqei duskolÐa sth qrhsimopoÐhs  touc sthn ekpaÐdeush an�prìtupo eisìdou [136]|EntoÔtoic, h ekpaÐdeush an� prìtupo eisìdou èqei poll� pleonekt mata se sqèsh methn ekpaÐdeush an� om�da protÔpwn eisìdou| Oi mèjodoi ekpaÐdeushc an� prìtupo eisì-dou parousi�zoun sjenarìthta wc proc lanjasmèna kai peritt� prìtupa, kai ètsi para-leÐyeic sto sÔnolo protÔpwn ekpaÐdeushc mporoÔn na diorjwjoÔn kat� th di�rkeia thc
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ekpaÐdeushc tou TND| Epiplèon, ta prìtupa ekpaÐdeushc mporoÔn suqn� na paraqjoÔneÔkola kai se meg�lec posìthtec ìtan to sÔsthma eÐnai se leitourgÐa, en¸ eÐnai sun jwcligost� prin thn arq  thc ekpaÐdeushc| Genik�, h ekpaÐdeush an� prìtupo eisìdou eÐnaiaparaÐthth e�n qreiazìmaste sust mata me dunatìthta ekm�jhshc, se antidiastol  me taapl� ekpaideumèna sust mata [155]|
7|2 Algìrijmoi EkpaÐdeushc an� Prìtupo Eisìdou

Par� thn afjonÐa mejìdwn gia ekpaÐdeush TND, up�rqoun mìno lÐgec mèjodoi poumporoÔn na qrhsimopoihjoÔn apodotik� gia ekpaÐdeush an� prìtupo eisìdou| Gia pa-��deigma, oi klasikoÐ algìrijmoi ekpaÐdeushc an� om�da protÔpwn eisìdou den mporoÔnapeujeÐac na qeiristoÔn mh statik� sÔnola protÔpwn| Akìma kai ìtan merikoÐ apì autoÔcqrhsimopoioÔntai sthn ekpaÐdeush an� prìtupo eisìdou, suqn� parousi�zetai to prì-�lhma thc {katastrofik c parèmbashc}, dhlad  h ekpaÐdeush tou TND sta nèa prìtupaparempodÐzetai uperbolik� apì ta prohgoÔmena, odhg¸ntac se koresmì kai thn arg  sÔ-gklish [155]|Oi mèjodoi pou mporoÔn na qrhsimopoihjoÔn gia ekpaÐdeush an� prìtupo eisìdou,eÐnai ekeÐnec pou mporoÔn me epituqÐa na qeiristoÔn metablht� me to qrìno sÔnola pro-tÔpwn (time�varying training sets), en¸ sugqrìnwc apaitoÔn sqetik� lÐgouc prìsjetoucupologistikoÔc pìrouc (mn mh kai epexergastik  isqÔ) prokeimènou na upoblhjeÐ se epe-xergasÐa k�je prìsjeto prìtupo| ParadeÐgmata tètoiwn mejìdwn eÐnai oi parallagèc thcstoqastik c mejìdou thc pio apìtomhc kajìdou [3]|H pr¸th mèjodoc pou �a melet soume, onom�zetai ALAP1, kai qrhsimopoieÐ se k�jeepan�lhyh èna koinì �ujmì ekpaÐdeushc gia ìla ta ��rh:
ηk

i = ηk−1
i + γ

〈
∇Ep−1(wk−1),∇Ep(wk)

〉
, (7|2)

ìpou η0
i = c gia ìla ta ��rh tou diktÔou (to c eÐnai mia mikr  �etik  stajer�), kai 〈·, ·〉sumbolÐzoume to eswterikì ginìmeno ston Rn|Oi �llec dÔo mèjodoi pou perigr�fontai sthn ergasÐa [3] (ALAP2 kai ALAP3), qrhsimo-poioÔn diaforetikì �ujmì ekpaÐdeushc gia k�je ��roc| Autì to qarakthristikì gn¸rismakajist� autoÔc touc algìrijmouc ekpaÐdeushc an� prìtupo eisìdou ikanoÔc na qrhsi-mopoioÔn parallagèc thc kateÔjunshc thc pio apìtomhc kajìdou kai na kinoÔntai kat�m koc miac kateÔjunshc pou den sumpÐptei aparait twc me aut , me apotèlesma suqn� naepitaqÔnetai h diadikasÐa elaqistopoÐhshc|O algìrijmoc ALAP2 qrhsimopoieÐ ton akìloujo tÔpo gia thn prosarmog  tou �ujmoÔekpaÐdeushc:

ηk
i = ηk−1

i

[
1 + γ ∂iEp−1(wk−1) ∂iEp(wk)

]
. (7|3)

O algìrijmoc ALAP3 qrhsimopoieÐ mia kanonikopoihmènh èkdosh tou kanìna prosarmog ctou ALAP2, pou dÐnetai apì ton tÔpo:
ηk

i = ηk−1
i

[
1 + γ

∂iEp−1(wk−1) ∂iEp(wk)
uk

i

]
, (7|4)

ìpou uk
i apoteleÐ ton ekjetikì mèso ìro tou tetrag¸nou thc merik c parag¸gou tou stig-miaÐou sf�lmatoc, ∂iEp(wk), pou dÐnetai apì ton tÔpo:

uk
i = µuk−1

i + (1− µ)
[
∂iEp(wk)

]2
,

ìpou µ kai γ eÐnai �etikèc stajerèc| Endeiktik�, oi timèc µ = 0.9 kai γ = 0.01 eÐnai
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kat�llhlec gia tic perissìterec twn peript¸sewn [3]|Sth sunèqeia proteÐnoume ton parak�tw nèo algìrijmo gia thn prosarmog  enìc koi-noÔ �ujmoÔ ekpaÐdeushc gia ìla ta ��rh, sta plaÐsia thc stoqastik c mejìdou thc pioapìtomhc kajìdou:

ηk+1 = ηk +γ1

〈
∇Ep−1(wk−1),∇Ep(wk)

〉
+γ2

〈
∇Ep−2(wk−2),∇Ep−1(wk−1)

〉
. (7|5)

To �asikì gn¸risma tou proteinìmenou algìrijmou eÐnai ìti axiopoieÐ plhroforÐec sqetikècme thn klÐsh, apì thn trèqousa kaj¸c epÐshc kai tic dÔo prohgoÔmenec parousi�seicprotÔpwn [77,78,110]|Autì �aÐnetai na parèqei k�poia stajeropoÐhsh sthn prosarmog  twn tim¸n tou �uj-moÔ ekpaÐdeushc kai �ohj� thn stoqastik  mèjodo thc pio apìtomhc kajìdou na epitÔqeigr gorh sÔgklish kai uyhlì posostì epituqÐac| Mia algorijmik  perigraf  tou protei-nìmenou algorÐjmou dÐnetai ston Algìrijmo 7|1|
Algìrijmoc 7|1: O proteinìmenoc algìrijmoc se yeudok¸dika|

Stoqastikh Mejodoc thc pio Apotomhc Kajodou me Metablhto Rujmo Ekpaideushc0: ArqikopoÐhse w0, η0, γ1, kai γ2|1: Repeat2: Jèse k = k + 1|3: Epèlexe tuqaÐa to p prìtupo apì to sÔnolo protÔpwn|4: Upolìgise Ep(wk) kai met� ∇Ep(wk)|5: Upolìgise ta nèa ��rh:
wk+1 = wk − ηk∇Ep(wk)|6: Upolìgise to nèo �ujmì ekpaÐdeushc:
ηk+1 = ηk + γ1

〈
∇Ep−1(wk−1),∇Ep(wk)

〉
+γ2

〈
∇Ep−2(wk−2),∇Ep−1(wk−1)

〉|7: Until Sunj kh TermatismoÔ|8: Return ta telik� ��rh wk+1|
Se autì to algorijmikì montèlo, η eÐnai o �ujmìc ekpaÐdeushc, kai γ1 kai γ2 eÐnaimeta��ujmoÐ ekpaÐdeushc (meta�learning rates)| San sunj kh termatismoÔ mporeÐ na qrh-simopoihjeÐ to sf�lma taxinìmhshc   èna �nw ìrio stouc upologismoÔc thc sun�rthshcsf�lmatoc|

7|3 Prosomoi¸seic kai Apotelèsmata

Se aut  thn upoenìthta parousi�zoume ta apotelèsmata tou proteinìmenou algìrij-mou ekpaÐdeushc an� prìtupo eisìdou se gnwst� probl mata ekpaÐdeush TND| Gia tonlìgo autì, o Algìrijmoc 7|1 èqei axiologhjeÐ kai èqei sugkrijeÐ me stoqastikèc mejìdouckaj¸c epÐshc kai me mejìdouc ekpaÐdeushc an� om�da protÔpwn eisìdou| Pio sugkekrimè-na, stic prosomoi¸seic èqoume sugkrÐnei ton Algìrijmo 7|1 me tic 3 stoqastikèc mejìdoucprosarmog c tou �ujmoÔ ekpaÐdeushc pou èqoun protajeÐ apì touc Almeida, Langlois,Amaral kai Plankhov sthn ergasÐa [3] (ALAP1, ALAP2 kai ALAP3), kai thn mèjodo opisjo-dromik c di�doshc tou sf�lmatoc gia ekpaÐdeush an� prìtupo eisìdou (On�line BP) [133]|Epiplèon, gia tic sugkrÐseic èqoume exet�sei kai tic mejìdouc ekpaÐdeushc an� om�da pro-tÔpwn eisìdou: thn mèjodo opisjodromik c di�doshc tou sf�lmatoc gia ekpaÐdeush an�om�da protÔpwn eisìdou [133] (Batch BP) kai thn mèjodo opisjodromik c di�doshc tousf�lmatoc me prosarmostikì �ujmì ekpaÐdeushc kai orm  (momentum) gia ekpaÐdeushan� om�da protÔpwn eisìdou [159] (Batch ABP)|
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Oi algìrijmoi exet�sthkan qrhsimopoi¸ntac ta Ðdia arqik� ��rh, pou arqikopoi jhkanme th mèjodo twn Nguyen�Widrow [94], kai èlaban thn Ðdia akoloujÐa protÔpwn eisìdou|Gia k�je prìblhma pou perigr�fetai katwtèrw, parousi�zoume ènan pÐnaka pou suno-yÐzei thn apìdosh twn algorÐjmwn gia tic prosomoi¸seic pou èfjasan se sÔgklish| HekpaÐdeush �ewreÐtai epituq c ìtan to TND den parousi�zei l�jh taxinìmhshc sto sÔnoloekpaÐdeushc|Oi anaferìmenec stouc parak�tw pÐnakec par�metroi eÐnai: Min o el�qistoc arijmìcparousi�sewn protÔpwn, µ h mèsh tim  twn parousi�sewn protÔpwn, Max h an¸tath ti-m  parousi�sewn protÔpwn, kai EpituqÐa (%) o arijmìc twn epituqhmènwn prosomoi¸sewnse sÔnolo 100 dokim¸n| E�n ènac algìrijmoc apotÔqei na sugklÐnei mèsa se èna pro-kajorismèno ìrio upologism¸n thc sun�rthshc sf�lmatoc, �ewreÐtai ìti apotugq�nei naekpaideÔsei to TND, kai oi parousi�seic protÔpwn kat� thn dokim  aut  den sumperilam-��nontai sth statistik  an�lush twn apotelesm�twn|Oi timèc twn paramètrwn γ1 kai γ2 epilèqjhkan na eÐnai γ1 � γ2 = 1| FaÐnetai ìtih epilog  tim¸n gia touc met�-�ujmoÔc ekpaÐdeushc γ1 kai γ2 den eÐnai krÐsimh gia thnepituq  ekpaÐdeush| EntoÔtoic, mporeÐ na epiteuqjeÐ grhgorìterh sÔgklish, e�n gÐneimia akrib c prosarmog  touc an�loga me to prìblhma| Tètoia prosarmog  den krÐjhkeanagkaÐa sta peir�mat� mac, giatÐ �asikìc skopìc mac  tan h sugkritik  melèth twnmejìdwn kai ìqi h �èltisth apìdos  touc| Af' etèrou, meg�lh prosp�jeia èqei gÐnei gia naprosdioristoÔn kat�llhlec timèc gia tic euretikèc paramètrouc twn mejìdwn ekpaÐdeushcan� om�da protÔpwn BP kai ABP| H empeirÐa mac me prosomoi¸seic twn mejìdwn aut¸ndeÐqnei ìti eÐnai qarakthristik  h sumperifor� twn algorÐjmwn pou perigr�fetai staparadeÐgmata pou akoloujoÔn|

7|3|1 Apokleistikì�EITE
To prìblhma tou ApokleistikoÔ�EITE (�l| kai Par�rthma A|1) �ewreÐtai wc èna kla-sikì prìblhma ekpaÐdeushc TND| Sthn perÐptws  mac èqei qrhsimopoihjeÐ èna 2�2�1 TND(6 ��rh kai 3 pol¸seic)| To dÐktuo eÐnai �asismèno se neur¸nec me logistikèc sunart seicenergopoi seic| To ìrio upologism¸n thc sun�rthshc sf�lmatoc  tan 4000, dhlad  epi-tr�phkan mìno 4000 parousi�seic protÔpwn| Ta sugkritik� apotelèsmata emfanÐzontaiston PÐnaka 7|1|Apì ta apotelèsmata eÐnai emfanèc ìti o proteinìmenoc algìrijmoc xepern� saf¸c toucalgìrijmouc ALAP1, ALAP2 kai ALAP3, kai tic dÔo ekdoqèc thc mejìdou opisjodromik cdi�doshc tou sf�lmatoc (Batch BP kai On�line BP), all� h mèjodoc ABP èqei elafr¸cuyhlìtero posostì epituqÐac| Autì anamenìtan dedomènou ìti, genik�, oi algìrijmoi ek-paÐdeushc an� om�da protÔpwn eisìdou eÐnai polÔ kaloÐ se probl mata pou èqoun mikr�sÔnola protÔpwn  /kai mikrèc topologÐec diktÔwn, all� eÐnai pio argoÐ apì tic mejìdoucekpaÐdeushc an� prìtupo eisìdou|

PÐnakac 7|1: Apotelèsmata apì to prìblhma tou apokleistikoÔ EITEAlgìrijmoc Min µ Max EpituqÐa (%)Batch BP 176 1693|9 3840 17%Batch ABP 144 1430|4 3708 49%On�line BP 72 724|2 2972 43%ALAP1 56 736|1 3900 38%ALAP2 40 816|9 3960 37%ALAP3 52 1000|5 3636 43%Algìrijmoc 7|1 44 680|2 3388 48%
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7|3|2 Anagn¸rish arijm¸n

Sto deÔtero peÐrama, èna dÐktuo me 64 neur¸nec eisìdou, 6 krufoÔc neur¸nec kai10 neur¸nec exìdou (444 ��rh kai 16 pol¸seic) ekpaideÔetai gia na anagnwrÐsei toucarijmoÔc apì to 0 èwc to 9, ektupwmènouc me pl�giouc qarakt rec (italics) kai mègejoc
8 × 8 eikonokÔttara (pixels) [82] (�l| kai Par�rthma A|7)| To dÐktuo eÐnai �asismèno seneur¸nec me thn logistik  sun�rthsh energopoÐhshc| H sunj kh termatismoÔ gia ìlouctouc algìrijmouc eÐnai na èqoun mhdèn l�joc taxinìmhshc sto sÔnolo ekpaÐdeushc, mèsase 1000 upologismoÔc thc sun�rthshc sf�lmatoc| Leptomer  apotelèsmata sqetik� methn apìdosh twn algorÐjmwn ekpaÐdeushc parousi�zontai ston PÐnaka 7|2|

PÐnakac 7|2: Apotelèsmata apì to prìblhma anagn¸rishc arijm¸nAlgìrijmoc Min µ Max EpituqÐa (%)Batch BP 210 500|8 980 90%Batch ABP 420 789|2 990 51%On�line BP 230 507|7 950 99%ALAP1 130 475|5 990 90%ALAP2 190 433|6 860 90%ALAP3 210 486|3 990 96%Algìrijmoc 7|1 170 436|3 870 99%
Sqoli�zontac ta apotelèsmata �lèpoume ìti h mèjodoc opisjodromik c di�doshc tousf�lmatoc gia ekpaÐdeush an� prìtupo eisìdou (On�line BP) eÐqe polÔ uyhlì posostìepituqÐac, all� oi mèjodoi ALAP1, ALAP2 kai ALAP3 eÐqan grhgorìterh sÔgklish| Parìlaaut�, h proteinìmenh mèjodoc kai h mèjodoc opisjodromik c di�doshc tou sf�lmatoc giaekpaÐdeush an� prìtupo eisìdou eÐqan sqedìn tèleio posostì epituqÐac (99%)| Epiplèon, oAlgìrijmoc 7|1 epideiknÔei polÔ gr gorh sÔgklish, dedomènou ìti qrei�sthke kat� mèsonìro mìno 436 parousi�seic protÔpwn eisìdou prokeimènou na ekpaideÔsei to TND| Sunep¸c,h genik  apìdosh tou Algìrijmou 7|1 krÐnetai polÔ ikanopoihtik |

7|3|3 Anagn¸rish twn kefalaÐwn gramm�twn
Gia to prìblhma prìblhma anagn¸rishc twn kefalaÐwn gramm�twn (�l| kai Par�rth-ma A|6), 26 pÐnakec me ta kefalaÐa gr�mmata tou agglikoÔ alf�bhtou parousi�zontai seèna 35�30�26 TND (1830 ��rh, 56 pol¸seic)| K�je gr�mma prosdiorÐzetai apì duadikèctimèc (0   1) se èna plègma (grid) tou megèjouc 5 × 7| To TND �asÐsthke se neur¸nec melogistikèc sunart seic energopoÐhshc| Ta apotelèsmata dÐnontai ston PÐnaka 7|3|Gia akìma mia �or�, h proteinìmenh mèjodoc (Algìrijmoc 7|1) eÐqe polÔ uyhlì po-sostì epituqÐac (96%) kai  tan grhgorìterh apì ìlec tic �llec mejìdouc pou exet�same|Kat� mèson ìro qrei�sthke mìno 749 parousi�seic protÔpwn prokeimènou na oloklhrwjeÐepituq¸c h ekpaÐdeush|

7|4 Ubridikèc Mèjodoi gia thn EpanekpaÐdeush TND

Se aut  thn upoenìthta �a parousi�soume mia nèa ubridik  mèjodo pou �elti¸nei thngenÐkeush twn TND, se probl mata pou to sÔnolo protÔpwn metab�lletai arg� me ton qrì-no| Aut  h prosèggish sumpÐptei me ton trìpo pou oi GenetikoÐ kai ExeliktikoÐ AlgìrijmoiepekteÐnontai kai exereunoÔn q¸rouc pou metab�llontai arg� [6,139,158]| H nèa mèjodocapoteleÐtai apì dÔo F�seic [79,112]| Sthn F�sh 1, o Algìrijmoc 7|1 efarmìzetai gia na
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PÐnakac 7|3: Apotelèsmata apì to prìblhma anagn¸rishc kefalaÐwn gramm�twnAlgìrijmoc Min µ Max EpituqÐa (%)Batch BP 4498 21375|9 41860 79%Batch ABP 3588 3815|7 4212 98%On�line BP 1404 1861|1 2418 87%ALAP1 494 1519|4 2548 72%ALAP2 338 756|6 1846 94%ALAP3 338 754|5 2418 79%Algìrijmoc 7|1 364 749|6 1872 96%

ekpaideÔsei to TND an� prìtupo eisìdou| Met� to tèloc thc ekpaÐdeushc, to TND epanek-paideÔetai an� prìtupo eisìdou qrhsimopoi¸ntac touc DiaforoexeliktikoÔc Algìrijmouc(DEA), pou perigr�fontai sto Kef�laio 5|Me ton trìpo autì sundu�zoume thn taqÔthta thc stoqastik c mejìdou thc pio apìto-mhc kajìdou, pou efarmìzetai gia thn ekpaÐdeush an� prìtupo eisìdou, me èna ExeliktikìAlgìrijmo, pou apoteleÐ mèjodo olik c �eltistopoÐhshc| Me thn idèa thc epanekpaÐdeushceÐmaste se �èsh na suneqÐsoume thn ekpaÐdeush enìc  dh ekpaideumènou TND| O lìgoc giana gÐnei autì eÐnai ìti pijan� nèa prìtupa eÐnai diajèsima kai epijumoÔme na ekpaideÔsou-me to TND kai me aut�, qwrÐc ìmwc na prèpei na arqÐsoume thn diadikasÐa thc ekpaÐdeushcapì thn arq |EpishmaÐnoume tèloc ìti h diadikasÐa thc ekpaÐdeushc kai epanekpaÐdeushc an� prì-tupo eisìdou eÐnai polÔ shmantik  gia thn epÐlush poll¸n pragmatik¸n problhm�twn,ìpwc gia par�deigma o èlegqoc thc kateÔjunshc enìc kinoÔmenou oq matoc an�loga metic sunj kec pou epikratoÔn sthn poreÐa tou [10] kai h anagn¸rish kai exagwg  protÔ-pwn apì eikìnec pou proèrqontai apì suskeuèc l yhc k�tw apì metaballìmenec sunj kecantÐlhyhc (�wteinìthta, skièc, sunj kec �wtismoÔ kai antanakl�seic) [9,31,97,98,173]|O Algìrijmoc 7|2 perigr�fei thn parap�nw diadikasÐa| O nèoc autìc algìrijmocdokim�sthke se dÔo dÔskola probl mata taxinìmhshc: to prìblhma taxinìmhshc uf c kaito prìblhma thc anagn¸rishc anwmali¸n se kolonoskop seic|
7|4|1 To prìblhma taxinìmhshc uf c

Sto prìblhma taxinìmhsh uf c (�l| kai Par�rthma A|8), èna 16�8�12 TND ekpaideÔ-etai na anagnwrÐzei 12 eikìnec diaforetik c uf c| To dÐktuo �asÐzetai se neur¸nec melogistikèc sunart seic energopoÐhshc kai ta ��rh arqikopoi jhkan me tuqaÐouc arijmoÔcapì to di�sthma (−1, 1)| H sunj kh termatismoÔ thc ekpaÐdeushc an� prìtupo eisìdou tan na epitÔqoume sf�lma taxinìmhshc CE 6 3%| Tìte, xekin� h deÔterh F�sh, giathn epanekpaÐdeush an� prìtupo eisìdou me qr sh DEA| Telik�, h ikanìthta genÐkeushctou TND dokim�sthke se èna sÔnolo apì 320 prìtupa, pou den summeteÐqan sto sÔnoloekpaÐdeushc| To TND anagn¸rise swst� 304 apì ta 320, dhlad  eÐqe genÐkeush 95%| StoÐdio prìblhma, o Algìrijmoc 7|1 qwrÐc thn qr sh thc epanekpaÐdeushc me DEA, eÐqe poso-stì 93%, en¸ �llec mèjodoi ekpaÐdeushc an� om�da protÔpwn (p|q| h mèjodoc BPVS [82])èqoun posostì perÐpou 90%|
7|4|2 To prìblhma anagn¸rishc anwmali¸n se kolonoskop seic

H kolonoskìphsh (  koloskìphsh) eÐnai h exètash tou paqèoc entèrou me eÔkamptoendoskìpio kai qarakthrÐzetai wc exètash el�qisthc eisbol c (minimal invasive)| To en-doskìpio eÐnai ènac eÔkamptoc leptìc swl nac pou sto mprostinì �kro tou èqei prosar-
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Algìrijmoc 7|2: Genikì montèlo tou ubridikoÔ algìrijmouF�sh 1 - {EkpaÐdeush}B ma 0a: ArqikopoÐhse w0, η0, γ1 kai γ2|B ma 1a: Repeat gia k�je prìtupo p|B ma 2a: Upolìgise Ep(wk) kai met� ∇Ep(wk)|B ma 3a: Upolìgise ta nèa ��rh:

wk+1 = wk − ηk∇Ep(wk).B ma 4a: Upolìgise to �ujmì ekpaÐdeushc gia to epìmeno prìtupo (p+ 1):
ηk+1 = ηk + γ1

〈
∇Ep−1(wk−1),∇Ep(wk)

〉
+

+γ2

〈
∇Ep−2(wk−2),∇Ep−1(wk−1)

〉|B ma 5a: Until Sunj kh TermatismoÔ|B ma 6a: Return ta telik� ��rh wk+1 sth F�sh 2|F�sh 2 - {Exèlixh}B ma 0b: ArqikopoÐhse ton plhjusmì sthn geitoni� tou wk+1|B ma 1b: Repeat gia k�je prìtupo p|B ma 2b: For i = 1 to NPB ma 3b: MUTATION(wk
i ) → Mutant_Vector|B ma 4b: CROSSOVER(Mutant_Vector)→ Trial_Vector|B ma 5b: If Ep(Trial_Vector) 6 Ep(wk

i ), apodoq  tou Trial_Vector|B ma 6b: EndForB ma 7b: Until Sunj kh TermatismoÔ|
mosmènh mia suskeu  l yhc kai magnhtik c eggraf c eikìnwn (video camera), h opoÐastèlnei to s ma se mÐa mikr  thleìrash| To endoskìpio eisèrqetai sto s¸ma tou asjenoÔckai eikìnec apì to paqÔ èntero emfanÐzontai sthn ojình| O giatrìc elègqei thn kateÔjunshthc suskeu c qrhsimopoi¸ntac diakìptec kai troqoÔc|H qr sh TND gia thn autìmath anak�luyh kakohj¸n ìgkwn se eikìnec apì endoskìpiaparousi�zei arketèc duskolÐec, kaj¸c oi eikìnec autèc èqoun diaforèc sth �wteinìthta,eÐnai apì diaforetik  optik  gwnÐa an�loga me ton giatrì, kai up�rqoun diaforopoi seicsth di�qush tou �wtìc| Tèloc, apì th �Ôsh tou to prìblhma autì eÐnai èna prìblhma pouta dedomèna all�zoun kat� thn di�rkeia thc exètashc| Gia na antimetwpÐsoume ta parap�nwprobl mata, proteÐnoume thn ekpaÐdeush an� prìtupo eisìdou kai sthn sunèqeia epanek-paÐdeush an� prìtupo eisìdou me qr sh DEA| H ubridik  mèjodoc �aÐnetai na katafèrneina tropopoieÐ kat�llhla ta ��rh tou TND, kai kat� th di�rkeia thc exètashc, lamb�nontacupìyh kai ta dedomèna tou sunìlou ekpaÐdeushc all� kai th gn¸sh apì ta nèa prìtupa|Gia to prìblhma autì qrhsimopoi same èna 16�30�2 TND (540 ��rh kai 32 pol¸seic),ìpou oi neur¸nec tou eÐqan logistikèc sunart seic energopoÐhshc| To TND prèpei na diakrÐ-nei ta �usiologik� apì ta {Ôpopta} tm mata thc eikìnac, dhlad  na xeqwrÐsei eikìnec pouperièqoun tm mata entèrou apì eikìnec pou perièqoun tm mata ìgkwn| Qrhsimopoi same4 sqedìn diadoqikèc eikìnec apì to endoskìpio (�l| Sq ma 7|1) kai k�je eikìna qwrÐsthkese perioqèc 16 × 16 eikonokutt�rwn| Sunolik� k�je eikìna qwrÐsthke se perÐpou 4000tm mata, apì ta opoÐa dhmiourg same ta sÔnola ekpaÐdeushc kai elègqou| Mia polÔshmantik  ��sh thc anagn¸rishc anwmali¸n se kolonoskop seic eÐnai h epilog  thc dia-dikasÐac exagwg c protÔpwn| Sta peir�mat� mac qrhsimopoi same thn mèjodo exagwg cprotÔpwn pou prìteine o Haralick sthn ergasÐa [46]| Perissìterec teqnikèc leptomèreiecsqetik� me thn exagwg  twn protÔpwn ekpaÐdeushc �rÐskontai sthn ergasÐa [58]|àtsi dhmiourg same 4 sÔnola ekpaÐdeushc (èna gia k�je eikìna), pou to kajèna a-poteleÐtai apì 300 tuqaÐa epilegmèna prìtupa (apì ta 4000 sunolik� prìtupa gia k�jeeikìna)| Sth sunèqeia ekpaideÔsame to parap�nw TND an� prìtupo eisìdou me ton Al-
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Sq ma 7|1: Diadoqikèc eikìnec apì endoskìpio
gìrijmo 7|1, qrhsimopoi¸ntac mìno ta prìtupa apì thn pr¸th eikìna| H idèa  tan nadokim�soume to ekpaideumèno TND se prìtupa apì tic epìmenec eikìnec, ¸ste na diapist¸-soume thn ikanìthta genÐkeus c tou eidikìtera ìtan to sÔnolo ekpaÐdeushc metab�lletaime ton qrìno|H ekpaÐdeush termatÐsthke ìtan to TND eÐqe sf�lma taxinìmhshc sto sÔnolo ekpaÐ-deushc, CE 6 3%| Prèpei ed¸ na shmeiwjeÐ ìti h ��sh aut  thc ekpaÐdeushc  tan polÔgr gorh; qrei�sthkan mìno 40 epanal yeic| To ekpaideumèno TND epanekpaideÔetai an�prìtupo eisìdou me qr sh DEA| Sth ��sh aut  qrhsimopoioÔme san sÔnolo ekpaÐdeushckai ta 4 arqik� sÔnola ekpaÐdeushc, dhlad  to nèo sÔnolo ekpaÐdeushc apoteleÐtai apì1200 prìtupa| àtsi mporoÔme na doÔme thn sumperifor� tou TND kai twn algìrijmwnekpaÐdeushc ìtan ta dedomèna metab�llontai me ton qrìno, afoÔ oi �llec treic eikìnec eÐnaiautèc pou l�bame apì to endoskìpio met� thn pr¸th| Epitrèpoume ston DEA na k�nei mìnodÔo epanal yeic me k�je prìtupo, ètsi ¸ste na apofÔgoume thn {katastrofik  parèmba-sh} twn protÔpwn apì tic 3 nèec eikìnec me ta  dh gnwst� prìtupa thc pr¸thc eikìnac|Gia ton èlegqo tou telikoÔ TND qrhsimopoi same ìla ta diajèsima prìtupa, dhlad  4000prìtupa apì k�je mia apì tic 4 eikìnec| Ta apotelèsmata genÐkeushc parousi�zontai stonPÐnaka 7|4|Ston PÐnaka 7|4 �lèpoume p|q| ìti to TND pou ekpaideÔsame me prìtupa apì thnpr¸th eikìna, prin thn epanekpaÐdeush, eÐqe 83|77% epituqÐa anagn¸rishc, en¸ met� thnepanekpaÐdeush to posostì anagn¸rishc gia thn pr¸th eikìna anèbhke sto 91|91%| EÐnaiprofanèc ìti to epanekpaideumèno TND èqei megalÔtero posostì epituqÐac kai stic 4 ei-kìnec pou exet�same| Met� to tèloc thc ekpaÐdeushc, to TND eÐnai se �èsh na anagnwrÐzeiautìmata {Ôpopta} tm mata stic eikìnec pou parèqei to endoskìpio| Tèloc, axÐzei na sh-mei¸soume ìti ta posost� genÐkeushc pou epitÔqame me thn mèjodo pou perigr�fhke eÐnai
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an�loga me ta kalÔtera posost� pou èqoun �rejeÐ se TND pou ekpaideÔthkan me mejìdoucekpaÐdeushc an� om�da protÔpwn eisìdou [58]|

PÐnakac 7|4: Apotelèsmata apì to prìblhma anagn¸rishc anwmali¸n se kolonoskop seicQwrÐc Exèlixh Me Exèlixh(F�sh 1 mìno) (Nèoc Ubridikìc Algìrijmoc)Eikìna 1 83|77% 91|91%Eikìna 2 77|18% 83|57%Eikìna 3 82|84% 93|09%Eikìna 4 87|60% 89|24%

7|5 Sumper�smata � Suneisfor�

Se autì to kef�laio, prot�jhke ènac nèoc algìrijmoc ekpaÐdeushc an� prìtupo ei-sìdou gia TND| Oi algìrijmoi ekpaÐdeushc an� prìtupo eisìdou eÐnai se �èsh na ekpai-deÔsoun apodotik� meg�la TND me ��rh pl jouc thc t�xhc twn qili�dwn kai tairi�zounkalÔtera gia thn ekpaÐdeush meg�lwn sunìlwn protÔpwn,   sunìlwn pou perièqoun e-panalambanìmena   arg� metaballìmena me ton qrìno prìtupa| EpÐshc parèqoun thndunatìthta thc suneqoÔc ekpaÐdeushc me nèa dedomèna pou den  tan diajèsima thn qronik stigm  thc pr¸thc ekpaÐdeushc tou TND|Ta apotelèsmata thc prosomoÐwshc deÐqnoun ìti o proteinìmenoc algìrijmoc parèqeigr gorh kai stajer  ekpaÐdeush se sÔgkrish me �llec mejìdouc ekpaÐdeushc an� prìtupoeisìdou, kaj¸c epÐshc kai mejìdouc ekpaÐdeushc an� om�da protÔpwn eisìdou| Sunep¸cparèqei megalÔterh pijanìthta epituqhmènhc kai gr gorhc ekpaÐdeushc gia probl matatou pragmatikoÔ kìsmou|EpÐshc, parousi�same mia nèa ubridik  mèjodo kai exet�same thn apìdos  thc se dÔopragmatikèc efarmogèc| Ta apotelèsmata genÐkeushc twn TND pou arqik� ekpaideÔthkanapì thn proteinìmenh mèjodo ekpaÐdeushc an� prìtupo eisìdou (F�sh 1) kai sth sunèqeiaekpaideÔthkan xan� me èna Exeliktikì Algìrijmo (F�sh 2) eÐnai ikanopoihtik� kai an�lo-ga me ta kalÔtera apotelèsmata mejìdwn pou ekpaideÔoun an� om�da protÔpwn eisìdou|H proteinìmenh ubridik  mèjodoc antapokrÐjhke me epituqÐa sto mh statikì prìblhmathc anagn¸rishc anwmali¸n se kolonoskop seic kai apodeÐqthke sjenar  kai problèyi-mh| Tèloc, axÐzei na anaferjeÐ ìti den parathr jhke to �ainìmeno thc {katastrofik cparèmbashc} metaxÔ twn protÔpwn pou proèrqontan apì diaforetikèc eikìnec|



K E F A L A I O 8

Mh Monìtonoi Algìrijmoi EkpaÐdeushc

AkoÔw kai xeqn¸|Blèpw kai �um�mai|Pr�ttw kai katalabaÐnw|
�Confucius (551�479 p|Q|)

S
e autì to kef�laio �a parousi�soume mh monìtonec aitiokratikèc strathgikèc ek-paÐdeushc TND| To kÔrio qarakthristikì aut¸n twn strathgik¸n eÐnai ìti kat� thndi�rkeia thc ekpaÐdeushc eÐnai dunatì h akoloujÐa twn sunarthsiak¸n tim¸n twndianusm�twn twn �ar¸n na mhn eÐnai monìtonh (�jÐnousa) [34]| Oi strathgikèc autèc mpo-�oÔn na enswmatwjoÔn se opoiond pote algìrijmo ekpaÐdeushc an� om�da protÔpwn ei-sìdou kai parèqoun taqeÐa, stajer  kai axiìpisth sÔgklish kai ekpaÐdeush| Ta apo-telèsmat� mac, se pollèc kai diaforetikèc kathgorÐec problhm�twn, deÐqnoun ìti aut  hprosèggish �elti¸nei thn taqÔthta ekpaÐdeushc kai to posostì epituqÐac ìlwn twn algorÐj-mwn pou dokim�same kai mac apall�ssei apì to dÔskolo èrgo thc kat�llhlhc �Ôjmishctwn euretik¸n paramètrwn twn algorÐjmwn ekpaÐdeushc, pou polÔ suqn� exart¸ntai �mesaapì to dojèn prìblhma|

8|1 Mh Monìtonec Strathgikèc EkpaÐdeushc

An kai oi monìtonec strathgikèc ekpaÐdeushc parèqoun ènan apodotikì kai apotele-smatikì trìpo gia na exasfalisteÐ ìti h sun�rthsh sf�lmatoc mei¸netai arket�, èqoun tomeionèkthma ìti plhroforÐec pou �a mporoÔsan na epitaqÔnoun th sÔgklis  touc, den a-pojhkeÔontai kai den qrhsimopoioÔntai [38]| Gia na axiopoi soume autèc tic plhroforÐec,proteÐnoume mia nèa mh monìtonh strathgik  ekpaÐdeushc pou qrhsimopoieÐ thn sussw-�eumènh plhroforÐa anaforik� me tic M to pl joc pio prìsfatec timèc thc sun�rthshcsf�lmatoc [106,113,123]|QrhsimopoioÔme thn akìloujh sunj kh gia ton kajorismì enìc krithrÐou apodoq copoioud pote nèou dianÔsmatoc �ar¸n:
E
(
wk + ηkϕk

)
− max

06j6M

{
E(wk−j)

}
6 γ ηk

〈
∇E(wk), ϕk

〉
, (8|1)

ìpou M eÐnai ènac mh arnhtikìc akèraioc arijmìc, onomazìmenoc mh monìtonoc orÐzontac
ekpaÐdeushc, 0 < γ < 1, ηk eÐnai o �ujmìc ekpaÐdeushc kai ϕk eÐnai h kateÔjunsh a-nÐqneushc sthn k epan�lhyh| H anwtèrw sunj kh epitrèpei mia aÔxhsh stic timèc thcsun�rthshc sf�lmatoc, qwrÐc �l�bh thc idiìthtac thc eureÐac sÔgklishc, sÔmfwna me toakìloujo �e¸rhma [43,127]|
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Je¸rhma 8|1 [43] àstw {wk} mia akoloujÐa �ar¸n pou prokÔptei apì to akìloujo epa-
nalhptikì sq ma:

wk+1 = wk + ηkϕk, ϕk 6= 0,

ìpou ϕk eÐnai h kateÔjunsh anÐqneushc kai ηk o �ujmìc ekpaÐdeushc sthn k epan�lhyh|
àstw ìti:

(i) to sÔnolo Ω0 = {w : E(w) 6 E(w0)} eÐnai sumpagèc,
(ii) up�rqoun dÔo �etikoÐ arijmoÐ c1 kai c2, ètsi ¸ste:

∇E(wk)>ϕk 6−c1‖∇E(wk)‖2,

‖ϕk‖6 c2‖∇E(wk)‖.

(iii) qrhsimopoieÐtai to akìloujo krit rio apodoq c twn nèwn dianusm�twn �ar¸n
E
(
wk + ηkϕk

)
− max

06j6M

{
E(wk−j)

}
6 γ ηk

〈
∇E(wk), ϕk

〉
,

ìpouM eÐnai mh arnhtikìc akèraioc arijmìc kai γ ∈ (0, 1)|

Tìte isqÔoun ta akìlouja:

• oi ìroi thc akoloujÐac {wk} paramènoun entìc tou sunìlou Ω0 kai gia k�je oriakì
shmeÐo w̄ isqÔei ∇E(w̄) = 0,

• kanèna oriakì shmeÐo thc akoloujÐac {wk} den eÐnai topikì el�qisto thc E,
• e�n to pl joc twn st�simwn shmeÐwn thc E entìc tou sunìlou Ω0 eÐnai peperasmèno,
tìte h akoloujÐa {wk} sugklÐnei|

An ikanopoioÔntai oi upojèseic tou parap�nw �ewr matoc, tìte h mh monìtonh stra-thgik  ekpaÐdeushc par�gei mia eurèwc sugklÐnousa akoloujÐa dianusm�twn �ar¸n, giaopoiond pote algìrijmo pou akoloujeÐ mia kateÔjunsh anÐqneushc ϕk 6= 0| Sthn su-nèqeia, sunoyÐzoume ta �asik� � mata thc mh monìtonhc strathgik c ekpaÐdeushc sthnepan�lhyh k:
1: Enhmèrwse ta ��rh sÔmfwna me thn sqèsh: wk+1 = wk + ηkϕk|
2: An E(wk+1) − max

06j6Mk
E(wk−j) 6 γ ηk

〈
∇E(wk), φk

〉, apoj keuse to wk+1, �èse
k = k + 1 kai p gaine sto B ma 1| Alli¸c p gaine sto epìmeno B ma|

3: QrhsimopoÐhse mia opoiad pote teqnik  �Ôjmishc tou ηk kai epèstreye sto B ma 2|
Mia apl  teqnik  �Ôjmishc gia to ηk sto B ma 3 eÐnai na mei¸netai to �ujmìc ek-paÐdeushc kat� ènan par�gonta meÐwshc 1/q, ìpou q > 1| ParathroÔme ìti h epilog tou q den eÐnai krÐsimh gia thn epituq  ekpaÐdeush, entoÔtoic mporeÐ na èqei �mesh epÐ-drash ston arijmì twn upologism¸n thc sun�rthshc sf�lmatoc pou apaitoÔntai gia nal�boume èna apodektì di�nusma ��rouc| Kat� sunèpeia, gia merik� probl mata ekpaÐ-deushc arkoÔn mia   dÔo mei¸seic tou �ujmoÔ ekpaÐdeushc kat� mètria posost� (ìpwc1/2), en¸ �lla apaitoÔn pollèc tètoiec mei¸seic,   Ðswc apaitoÔn pio drastik  meÐwshtou �ujmoÔ ekpaÐdeushc (gia par�deigma kat� 1/10,   akìma kai 1/20)| Af' etèrou, huperbolik  meÐwsh ηk mporeÐ na eÐnai dapanhr , dedomènou ìti o sunolikìc arijmìc twnepanal yewn �a auxhjeÐ| Sth �ibliografÐa sun jwc proteÐnetai h tim  q = 2 [7], h opoÐaepÐshc epibebai¸jhke sta peir�mat� mac na leitourgeÐ apotelesmatik� kai apodotik�| Hanwtèrw diadikasÐa apoteleÐ mia apodotik  mèjodo kajorismoÔ enìc kat�llhlou �ujmoÔekpaÐdeushc qwrÐc prìsjetouc upologismoÔc tou dianÔsmatoc twn merik¸n parag¸gwn thc
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sun�rthshc sf�lmatoc| Kat� sunèpeia, to pl joc twn upologism¸n tou dianÔsmatoc twnmerik¸n parag¸gwn eÐnai, genik�, mikrìtero apì ìti eÐnai to pl joc twn upologism¸n thctim c thc sun�rthshc sf�lmatoc|H mh monìtonh strathgik  ekpaÐdeushc mporeÐ na enswmatwjeÐ se opoiond pote al-gìrijmo ekpaÐdeushc an� om�da protÔpwn eisìdou| MporeÐ na qrhsimopoihjeÐ wc miateqnik  pou diasfalÐzei kai epitaqÔnei th sÔgklish tou algorÐjmou, parèqontac thn du-natìthta antimet¸pishc aujaÐreta meg�lwn �ujm¸n ekpaÐdeushc, kai kat' autì ton trìpo,gia èna dedomèno prìblhma, gÐnetai efikt  h ekpaÐdeush TND me thn pr¸th prosp�jeia|Epiplèon, epilÔei probl mata ìpwc autì thc meiwmènhc taqÔthtac sÔgklishc, tou prìw-�ou koresmoÔ thc mejìdou   akìma kai thc apìklishc [68], pou dhmiourgoÔntai apì thnesfalmènh epilog  euretik¸n paramètrwn twn algorÐjmwn ekpaÐdeushc|
8|1|1 O mh monìtonoc orÐzontac ekpaÐdeushc

Peiramatik� apotelèsmata pou èqoume parousi�sei sthn ergasÐa [123], deÐqnoun ìti hepilog  thc paramètrouM eÐnai krÐsimh kai exart�tai apì th �Ôsh tou probl matoc| Ed¸,proteÐnoume mia diadikasÐa ektÐmhshc thc tim c tou mh monìtonou orÐzonta ekm�jhshcM ,pou qrhsimopoieÐ thn ènnoia thc stajer�c Lipschitz|EÐnai eurèwc gnwstì ìti h stajer� Lipschitz susqetÐzetai �mesa me th morfologÐa thcsun�rthshc [7, 22]| ParadeÐgmatoc q�rin, h stajer� Lipschitz gia mia sun�rthsh pouparousi�zei apìtomec perioqèc èqei meg�lh tim | EpÐshc, ìtan h sun�rthsh eÐnai epÐpedh,tìte h tim  thc stajer�c Lipschitz eÐnai mikr | Dustuq¸c, sthn pr�xh oÔte h morfologÐathc epif�neiac sf�lmatoc all� oÔte kai h tim  thc stajer�c Lipschitz eÐnai gnwst� sthnarq  thc ekpaÐdeushc| Prokeimènou na epilujeÐ to prìblhma autì, mia topik  ektÐmhshthc stajer�c Lipschitz èqei protajeÐ [82], h opoÐa parèqei plhroforÐec sqetik� me thntopik  morf  thc sun�rthshc sf�lmatoc (�l| epÐshc kai [162] gia th qrhsimìthta aut cthc ektÐmhshc)|H akìloujh diadikasÐa parèqei mia sjenar  antimet¸pish tou dunamikoÔ upologismoÔthc tim c tou mh monìtonou orÐzontaM se k�je epan�lhyh:
Mk =


Mk−1 + 1, Λk < Λk−1 < Λk−2,

Mk−1 − 1, Λk > Λk−1 > Λk−2,
Mk−1 , alli¸c, (8|2)

ìpou Λk eÐnai h topik  ektÐmhsh thc stajer�c Lipschitz sthn k epan�lhyh [82]:
Λk =

∥∥∇E(wk)−∇E(wk−1)
∥∥

‖wk − wk−1‖
. (8|3)

H tim  Λk mporeÐ na lhfjeÐ qwrÐc prìsjetouc upologismoÔc thc tim c   tou dianÔsmatoctwn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc|E�n to Λk aux�netai gia dÔo diadoqikèc epanal yeic, h akoloujÐa twn dianusm�twn�ar¸n plhsi�zei mia apìtomh perioq  kai h tim  tou M prèpei na meiwjeÐ prokeimènouna aniqneuteÐ èna pijanì topikì el�qisto| ätan to Λk mei¸netai gia dÔo diadoqikèc epa-nal yeic, h mèjodoc endeqomènwc eisèrqetai se mia epÐpedh perioq  (koil�da) tou q¸routwn �ar¸n, ètsi h tim  tou M prèpei na auxhjeÐ| Autì epitrèpei sth mèjodo na apodeqteÐmegalÔterouc �ujmoÔc ekpaÐdeushc kai na xefÔgei grhgorìtera apì aut  thn perioq |Tèloc, ìtan èqei h tim  tou Λk èqei m�llon tuqaÐa sumperifor� (aux�netai   mei¸netai giamìno mia epan�lhyh), h tim  touM paramènei amet�blhth|EÐnai profanèc ìti toM prèpei na eÐnai �etikì| Kat� sunèpeia, e�n h Sqèsh (8|2) d¸seimia mh �etik  tim  stoM , h tim  tou mh monìtonou orÐzonta ekpaÐdeushc tÐjetai Ðsh me 1,prokeimènou na exasfalisteÐ meÐwsh thc sun�rthshc sf�lmatoc sthn trèqousa epan�lhyh|
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8|1|2 An�ptuxh mh monìtonwn algorÐjmwn ekpaÐdeushc

Ed¸ perigr�foume tic mh monìtonec tropopoi seic thc mejìdou opisjodromik c di�do-shc tou sf�lmatoc (BP) me orm  (momentum) (BPM) [57, 133], kaj¸c epÐshc kai dÔo mhmonìtonec mejìdouc me prosarmostikì �ujmì ekpaÐdeushc|
1) H mh monìtonhBP mèjodoc me orm : Mia apl , euretik  strathgik  gia thn epit�qunshthc mejìdou BP èqei protajeÐ stic ergasÐec [57, 133] kai eÐnai �asismènh sth qr sh enìcìrou orm c (momentum term)| O ìroc autìc enswmat¸netai sth mèjodo thc pio apìtomhckajìdou, wc ex c:

wk+1 = wk − (1−m)η∇E(wk) +m(wk − wk−1),

ìpou m eÐnai h stajer� orm c| àna meionèkthma tou anwtèrw sq matoc eÐnai ìti, e�n sto
m dojeÐ mia sugkritik� meg�lh tim , oi plhroforÐec klÐshc apì tic prohgoÔmenec epana-l yeic ephre�zoun thn enhmèrwsh twn �ar¸n perissìtero apì tic trèqousec plhroforÐecklÐshc| Mia lÔsh eÐnai na auxhjeÐ o �ujmìc ekpaÐdeushc, entoÔtoic sthn pr�xh aut  hprosèggish apodeiknÔetai suqn� atelèsforh kai odhgeÐ sthn ast�jeia thc mejìdou, stonkoresmì kai thn apìklis  thc| Kat� sunèpeia, e�n h stajer� orm c m aux�netai, mporeÐna eÐnai aparaÐthto na efarmosteÐ mia antistajmistik  meÐwsh sto �ujmì ekpaÐdeushc ηgia na diathrhjeÐ h stajerìthta thc ekpaÐdeushc| Sto peÐrama pou anafèroume sth sunè-qeia, epilÔoume autì to prìblhma me to sunduasmì thc mejìdou BPM me th mh monìtonhstrathgik  ekpaÐdeushc| Aut  h nèa mèjodoc onom�zetai NMBPM|

2) H mh monìtonh BP me metablhtì � ma: H mh monìtonh BP me metablhtì � ma (Back­Propagation with Variable Stepsize � BPVS) [82], axiopoieÐ thn topik  morf  thc epif�neiacsf�lmatoc me ton upologismì thc stajer�c Lipschitz se k�je epan�lhyh, kai kajorÐzei to�ujmì ekpaÐdeushc ηk, sÔmfwna me ton akìloujo tÔpo:
ηk =

1
2Λk

=

∥∥wk − wk−1
∥∥

2 ‖∇E(wk)−∇E(wk−1)‖
, (8|4)

ìpou Λk h topik  ektÐmhsh thc stajer�c Lipschitz thn k epan�lhyh| Kat� sunèpeia, ìtanh epif�neia sf�lmatoc èqei apìtomec perioqèc, to Λk eÐnai meg�lo, kai mia mikr  tim  giaton �ujmì ekpaÐdeushc eÐnai kat�llhlh prokeimènou na egguhjeÐ th sÔgklish| Af' etèrouìtan èqei h epif�neia sf�lmatoc eÐnai epÐpedh, to Λk eÐnai mikrì kai meg�loc �ujmìcekpaÐdeushc epilègetai gia na epitaqÔnei th sÔgklish|Prokeimènou na apokleÐsoume thn pijanìthta miac akat�llhlhc topik c ektÐmhshcthc stajer�c Lipschitz, sundu�zoume th mèjodo BPVS me th mh monìtonh strathgik  ek-paÐdeushc| Aut  h nèa parallag  thc BPVS, pou parèqei thn dunatìthta mh monìtonhcekpaÐdeushc, onom�zetai NMBPVS|
3) H mh monìtonh mèjodoc twn Barzilai�Borwein: Sthn ergasÐa [116] èqoume proteÐnei miamèjodo gia thn ekpaÐdeush TND, apokaloÔmenh Barzilai�Borwein backPropagation (BBP),kai h opoÐa eÐnai �asismènh sth mèjodo twn Barzilai kai Borwein [12]|Aut  eÐnai mia mèjodoc ìpou h kateÔjunsh anÐqneushc eÐnai p�nta h antÐjeth thc kateÔ-�unshc tou dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc (kateÔjunshthc pio apìtomhc kajìdou), kai o �ujmìc ekpaÐdeushc upologÐzetai qrhsimopoi¸ntac tonakìloujo tÔpo:

ηk =

〈
δk−1, δk−1

〉
〈δk−1, ψk−1〉

, (8|5)
ìpou δk−1 = wk−wk−1 kai ψk−1 = ∇E(wk)−∇E(wk−1)| To kÐnhtro gia aut n thn epilo-g  eÐnai ìti parèqei mia prosèggish dÔo shmeÐwn sth exÐswsh thc qord c twn quasi�Newtonmejìdwn [125]| Ta kÔria qarakthristik� aut c thc mejìdou eÐnai oi qamhlèc apait seicse mn mh kai oi anèxodoi arijmhtikoÐ upologismoÐ| Epiplèon, den eggu�tai thn monìtonh
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meÐwsh thc sun�rthshc sf�lmatoc E| Ta peir�mat� mac (�l| epÐshc thn ergasÐa [123])èqoun deÐxei ìti aut  h idiìthta eÐnai polÔtimh gia thn ekpaÐdeush TND epeid , polÔ suqn�,h mèjodoc xefeÔgei apì topik� el�qista, ìpou oi �llec mèjodoi pagideÔontai| Gia na exa-sfalÐsoume th sÔgklish thc mejìdou, akìma kai ìtan o anwtèrw tÔpoc dÐnei akat�llhlouc�ujmoÔc ekpaÐdeushc, efarmìzoume th mh monìtonh strathgik  ekpaÐdeushc| KaloÔmeautìn ton tropopoihmèno algìrijmo ekpaÐdeushc, NMBBP|H nèa mèjodoc diathreÐ thn dunatìthta thc BBP na diafeÔgei apì tic anepijÔmhtecperioqèc sto q¸ro twn �ar¸n, ìpwc �aÐnetai sto Sq ma 8|1| Sto p�nw mèroc tou Sq ma-toc 8|1 parousi�zoume th sumperifor� thc NMBBP sto prìblhma tou apokleistikoÔ�EITE(�l| Par�rthma A|1), en¸ sto k�tw mèroc apeikonÐzetai o �ujmìc ekpaÐdeushc| H mèjo-doc xefÔgei epituq¸c apì mia perioq  me sqedìn stajer  tim  thc sun�rthshc sf�lmatoc(E ' 0.5), qrhsimopoi¸ntac meg�la �etik� kaj¸c epÐshc kai arnhtik� � mata| Na shmeiw-�eÐ ìti oi arnhtikoÐ �ujmoÐ ekpaÐdeushc eÐnai dunatoÐ lìgw tou tÔpou prosarmog c tou�ujmoÔ ekpaÐdeushc (8|5)|

Sq ma 8|1: To apokleistikì�EITE: (a) h mh monìtonh sumperifor� thc mejìdou NMBBP kai (�) hsumperifor� tou prosarmostikoÔ �ujmoÔ ekpaÐdeushc
8|1|3 Montèlo algìrijmou me metablhtì �ujmì ekm�jhshc me qr sh thc mhmonìtonhc strathgik c

Sth sunèqeia perigr�foume mia uyhloÔ epipèdou perigraf  enìc genikoÔ algorÐjmoupr¸thc t�xhc, pou enswmat¸nei th mh monìtonh strathgik  kai qrhsimopoieÐ ènan proka-�orismèno apì to qr sth orÐzonta ekpaÐdeushcM |
ArqikopoÐhsh| TuqaÐa epèlexe to arqikì di�nusma twn �ar¸n w0, d¸se to mègisto arijmìtwn epanal yewn ME, kai �èse ton arijmì twn epanal yewn k = 0| EpÐshc, d¸se thn
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epijumht  akrÐbeia ε, to γ ∈ (0, 1), thn tim  tou M ∈ [1,ME], kai ton arqikì �ujmìekpaÐdeushc η0|
1: Gia k = 0, upolìgise to w1 = w0 − η0∇E(w0)|

Epanal yeic| Gia k = 1, 2, . . . ,ME|
2: Upolìgise to �ujmì ekpaÐdeushc ηk qrhsimopoi¸ntac ton tÔpo upologismoÔ (8|4)  (8|5)|3: Upolìgise to di�nusma twn �ar¸n wk+1, sÔmfwna me thn sqèsh:

wk+1 = wk − ηk∇E(wk).

4: E�nM > k tìte �èseM ′ = k, alli¸c �èseM ′ = M |5: àlegxe th mh monìtonh strathgik :
E
(
wk − ηk∇E(wk)

)
− max

06j6M ′

{
E(wk−j)

}
6 −γ ηk

∥∥∥∇E(wk)
∥∥∥2
.

E�n to parap�nw krit rio ikanopoieÐtai, p gaine sto B ma 7|6: Jèse ηk = ηk/2 kai p gaine sto B ma 5|7: E�n to krit rio sÔgklishc E(wk+1) 6 ε ikanopoieÐtai tìte term�tise|8: E�n k <ME, �èse k = k + 1 kai p gaine sto B ma 2, alli¸c term�tise|
Termatismìc| Apoj keuse ta telik� ��rh wk+1 kai thn antÐstoiqh tim  thc sun�rthshcsf�lmatoc E(wk+1)|

EÐnai �anerì ìti antÐ thc qrhsimopoÐhshc miac prokajorismènhc apì to qr sth tim cgia ton mh monìtono orÐzonta ekpaÐdeushc M , h Sqèsh (8|2) mporeÐ na efarmosteÐ gia tondunamikì upologismì tou|
8|2 Peiramatik� Apotelèsmata

Ed¸ axiologoÔme thn apìdosh thc mh monìtonhc strathgik c ekpaÐdeushc me thn e-ktèlesh tess�rwn sunolik� peiram�twn: (a) sugkrÐnoume touc algìrijmouc NMBPVS kaiNMBBP me merikoÔc gnwstoÔc kai eurèwc qrhsimopoioÔmenouc algìrijmouc ekpaÐdeushcTND, (�) melet�me thn apìdosh twn algorÐjmwn NMBPVS kai NMBBP qrhsimopoi¸ntacdi�forec timèc tou mh monìtonou orÐzonta M , kaj¸c epÐshc kai autìmata upologizìmeno
M , (g) sugkrÐnoume thn apìdosh twn algorÐjmwn me kai qwrÐc th qr sh thc mh monìto-nhc strathgik c, kai (d) axiologoÔme thn ikanìthta genÐkeushc twn algorÐjmwn se tèsseradÔskola probl mata elègqou genÐkeushc|
8|2|1 Sugkritik  melèth

Sthn sunèqeia axiologoÔme thn apìdosh twn mejìdwn NMBPVS kai NMBBP, kai ticsugkrÐnoume me tic mejìdouc opisjodromik c di�doshc tou sf�lmatoc BP [133], opisjo-dromik c di�doshc tou sf�lmatoc me orm  BPM [57], opisjodromik c di�doshc tou sf�l-matoc me prosarmostikì �ujmì ekpaÐdeushc kai orm  ABP [159], kaj¸c epÐshc kai metic oi eurèwc sugklÐnousec tropopoi seic twn suzug¸n mejìdwn klÐshc: Fletcher�Reeves(FR) [40], Polak�Ribiere (PR) [40], kai Polak�Ribiere (PR) periorismènh apì thn FR mèjodo(PR�FR) [40]|Gia touc algìrijmouc NMBPVS kai NMBBP, èqoume kajorÐsei tic timèc M = 10 kai
γ = 10−5| H mèjodoc twn Nguyen�Widrow (�l| thn Enìthta 1|5|2 tou KefalaÐou 2 kai thn
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ergasÐa [94]) èqei efarmosteÐ gia thn arqikopoÐhsh twn �ar¸n kai twn pol¸sewn gia ìlouctouc algìrijmouc, kai h Ðdia akoloujÐa apì prìtupa èqei parousiasteÐ sto k�je TND|Na shmeiwjeÐ ìti ta ��rh k�je TND enhmer¸nontai mìno afoÔ èqei parousiasteÐ olìklhrosÔnolo twn protÔpwn ekpaÐdeushc (ekpaÐdeush an� om�da protÔpwn)|Gia k�je èna apì ta probl mata pou perigr�fontai parak�tw, parousi�zoume ènanpÐnaka pou sunoyÐzei thn apìdosh twn algorÐjmwn gia tic prosomoi¸seic pou èfjasanse lÔsh mèsa se èna prokajorismèno ìrio upologism¸n twn tim¸n thc sun�rthshc sf�l-matoc (pou dieukrinÐzetai pio k�tw)| Oi anaferìmenec stouc pÐnakec par�metroi eÐnai:
Min o el�qistoc arijmìc epanal yewn, µ h mèsh tim  twn epanal yewn, Max o mègistocarijmìc epanal yewn, σ h tupik  apìklish, kai EpituqÐa o arijmìc twn epituqhmènwnprosomoi¸sewn apì èna sÔnolo 1000 dokim¸n| E�n ènac algìrijmoc apotÔqei na sugklÐneimèsa sto ìrio twn upologism¸n thc sun�rthshc sf�lmatoc, �ewreÐtai ìti apotugq�nei naekpaideÔsei to TND kai oi epanal yeic tou (gia th sugkekrimènh prosomoÐwsh) den su-mperilamb�nontai sthn an�lush twn apotelesm�twn tou algorÐjmou| Sta Sq mata 8|2�8|5parousi�zoume th sugkritik  an�lush tou mèsou qrìnou sÔgklishc (CPU time) gia toucparap�nw algìrijmouc se tèssera probl mata ekpaÐdeushc|

Sq ma 8|2: To prìblhma thc isotimÐac 3�bit: mèsoc qrìnoc (CPU time) gia th sÔgklish k�je algì-�ijmou

Sq ma 8|3: To prìblhma prosèggishc miac suneqoÔc sun�rthshc: mèsoc qrìnoc (CPU time) gia thsÔgklish k�je algìrijmou
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Sq ma 8|4: To prìblhma anagn¸rishc twn kefalaÐwn gramm�twn: mèsoc qrìnoc (CPU time) gia thsÔgklish k�je algìrijmou

Sq ma 8|5: To prìblhma anagn¸rishc twn arijm¸n: mèsoc qrìnoc (CPU time) gia th sÔgklish k�jealgìrijmou
Prèpei ed¸ na shmei¸soume ìti gia tic mejìdouc BP, BPM kai ABP se k�je epan�lhyhgÐnetai ènac upologismìc thc tim c thc sun�rthshc sf�lmatoc (Function Evaluation � FE)kai ènac upologismìc tou dianÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lma-toc (Gradient Evaluation � GE)| Af' etèrou, o arijmìc twn upologism¸n thc tim c thcsun�rthshc sf�lmatoc twn suzug¸n mejìdwn klÐshc (PR, FR, kai PR�FR) eÐnai, genik�,megalÔteroc apì ton arijmì twn upologism¸n thc klÐshc, lìgw thc qr shc miac teqnik cmh akriboÔc eujÔgrammhc (monodi�stathc) anÐqneushc (inexact line search)| Autì isqÔeikai gia tic mejìdouc NMBPVS kai NMBBP, lìgw thc qr shc thc mh monìtonhc strathgik cpou efarmìzetai|Kat� sunèpeia, akìma kai ìtan oi mèjodoi NMBPVS kai NMBBP apotugq�noun nasugklÐnoun mèsa sto prokajorismèno ìrio twn upologism¸n twn tim¸n thc sun�rthshcsf�lmatoc, o arijmìc twn upologism¸n twn klÐsewn eÐnai mikrìteroc apì ton antÐstoiqoarijmì twn �llwn mejìdwn| Lamb�nontac upìyh ìti ènac upologismìc klÐshc eÐnai da-panhrìteroc apì èna upologismì tim c [92], eÐnai �anerì ìti autèc oi mèjodoi apaitoÔnligìterec pr�xeic kinht c upodiastol c (�oating point operations) kai eÐnai pragmatik�polÔ pio gr gorec| Apì thn anwtèrw suz thsh, eÐnai safèc giatÐ stouc katwtèrw pÐnakec
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up�rqoun dÔo seirèc apotelesm�twn gia tic suzugeÐc mejìdouc klÐshc kai gia tic mejìdoucNMBPVS kai NMBBP; h pr¸th deÐqnei thn statistik  an�lush gia touc upologismoÔc thctim c thc sun�rthshc sf�lmatoc (FE), en¸ h deÔterh anafèretai stouc upologismoÔc toudianÔsmatoc twn merik¸n parag¸gwn thc (GE)|
1) IsotimÐa twn 3�bit: Gia to prìblhma thc isotimÐac (�l| Par�rthma A|2), ekpaideÔsameèna 3�2�1 TND (8 ��rh kai 3 pol¸seic)| To krufì str¸ma �asÐsthke se neur¸nec me sun�r-thsh energopoÐhshc thn uperbolik  efaptomènh| Gia touc neur¸nec tou str¸matoc exìdouqrhsimopoi jhkan grammikèc sunart seic energopoÐhshc| H sunj kh termatismoÔ  tanna �rejeÐ tim  E 6 0.01, mèsa se 1000 upologismoÔc tim¸n thc sun�rthshc sf�lmatoc|Ta apotelèsmata �aÐnontai ston PÐnaka 8|1|

PÐnakac 8|1: Apotelèsmata apì to prìblhma thc isotimÐac 3�bitAlgìrijmoc Min µ Max σ EpituqÐaBP * * * * *BPM 246 485|4 973 195|4 48|0%ABP 465 599|2 924 103|9 45|0%FR * * * * *
(FE) 189 465|3 972 188|2PR 53|2%
(GE) 148 399|7 836 179|2
(FE) 201 520|9 943 196|8PR�FR 56|2%
(GE) 170 432|3 829 187|2
(FE) 103 292|1 986 161|9NMBPVS 72|7%
(GE) 98 285|5 960 156|8
(FE) 47 298|9 978 212|4NMBBP 67|9%
(GE) 37 181|9 601 118|9

* O algìrijmoc apètuqe na sugklÐnei mèsa sto ìrio twn upologism¸n twn tim¸n thc sun�rthshc sf�lmatoc|

Par� thn prosp�jeia pou katab�llame gia th epilog  tou �ujmoÔ ekpaÐdeushc, hmèjodoc BP apètuqe na sugklÐnei mèsa sto ìrio upologism¸n twn tim¸n thc sun�rthshcsf�lmatoc E, se ìla ta peir�mata thc prosomoÐwshc| Af' etèrou oi mèjodoi BPM kaiABP eÐqan polÔ kalÔtera apotelèsmata, me thn mèjodo BPM na eÐnai elafr¸c kalÔterhapì thn mèjodo ABP| Oi suzugeÐc mèjodoi klÐshc PR kai PR�FR  tan apodotikìterec kaiapotelesmatikìterec apì tic mejìdouc pr¸thc t�xhc, dhlad  tic BP, BPM kai ABP, all�h mèjodoc FR apètuqe na sugklÐnei se ìlec tic dokimèc mac| äpwc �aÐnetai kai ston PÐna-ka 8|1, oi mèjodoi NMBPVS kai NMBBP eÐqan thn kalÔterh apìdosh, dedomènou ìti èqounto uyhlìtero posostì epituqÐac, kaj¸c epÐshc kai ton mikrìtero mèso arijmì upologism¸ntwn tim¸n thc sun�rthshc sf�lmatoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc|
2) Prosèggish miac suneqoÔc sun�rthshc: Gia to prìblhma thc prosèggishc miac suneqoÔcsun�rthshc (�l| Par�rthma A|5), ekpaideÔsame èna 1�15�1 TND (30 ��rh kai 16 pol¸-seic), na proseggÐsei thn suneq  sun�rthsh f(x) = sin(x) cos(2x), qrhsimopoi¸ntac 20isapèqousec timèc thc apì to di�sthma [0, 2π]|To TND ekpaideÔetai èwc ìtou �rejeÐ tim E 6 0.1 mèsa se 1000 upologismoÔc tim¸n thcsun�rthshc sf�lmatoc E| Ta sugkritik� apotelèsmata parousi�zontai ston PÐnaka 8|2|To krufì str¸ma eÐqe neur¸nec �asismènouc sthn logistik  sun�rthsh energopoÐhshc, en¸oi neur¸nec exìdou eÐqan grammikèc energopoi seic|AxÐzei na shmeiwjeÐ h ast�jeia sthn apìdosh thc mejìdou FR, dedomènou ìti �aÐnetaina apaiteÐ ton mikrìtero upologism¸n, all� èqei polÔ mikrì posostì epituqÐac (17%)| Af'etèrou, oi proteinìmenec mh monìtonec mèjodoi (NMBPVS kai NMBBP) èqoun polÔ kal mèsh apìdosh kai epideiknÔoun to uyhlìtero posostì epituqÐac|
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PÐnakac 8|2: Apotelèsmata apì to prìblhma prosèggishc miac suneqoÔc sun�rthshcAlgìrijmoc Min µ Max σ EpituqÐaBP 328 706|7 998 175|6 13|8%BPM 332 699|2 993 174|8 13|7%ABP 166 628|1 994 216|8 26|9%

(FE) 44 173|2 474 133|3FR 17|3%
(GE) 38 87|8 164 43|4
(FE) 151 532|7 954 232|4PR 41|1%
(GE) 119 465|5 940 235|1
(FE) 80 597|5 997 283|3PR�FR 43|0%
(GE) 69 574|1 982 278|5
(FE) 64 443|9 991 238|5NMBPVS 66|8%
(GE) 64 429|2 960 228|9
(FE) 29 241|7 988 195|1NMBBP 92|2%
(GE) 26 158|2 625 114|7

3) Anagn¸rish twn kefalaÐwn gramm�twn: Gia to prìblhma autì, èna 35�30�26 TND (1830��rh kai 56 pol¸seic) ekpaideÔetai na anagnwrÐzei ta kefalaÐa gr�mmata thc Agglik calfab tou (�l| Par�rthma A|6)| To dÐktuo eÐnai �asismèno se neur¸nec me logistikècsunart seic energopoÐhshc sto krufì epÐpedo kai grammikoÔc neur¸nec exìdou| To ìrioekpaÐdeushc  tan na �rejeÐ tim  E 6 0.1, mèsa se 2000 upologismoÔc thc sun�rthshcsf�lmatoc E| Ta apotelèsmata ston PÐnaka 8|3 deÐqnoun ìti oi mh monìtonoi algìrijmoiuperèqoun twn �llwn mejìdwn pou dokim�same|
PÐnakac 8|3: Apotelèsmata apì to prìblhma anagn¸rishc gramm�twnAlgìrijmoc Min µ Max σ EpituqÐaBP 1098 1561|9 1999 202|8 76|8%BPM 1142 1519|1 1931 169|3 4|9%ABP 1119 1773|1 1999 168|9 37|2%FR * * * * *

(FE) 340 1018|5 1673 275|7PR 100|0%
(GE) 196 936|7 1669 317|1
(FE) 388 998|5 1715 285|1PR�FR 100|0%
(GE) 244 988|3 1713 292|0
(FE) 337 669|4 1112 134|9NMBPVS 100|0%
(GE) 322 633|3 1041 131|1
(FE) 113 182|0 309 33|5NMBBP 100|0%
(GE) 73 119|4 193 20|5

* O algìrijmoc apètuqe na sugklÐnei mèsa sto ìrio twn upologism¸n twn tim¸n thc sun�rthshc sf�lmatoc|

4) Anagn¸rishc arijm¸n: Se autì to peÐrama ekpaideÔetai èna 64�6�10 TND (444 ��rhkai 16 pol¸seic) ¸ste na anagnwrÐzei touc arijmoÔc apì 0 èwc 9 (�l| Par�rthma A|7kai [82])| To dÐktuo eÐnai �asismèno se neur¸nec me th logistik  sun�rthsh energopoÐhshc,kai ta ��rh arqikopoioÔntai me touc tuqaÐouc arijmoÔc apì thn omoiìmorfh katanom  stodi�sthma (−1, 1)| H sunj kh termatismoÔ eÐnai na �rejeÐ tim  thc sun�rthshc sf�lmatoctètoia ¸ste E 6 10−3|Ta apotelèsmata sunoyÐzontai ston PÐnaka 8|4| Saf¸c, oi mèjodoi NMBPVS kaiNMBBP èqoun thn kalÔterh apìdosh kai epituqÐa 100%| ParathroÔme epÐshc ìti h mè-
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�odoc NMBPVS èqei to mikrìtero mèso arijmì upologism¸n tou dianÔsmatoc twn merik¸nparag¸gwn thc sun�rthshc sf�lmatoc|

PÐnakac 8|4: Apotelèsmata apì to prìblhma anagn¸rishc arijm¸nAlgìrijmoc Min µ Max σ EpituqÐaBP 9421 14489|2 19947 2783 66|2%BPM 5328 10142|1 18756 1943 54|1%ABP 228 1975|6 13822 2509 91|2%
(FE) 366 2501|2 26560 5632|4FR 42|0%
(GE) 260 620|3 3321 571
(FE) 806 1475|5 5585 763|7PR 96|1%
(GE) 148 649|7 1099 109|1
(FE) 1498 2723|5 5737 820|1PR�FR 100|0%
(GE) 533 750|3 1400 120|0
(FE) 104 380|4 1902 217|9NMBPVS 100|0%
(GE) 88 268|9 1034 134|1
(FE) 100 350|3 1532 182|5NMBBP 100|0%
(GE) 100 346|4 1488 178|5

8|2|2 Melèth thc epÐdrashc tou mh monìtonou orÐzonta ekpaÐdeushc
Gia na melet soun thn epÐdrash tou mh monìtonou orÐzonta ekpaÐdeushc M sthn a-pìdosh twn mh monìtonwn algorÐjmwn ekpaÐdeushc, oi algìrijmoi NMBPVS kai NMBBPexet�sthkan se dÔo probl mata| Gia k�je algìrijmo ektelèsjhkan 100 prosomoi¸seicqrhsimopoi¸ntac ta Ðdiec tuqaÐec arqikèc timèc gia ta ��rh| Gia tic dokimèc èqoume �èsei

γ = 10−5 kai ton mègisto mh monìtono orÐzonta ekpaÐdeushcM = 10|H pr¸th dokim  afor� to proanaferjèn prìblhma anagn¸rishc twn kefalaÐwn gram-m�twn| Ta ��rh èqoun arqikopoihjeÐ me th mèjodo Nguyen�Widrow [94] kai h sunj khtermatismoÔ eÐnai na �rejeÐ shmeÐo me sunarthsiak  tim  E 6 0.1 mèsa sto ìrio twn 2000sunarthsiak¸n upologism¸n| H deÔterh dokim  eÐnai to prìblhma taxinìmhshc uf c (�l|Par�rthma A|8)| H sunj kh termatismoÔ eÐnai to ekpaideumèno TND na èqei sf�lma taxinì-mhshc CE 6 3%, dhlad  to TND na taxinomeÐ swst� toul�qiston 117 apì ta 120 prìtupaekpaÐdeushc|Ta leptomer  apotelèsmata sqetik� me thn epÐdrash tou mh monìtonou orÐzonta ekpaÐ-deushc stic mejìdouc NMBPVS kai NMBBP �aÐnontai sta Sq mata 8|6�8|9| Oi kampÔlecse autèc tic grafikèc parast�seic parousi�zoun thn ex�rthsh thc paramètrou M apì tonmèso arijmì upologism¸n twn tim¸n thc sun�rthshc sf�lmatoc kai tou dianÔsmatoc twnmerik¸n parag¸gwn thc| H perÐptwsh tou prosarmozìmenou M , sÔmfwna me thn Sqè-sh (8|2), apeikonÐzetai wc eujeÐa gramm  apì ta arister� proc sto ta dexi�, prokeimènouna sugkrÐnetai eÔkola me opoiad pote apì tic �llec peript¸seic thc dokim c| Apì ta sq -mata eÐnai �anerì ìti h apìdosh twn mejìdwn NMBPVS kai NMBBP me èna prosarmozìmenomh monìtono orÐzonta M , eÐnai kalÔterh   exÐsou kal  me th mèsh apìdosh pou èqoun oimèjodoi gia opoiad pote prokajorismènh tim  touM |Anaforik� me to posostì epituqÐac twn mejìdwn, parathroÔme ìti h mèjodoc NMBPVSeÐqe posostì epituqÐac 100% kai sta dÔo peir�mata, anex�rthta apì thn tim  tou mhmonìtonou orÐzontaM |Apì thn �llh meri�, h apìdosh thc NMBBP exart�tai apì thn epilog  thc tim c touM |Sto prìblhma anagn¸rishc twn kefalaÐwn gramm�twn, h NMBBP èqei posostì epituqÐac100% gia k�je tim  touM , en¸ sto prìblhma taxinìmhshc uf c h mèjodoc èqei to uyhlì-tero posostì epituqÐac ìtan qrhsimopoieÐ prosarmozìmeno M , ìpwc �aÐnetai kajar� sto
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Sq ma 8|6: To prìblhma anagn¸rishc twn kefalaÐwn gramm�twn: Mèsoc arijmìc upologism¸n thcsun�rthshc sf�lmatoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc, gia th mèjodo NMBBP giadi�forec timèc touM

Sq ma 8|7: To prìblhma taxinìmhshc uf c: Mèsoc arijmìc upologism¸n thc sun�rthshc sf�lma-toc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc, gia th mèjodo NMBBP gia di�forec timèc tou
M
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Sq ma 8|8: To prìblhma anagn¸rishc twn kefalaÐwn gramm�twn: Mèsoc arijmìc upologism¸n thcsun�rthshc sf�lmatoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc, gia th mèjodo NMBPVSgia di�forec timèc touM

Sq ma 8|9: To prìblhma taxinìmhshc uf c: Mèsoc arijmìc upologism¸n thc sun�rthshc sf�l-matoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc, gia th mèjodo NMBPVS gia di�forec timèctouM
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Sq ma 8|10| Sto Sq ma autì, h s mansh A ston orizìntio �xona, deÐqnei thn perÐptwshìpou qrhsimopoieÐtai o prosarmozìmenoc orÐzontac ekpaÐdeushc M | Genik�, �aÐnetai ìtih qr sh tou prosarmozìmenou orÐzonta M , qwrÐc na èqei prìsjeto upologistikì kìstoc,�ohj� shmantik� th diadikasÐa ekpaÐdeushc|

Sq ma 8|10: To prìblhma taxinìmhshc uf c: Posostì epituqÐac gia th mèjodo NMBBP gia di�fo-�ec timèc touM
8|2|3 Melèth thc epÐdrashc thc mh monìtonhc strathgik c

H mh monìtonh strathgik  mporeÐ na enswmatwjeÐ se opoiond pote algìrijmo ekpaÐ-deushc| Parak�tw, parousi�zoume ta peiramatik� apotelèsmata kai sugkrÐnoume thn a-pìdosh tri¸n algorÐjmwn ekpaÐdeushc me tic mh monìtonec tropopoi seic touc| Se ìlec ticpeript¸seic èqei qrhsimopoihjeÐ o prosarmozìmenoc mh monìtonoc orÐzontac ekm�jhshc|
1) O algìrijmoc BPM: Gia na exet�soun thn apotelesmatikìthta thc proteinìmenhc strath-gik c ekpaÐdeushc sthn mh monìtonh parallag  thc BPM, èqoun ektelesjeÐ dÔo peir�mata|To pr¸to peÐrama anafèretai sthn ekpaÐdeush enìc TND gia thn anagn¸rish twn a-�ijm¸n apì to 0 èwc to 9| Oi leptomèreiec sqetik� me thn arqitektonik  tou TND èqoundojeÐ parap�nw| Gia na axiolog soun thn sjenarìthta thc proteinìmenhc strathgik c,stic paramètrouc ekpaÐdeushc èqoun skìpima dojeÐ uyhlèc (ìqi �èltistec) timèc, dhlad 
η = 1.2 kai m = 0.9| Leptomer  apotelèsmata sqetik� me thn apìdosh twn algorÐjmwnparousi�zontai ston PÐnaka 8|5, ìpou µ eÐnai o mèsoc ìroc twn upologism¸n twn tim¸nthc sun�rthshc sf�lmatoc kai tou dianÔsmatoc twn merik¸n parag¸gwn thc pou apai-toÔntai gia thn sÔgklish, σ h antÐstoiqh tupik  apìklish, Min/Max o el�qistoc kai omègistoc arijmìc upologism¸n tim¸n kai parag¸gwn, kai h EpituqÐa deÐqnei to posostì twnprosomoi¸sewn pou sugklÐnoun se èna epijumhtì el�qisto (E 6 0.1)|

PÐnakac 8|5: Apotelèsmata apì to prìblhma anagn¸rishc arijm¸nAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa
µ σ Min/Max µ σ Min/Max %BPM 560|2 684|9 239/3962 560|2 684|9 239/3962 39%NMBPM 565|9 429|1 289/2823 571|6 428|9 295/2827 97%

To deÔtero prìblhma pou �a exet�soume eÐnai to apokleistikì�EITE (XOR)| Gia na lÔ-soume autì to klasikì prìblhma èqoume qrhsimopoi sei èna TND me dÔo krufoÔc neur¸nec
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logistik¸n energopoi sewn kai èna grammikì neur¸na exìdou (6 ��rh kai 3 pol¸seic)| Ta��rh arqikopoi jhkan me th mèjodo Nguyen�Widrow [94] kai oi par�metroi ekpaÐdeushceÐqan tic timèc η = 0.4 kai m = 0.9| To krit rio termatismoÔ  tan E 6 0.1, mèsa stoìrio twn 2000 upologism¸n thc tim c thc sun�rthshc sf�lmatoc| Ta apotelèsmata thcprosomoÐwshc parousi�zontai ston PÐnaka 8|6|

PÐnakac 8|6: Apotelèsmata apì to prìblhma tou apokleistikoÔ EITEAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa
µ σ Min/Max µ σ Min/Max %BPM 230|2 512|8 13/1764 230|2 512|8 13/1764 11%NMBPM 187|8 365|1 16/1894 198|9 364|9 17/1903 80%

H sumperifor� tou M kat� th di�rkeia miac qarakthristik c dokim c thc mejìdouNMBPM parousi�zetai sto Sq ma 8|11|

Sq ma 8|11: To apokleistikì�EITE: h sumperifor� thc mejìdou NMBPM me prosarmozìmenoMk

Kai sta dÔo probl mata pou elègxame, h qr sh thc mh monìtonhc strathgik c �elti¸neishmantik� to posostì epituqÐac thc mejìdou BPM| EntoÔtoic, sto prìblhma anagn¸rishcarijm¸n (�l| ton PÐnaka 8|5), dedomènou ìti ligìterec dokimèc èqoun sugklÐnei se ènaepijumhtì el�qisto gia thn mèjodo BPM, o algìrijmoc �aÐnetai na èqei mikrìtero mèsoarijmì upologism¸n tim¸n kai klÐsewn thc sun�rthshc sf�lmatoc gia tic dokimèc pousunèklinan|
2) O algìrijmoc BPVS: Gia na parousi�soume thn epÐdrash thc proteinìmenhc strathgik cekm�jhshc sthn apìdosh thc mejìdou BPVS, thn dokim�same se dÔo efarmogèc: (a) toprìblhma thc taxinìmhsh uf c, kai (�) to prìblhma thc prosèggishc miac suneqoÔc su-n�rthshc (�l| Parart mata A|8 kai A|5 antÐstoiqa)| Ta apotelèsmata paratÐjentai stoucPÐnakec 8|7 kai 8|8|

PÐnakac 8|7: Apotelèsmata apì to prìblhma taxinìmhsh uf cAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa
µ σ Min/Max µ σ Min/Max %BPVS 544|8 274|1 294/2227 519|5 257|7 283/2101 100%NMBPVS 471|7 116|6 273/888 463|7 113|7 268/870 100%

SÔmfwna me aut� ta apotelèsmata, h mh monìtonh strathgik  �elti¸nei thn apìdo-sh thc mejìdou BPVS| H meÐwsh thc sun�rthshc sf�lmatoc apì th mèjodo NMBPVS se
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PÐnakac 8|8: Apotelèsmata apì to prìblhma thc prosèggishc miac suneqoÔc sun�rthshcAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa

µ σ Min/Max µ σ Min/Max %BPVS 417|3 220|3 44/943 446|3 236|9 48/994 63|4%NMBPVS 429|2 228|9 64/960 443|9 238|5 64/991 66|8%
mia qarakthristik  dokim  parousi�zetai sto Sq ma 8|12, ìpou diakrÐnetai eÔkola h mhmonìtonh sumperifor� sÔgklishc thc mejìdou NMBPVS|

Sq ma 8|12: To prìblhma anagn¸rishc twn kefalaÐwn gramm�twn: sumperifor� sÔgklishc thcmejìdou NMBPVS

3) O algìrijmoc BBP: Sth sunèqeia dokim�same tic proteinìmenec strathgikèc ekpaÐdeushcston algìrijmo BBP kai sto prìblhma thc prosèggishc miac suneqoÔc sun�rthshc| Para-�ètoume ta sugkritik� apotelèsmata ston PÐnaka 8|9| Up�rqei mia axioprìseqth �eltÐwshthc apìdoshc thc mejìdou BBP ìtan efarmìzetai h mh monìtonh strathgik  ekm�jhshc|Sugkekrimèna, h arqik  mèjodoc (BBP) èqei èna posostì epituqÐac 79|6%, en¸ h mh monì-tonh tropopoÐhsh (NMBBP) èqei posostì epituqÐac 92|2%|To deÔtero peÐrama afor� to prìblhma anagn¸rishc twn kefalaÐwn gramm�twn, pouèqei perigrafeÐ anwtèrw| Ta apotelèsmata dÐnontai ston PÐnaka 8|10| H mèjodoc BBPkaj¸c kai h mèjodoc NMBBP èqoun epituqÐa 100%, entoÔtoic h mh monìtonh tropopoÐhs thc eÐnai saf¸c grhgorìterh|
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PÐnakac 8|9: Apotelèsmata apì to prìblhma thc prosèggishc miac suneqoÔc sun�rthshcAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa

µ σ Min/Max µ σ Min/Max %BBP 186|4 111|3 27/502 362|1 233|5 39/995 79|6%NMBBP 158|2 114|7 26/625 241|7 195|1 29/988 92|2%
PÐnakac 8|10: Apotelèsmata apì to prìblhma anagn¸rishc twn gramm�twnAlgìrijmoc UpologismoÐ merik¸n parag¸gwn SunarthsiakoÐ UpologismoÐ EpituqÐa

µ σ Min/Max µ σ Min/Max %BBP 169|8 35|9 90/373 332|6 70|4 167/758 100%NMBBP 119|4 20|5 73/193 182|0 33|5 113/309 100%
8|2|4 Apotelèsmata genÐkeushc

H uyhl  ikanìthta genÐkeushc twn ekpaideumènwn TND eÐnai ènac apofasistikìc par�-gontac gia thn epilog  enìc algorÐjmou ekpaÐdeushc| Prèpei loipìn na exasfalisteÐ ìti taauxhmèna posost� sÔgklishc pou èqoun oi mh monìtonoi algìrijmoi ekpaÐdeushc den èqounarnhtikèc epipt¸seic sthn ikanìthta genÐkeus c touc| Gia to lìgo autì, parak�tw parou-si�zoume peiramatik� apotelèsmata gia thn ikanìthta genÐkeushc twn mejìdwn NMBPVSkai NMBBP se tèssera dÔskola probl mata elègqou genÐkeushc| Ta apotelèsmata aut�deÐqnoun ìti oi proteinìmenec mèjodoi èqoun kalÔterh genÐkeush apì touc upìloipouc polÔgnwstoÔc algìrijmouc ekpaÐdeushc pou dokim�same|
1) To prìblhma anagn¸rishc qeirìgrafwn arijm¸n: To prìblhma anagn¸rishc qeirìgra-�wn arijm¸n [93] apoteleÐtai apì èna sÔnolo 250 deigm�twn apì k�je ènan apì 44 anex�r-thtouc anjr¸pouc| Sunolik� up�rqoun 11000 prìtupa, to sÔnolo ekpaÐdeushc apoteleÐtaiapì 7494 prìtupa, en¸ ta upìloipa qrhsimopoioÔntai gia ton èlegqo thc genÐkeushc| Pei-�amatik� �rèjhke ìti h arqitektonik  tou TND me thn kalÔterh apìdosh  tan aut  poueÐqe 50 neur¸nec sto krufì str¸ma| àtsi qrhsimopoi same èna 16�50�10 TND (1300 ��rhkai 60 pol¸seic) me touc neur¸nec tou krufoÔ str¸matoc na eÐnai �asismènoi sth logisti-k  sun�rthsh energopoÐhshc, en¸ oi neur¸nec exìdou na eÐnai grammikoÐ| H ekpaÐdeushstam�thse ìtan to TND parousÐase 2% lajemènh taxinìmhsh sto sÔnolo ekpaÐdeushc|To mèso posostì epituqÐac taxinìmhshc gia k�je algìrijmo sto prìblhma autì eÐ-nai: BP=91.0%, BPM=91.1%, ABP=92.0%, FR=96.8%, PR=97.1%, PR�FR=97.3%, NMB­PVS=98.3%, kai NMBBP=98.4%| EÐnai �anerì ìti sto prìblhma autì oi mh monìtonecmèjodoi èqoun polÔ uyhl  genÐkeush kai uperteroÔn ènanti twn upoloÐpwn mejìdwn|
2) To prìblhma genÐkeushc MONK [156]: To prìblhma genÐkeushc MONK apoteleÐtai apì3 dÔskola probl mata �ompotik c, pou sqedi�sthkan gia thn axiolìghsh thc ikanìthtacgenÐkeushc twn algorÐjmwn ekpaÐdeushc (�l| kai thn Enìthta 5|6 tou KefalaÐou 5)| àqou-me dokim�sei tic mh monìtonec mejìdouc (NMBPVS kai NMBBP) ènanti twn polÔ gnwst¸nmejìdwn thc opisjodromik c di�doshc tou sf�lmatoc (BP) [133], thc mejìdou thc opi-sjodromik c di�doshc tou sf�lmatoc me exasjènhsh twn �ar¸n (BP with Weight Decay �BPWD) [124], kai thc mejìdou twn diadoqik¸n susqetÐsewn (Cascade Correlation � CC) [37]|Sthn prosomoÐws  mac, èqoume qrhsimopoi sei tic Ðdiec topologÐec diktÔwn me ekeÐnecpou �rÐskontai sthn ergasÐa [156] gia th mèjodo BP| O PÐnakac 8|11 saf¸c deÐqnei ìti oimèjodoi NMBPVS kai NMBBP èqoun �risth genÐkeush, kai katorj¸noun na taxinom sounswst� ìla ta prìtupa eisìdou se ìla ta probl mata| Ta ekpaideumèna dÐktua, se ìlata probl mata, �aÐnetai na mporoÔn na majaÐnoun tic ènnoiec pou eÐnai enswmatwmènecsta prìtupa eisìdou| Autì eÐnai pio emfanèc se prìblhma MONK�3, ìpou up�rqei 5%eskemmèna lajemènh taxinìmhsh sta prìtupa eisìdou| Ta dÐktua pou ekpaideÔthkan me
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tic mejìdouc BP, BPWD, kai CC �aÐnetai na apotugq�noun na sull�boun tic ènnoiec pouenswmat¸netai sta prìtupa eisìdou, kai majaÐnoun ton �ìrubo ant' aut¸n|

PÐnakac 8|11: Apotelèsmata apì to prìblhma genÐkeushc MONKAlgìrijmoc MONK�1 MONK�2 MONK�3BP 100% 100% 93|1%BPWD 100% 100% 97|2%CC 100% 100% 97|2%NMBPVS 100% 100% 100%NMBBP 100% 100% 100%

2) To prìblhma taxinìmhshc uf c: To prìblhma autì epilègetai, wc par�deigma praktik cefarmog c, gia thn sÔgkrish kai axiolìghsh twn algìrijmwn ekpaÐdeushc, qrhsimopoi¸-ntac pragmatik� prìtupa pou perièqoun tuqaÐo �ìrubo|Ta epituq¸c ekpaideumèna TND exet�zontai gia thn ikanìthta genÐkeus c touc qrhsimo-poi¸ntac 20 tm mata eikìnac megèjouc 128 × 128 eikonostoiqeÐa, pou epilègontai tuqaÐaapì k�je eikìna uf c| Gia na axiolog sei th mèsh apìdosh genÐkeushc twn TND o kanìnactou megÐstou (max rule) qrhsimopoieÐtai, dhlad  èna prìtupo dokim c �ewreÐtai ìti èqeitaxinomhjeÐ swst� e�n o antÐstoiqoc neur¸nac exìdou èqei th mègisth tim  metaxÔ ìlwn twnneur¸nwn exìdou|To mèso posostì epituqÐac taxinìmhshc gia k�je algìrijmo sto prìblhma autì eÐ-nai: BP=90.0%, BPM=90.0%, ABP=93.5%, FR=92.0%, PR=92.6%, PR�FR=93.5%, NMB­PVS=93.6%, kai NMBBP=93.6%| Blèpoume kai apì autì to par�deigma ìti oi proteinì-menec mh monìtonec mèjodoi èqoun polÔ uyhl  genÐkeush|
3) To prìblhma anagn¸rishc arijm¸n: Oi arijmoÐ apì to 0 èwc to 9, apì th gramma-toseir� helvetica, apoteloÔn to sÔnolo protÔpwn ekpaÐdeushc| Met� apì thn ��sh thcekpaÐdeushc me tic mejìdouc BP, BPM, ABP, FR, PR, FR�PR, NMBPVS kai NMBBP, taTND exet�zontai gia thn ikanìthta genÐkeus c touc qrhsimopoi¸ntac touc arijmoÔc 0 èwc9 apì th grammatoseir� helvetica me pl�giouc qarakt rec (italics)| AxÐzei na shmeiwjeÐ,ta prìtupa dokim c me pl�giouc qarakt rec antistrèfoun tic timèc apì 6 èwc 14 bits sesqèsh me ta prìtupa ekpaÐdeushc kai ìti 100 TND ekpaideÔontai gia k�je perÐptwsh| Giana axiologhjeÐ h mèsh apìdosh genÐkeushc qrhsimopoieÐtai o kanìnac tou megÐstou|Ta TND pou ekpaideÔthkan me tic mejìdouc BP kai BPM èqoun parìmoiec ikanìthtecgenÐkeushc me aut� pou ekpaideÔthkan me thn mèjodo ABP, all� perissìterec epanal yeic tan aparaÐthtec prokeimènou na sugklÐnoun| To Ðdio isqÔei gia tic mejìdouc FR kai PR|Gia to lìgo autì sto Sq ma 8|13 parousi�zoume mìno h apìdosh twn mejìdwn ABP, PR,PR�FR, NMBPVS, kai NMBBP| äpwc �aÐnetai se autì to sq ma, oi mèjodoi NMBPVS kaiNMBBP ekpaÐdeusan TND me thn megalÔterh ikanìthta genÐkeushc se sqèsh me ìlouc touc�llouc algìrijmouc pou dokim�same| EÐnai axioshmeÐwto ìti mìno oi mèjodoi NMBPVS kaiNMBBP ekpaÐdeusan TND me posostì epituqÐac 100%|
8|3 Sumper�smata � Suneisfor�

Se autì to kef�laio prot�jhkan aitiokratikèc strathgikèc mh monìtonhc ekpaÐdeushcgia TND| SÔmfwna me aut n thn prosèggish, h tim  thc sun�rthshc sf�lmatoc prèpei naikanopoieÐ èna krit rio sqetik� me th mègisth tim  twn prohgoÔmenwn M epanal yewn,pou apoteleÐ kai ton mh monìtono orÐzonta ekpaÐdeushc|
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Sq ma 8|13: To prìblhma anagn¸rishc twn arijm¸n: o arijmìc twn ekpaideumènwn TND (apìsÔnolo 100), pou taxinomoÔn swst� touc arijmoÔc 0, 1, . . . , 9

EpÐshc, prot�jhke mia diadikasÐa gia thn kat�llhlh prosarmog  tou orÐzonta ekpaÐ-deushc �asismènh sthn topik  ektÐmhsh thc stajer�c Lipschitz| Ta peir�mat� mac deÐqnounìti h qr sh enìc prosarmozìmenouM �ohj� sthn meÐwsh tou arijmoÔ upologism¸n thc ti-m c thc sun�rthshc sf�lmatoc kai thc klÐshc thc, pou apaitoÔntai gia th sÔgklish| Oi mhmonìtonec strathgikèc mporoÔn na enswmatwjoÔn se opoiond pote algìrijmo ekpaÐdeushcan� om�da protÔpwn eisìdou, parèqontac stajer  ekpaÐdeush kai, epomènwc, megalÔterhpijanìthta epituqÐac|Ta arijmhtik� apotelèsmat� mac deÐqnoun ìti h qr sh twn strathgik¸n aut¸n �elti¸neithn apodotikìthta kai thn apotelesmatikìthta twn mejìdwn ekpaÐdeushc pr¸thc t�xhc, e-pitaqÔnei shmantik� th sÔgklis  touc, kai katargeÐ thn an�gkh gia euretikèc paramètrouc,pou pijan� exart¸ntai apì to ek�stote prìblhma| Epiplèon, h mh monìtonh strathgik �eltÐwse elafr¸c thn mèsh ikanìthta genÐkeushc twn algorÐjmwn pou dokim�same|Oi mh monìtonoi algìrijmoi sugkrÐjhkan kai me k�poiec polÔ gnwstèc suzugeÐc mejì-douc klÐshc, oi opoÐec qrhsimopoioÔn teqnikèc mh akriboÔc eujÔgrammhc (monodi�stathc)anÐqneushc, gia na exasfalÐsoun thn monìtonh meÐwsh tou sf�lmatoc ekpaÐdeushc|AxÐzei na shmeiwjeÐ ìti, se orismènec peript¸seic, oi mh monìtonec mèjodoi sugklÐnoungrhgorìtera,   exÐsou gr gora, me tic mejìdouc suzug¸n klÐsewn| Tèloc, apodeiknÔontaisjenarèc en�ntia stic talant¸seic lìgw twn akat�llhlwn paramètrwn ekpaÐdeushc kaimporoÔn na qeiristoÔn epituq¸c aujaÐreta meg�louc �ujmoÔc ekpaÐdeushc|
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Sumper�smata Diatrib c

EÐnai shmantikì na mhn stamat�c na exet�zeic|H perièrgeia èqei lìgo pou up�rqei|
�Albert Einstein (1879�1955)

S
to kef�laio autì anakefalai¸noume tic �asikèc mejìdouc ekpaÐdeushc TND pouproteÐname, kaj¸c epÐshc kai ta �asik� sumper�smata pou proèkuyan apì thnqr sh touc|H suneisfor� thc paroÔsac diatrib c epikentr¸netai sth melèth kai th Majhmatik �emelÐwsh nèwn mejìdwn ekpaÐdeushc TND me epÐbleyh| EkpaÐdeush me epÐbleyh eÐnai hdiadikasÐa thc prosarmog c enìc TND ètsi ¸ste na èqei sugkekrimènh apìkrish se sugke-krimènec eisìdouc| àtsi h pragmatik  èxodoc tou TND sugkrÐnetai me thn epijumht  èxodokai upologÐzetai h diafor� touc (sf�lma)| Sth sunèqeia ta ��rh tou TND metab�llontaime tètoio trìpo ¸ste sthn epìmenh epan�lhyh na meiwjeÐ h tim  tou sf�lmatoc|Oi algìrijmoi ekpaÐdeushc me epÐbleyh mporoÔn na diairejoÔn se dÔo �asikèc kath-gorÐec:

• algìrijmoi ekpaÐdeushc an� prìtupo eisìdou (on�line   stochastic training), kai
• algìrijmoi ekpaÐdeushc an� om�da protÔpwn eisìdou (batch   o��line training)|

H ekpaÐdeush an� om�da protÔpwn eisìdou eÐnai h klasik  prosèggish, ìpou èna sÔnoloprotÔpwn lamb�netai kai qrhsimopoieÐtai prokeimènou na ekpaideuteÐ to TND, protoÔ autìqrhsimopoihjeÐ se k�poia efarmog | AntÐjeta, sthn ekpaÐdeush an� prìtupo eisìdou tastoiqeÐa pou sugkentr¸nontai kat� th di�rkeia thc kanonik c leitourgÐac tou sust matocqrhsimopoioÔntai gia thn suneq  ekpaÐdeush kai prosarmog  tou TND| H ekpaÐdeushan� prìtupo eisìdou mporeÐ na epileqjeÐ gia probl mata pou èqoun eÐte polÔ meg�loarijmì protÔpwn (pijan� kai k�poio arijmì peritt¸n   lanjasmènwn protÔpwn), eÐte ìtanprospajoÔme na proseggÐsoume èna arg� metaballìmeno sÔsthma kai suqn� �ohj� sthnapofug  topik¸n elaqÐstwn| Dustuq¸c ìmwc p�sqei apì k�poia meionekt mata ìpwc giapar�deigma h meg�lh euaisjhsÐa stic paramètrouc ekpaÐdeushc| To megalÔtero mèrocthc paroÔsac diatrib c pragmateÔetai mejìdouc ekpaÐdeushc TND an� om�da protÔpwneisìdou|ArqÐzoume thn parousÐash tou ereunhtikoÔ mèrouc thc diatrib c dÐnontac k�poia �e-wrhtik� apotelèsmata sqetik� me thn sÔgklish mejìdwn ekpaÐdeushc TND| àtsi, sto Ke-��laio 3 proteÐnoume kai apodeiknÔoume èna nèo �ewrhtikì apotèlesma pou uposthrÐzeithn an�ptuxh aitiokratik¸n algorÐjmwn ekpaÐdeushc TND eureÐac sÔgklishc me topikoÔc�ujmoÔc ekpaÐdeushc| To �e¸rhma autì parèqei se opoiad pote mèjodo thn idiìthta thceureÐac sÔgklishc, me thn proôpìjesh na akoloujeÐ thn proteinìmenh teqnik  prosarmo-g c thc kateÔjunshc anÐqneushc kai �Ôjmishc tou �ujmoÔ ekpaÐdeushc| Oi nèec mèjodoi,èqoun shmantik� �eltiwmèna posost� epituqÐac kai eÐnai ikanèc na aniqneÔsoun el�qista
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me megalÔterh akrÐbeia| Ta apotelèsmata deÐqnoun ìti h strathgik  tou �ewr matoc è-qei thn anamenìmenh sumperifor� kai praktik  efarmog , afoÔ aux�nei shmantik� thsjenarìthta kai to posostì epituqÐac|Sto epìmeno kef�laio d¸same èna �ewrhtikì apotèlesma sqetik� me thn sÔgklish thcgnwst c mejìdou ekpaÐdeushc TND QuickProp kai proteÐname mia tropopoÐhs  thc, pouden apaiteÐ thn �Ôjmish euretik¸n kai exartwmènwn apì to prìblhma paramètrwn ekpaÐ-deushc| EpÐshc, apodeÐxame èna nèo �e¸rhma pou eggu�tai thn sÔgklish thc proteinìmenhctropopoÐhshc| H nèa aut  mèjodoc parousi�zei taqÔtath, omal  kai sjenar  sÔgklish,me apotèlesma na èqei megalÔtera posost� epituqÐac| Tèloc, h aÔxhsh sthn taqÔthta sÔ-gklishc, den èqei arnhtikèc sunèpeiec sthn genÐkeush twn ekpaideumènwn TND, afoÔ aut�parousÐasan polÔ uyhl  ikanìthta genÐkeush|Ta �ewrhtik� aut� apotelèsmata �ohjoÔn thn dhmiourgÐa nèwn kl�sewn mejìdwn ek-paÐdeushc TND, me polÔ kalèc idiìthtec sÔgklishc| Autì pistopoieÐtai sthn pr�xh kai apìtic prosomoi¸seic mac kai tic sugkrÐseic me �llec gnwstèc mejìdouc ekpaÐdeushc|Sta epìmena dÔo kef�laia melet same thn ekpaÐdeush TND me mejìdouc olik c Bel-tistopoÐhshc| Pio sugkekrimèna, sto Kef�laio 5 proteÐname kai melet same diexodik�mia nèa kl�sh mejìdwn pou eÐnai ikanèc na ekpaideÔsoun TND me periorismèna akèraia��rh me qr sh sunart sewn katwfli¸n kai epekteÐname tic mejìdouc autèc ètsi ¸ste naulopoioÔntai kai na ekteloÔntai apodotik� apì par�llhlec upologistikèc mhqanèc me pe-�issìterouc tou enìc epexergastèc| H qr sh katwfli¸n gia ìlouc touc neur¸nec mei¸neikat� polÔ thn poluplokìthta thc ulopoÐhshc se ulikì, epeid  den up�rqei an�gkh nasqediastoÔn kai na efarmostoÔn perÐplokec mh�grammikèc sunart seic energopoÐhshc|àna akìma �asikì qarakthristikì twn TND pou qrhsimopoioÔn kat¸flia eÐnai ìti h ek-paÐdeush mporeÐ na suneqisteÐ sto ulikì e�n to sÔnolo twn protÔpwn èqei all�xei| Tèloc,èna akìma pleonèkthma twn TND me akèraia ��rh kai pol¸seic, kaj¸c kai kat¸flia eÐnaiìti to ekpaideumèno TND mporeÐ na eÐnai se pollèc peript¸seic anjektikì sto �ìrubo pouperièqetai sta prìtupa ekpaÐdeushc| Tètoia dÐktua eÐnai ikan� na sull�boun to �asikì qa-�akthristikì gn¸risma twn protÔpwn ekpaÐdeushc (ìpwc �aÐnetai kai apì ta apotelèsmatagenÐkeushc) kai genik� �ìruboc qamhl c èntashc den mporeÐ na diatar�xei ta akèraia ��-�h, afoÔ apaitoÔntai sqetik� meg�lec diakum�nseic, ètsi ¸ste ta ��rh kai oi pol¸seic nametakinhjoÔn apì mia akèraia tim  sthn epìmenh   sthn prohgoÔmenh|To Kef�laio 6 pragmateÔetai thn efarmog  gnwst¸n mejìdwn Olik c BeltistopoÐh-shc, ìpwc oi GenetikoÐ Algìrijmoi, h mèjodoc thc prosomoiwmènhc anìpthshc (SimulatedAnnealing) kai h mèjodoc �eltistopoÐhshc me sm noc swmatidÐwn (Particle Swarm Opti­mization) sthn ekpaÐdeush TND| Oi mèjodoi autèc suqn� katafèrnoun na apofÔgoun thnsÔgklish se anepijÔmhta topik� el�qista| H apofug  tètoiwn elaqÐstwn sthn pr�xh, deneÐnai p�nta efikt , all� up�rqei megalÔterh pijanìthta na katal xoun se mia apodekt lÔsh kai kat� aut  thn ènnoia �elti¸noun thn diadikasÐa ekpaÐdeushc| EpÐshc sto Ðdiokef�laio, analÔsame dÔo metasqhmatismoÔc thc sun�rthshc sf�lmatoc, pou èqoun sanskopì thn apaloif  topik¸n elaqÐstwn thc| H teqnik  thc parekklÐnousac troqi�c kai hteqnik  tou {efelkusmoÔ} thc antikeimenik c sun�rthshc parèqoun stajer  sÔgklish kaipolÔ meg�lh pijanìthta epituqÐac| Ta peir�mat� mac deÐqnoun ìti algìrijmoi ekpaÐdeu-shc pou �ohjoÔntai apì touc metasqhmatismoÔc autoÔc eÐnai dunatìn na anakalÔptounepijumht� el�qista me polÔ megalÔterh pijanìthta| Ta apotelèsmata eÐnai enjarruntik�kai deÐqnoun th qrhsimìthta kai efarmosimìthta ìlwn twn teqnik¸n pou parousi�same|Sto Kef�laio 7, melet same mejìdouc ekpaÐdeushc an� prìtupo eisìdou kai proteÐ-noume mia nèa tètoia mèjodo| Ta apotelèsmata thc prosomoÐwshc deÐqnoun ìti h protei-nìmenh mèjodoc parèqei gr gorh kai stajer  ekpaÐdeush se sÔgkrish me �llec mejìdoucekpaÐdeushc an� prìtupo eisìdou, kaj¸c epÐshc kai mejìdouc ekpaÐdeushc an� om�daprotÔpwn eisìdou| Sunep¸c parèqei megalÔterh pijanìthta epituqhmènhc kai gr gorhcekpaÐdeushc gia probl mata tou pragmatikoÔ kìsmou| EpÐshc, parousi�same mia nèa
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ubridik  mèjodo kai exet�same thn apìdos  thc se dÔo pragmatikèc efarmogèc| Ta apo-telèsmata genÐkeushc twn TND pou arqik� ekpaideÔthkan apì thn proteinìmenh mèjodoekpaÐdeushc an� prìtupo eisìdou (F�sh 1) kai sth sunèqeia ekpaideÔthkan xan� me ènaExeliktikì Algìrijmo (F�sh 2) eÐnai ikanopoihtik� kai an�loga me ta kalÔtera apotelè-smata mejìdwn pou ekpaideÔoun an� om�da protÔpwn eisìdou| H proteinìmenh ubridik mèjodoc antapokrÐjhke me epituqÐa sto mh statikì prìblhma thc anagn¸rishc anwmali¸nse kolonoskop seic kai apodeÐqthke sjenar  kai problèyimh| Tèloc, axÐzei na anaferjeÐìti den parathr jhke to �ainìmeno thc {katastrofik c parèmbashc} metaxÔ twn protÔpwnpou proèrqontan apì diaforetikèc eikìnec|H parousÐash tou ereunhtikoÔ mèrouc aut c thc diatrib c oloklhr¸netai me to Kef�-laio 8, ìpou proteÐnoume kai melet�me aitiokratikèc strathgikèc mh monìtonhc ekpaÐdeu-shc gia TND, pou mporoÔn na enswmatwjoÔn se opoiond pote algìrijmo ekpaÐdeushc an�om�da protÔpwn eisìdou parèqontac stajerìterh ekpaÐdeush kai megalÔterh pijanìthtaepituqÐac| SÔmfwna me aut n thn prosèggish, h tim  thc sun�rthshc sf�lmatoc prèpeina ikanopoieÐ èna krit rio sqetik� me th mègisth tim  twn prohgoÔmenwnM epanal yewn,pou apoteleÐ kai ton mh monìtono orÐzonta ekpaÐdeushc| EpÐshc, prot�jhke mia diadi-kasÐa gia thn kat�llhlh prosarmog  tou orÐzonta ekpaÐdeushc �asismènh sthn topik ektÐmhsh thc stajer�c Lipschitz| Ta peir�mat� mac deÐqnoun ìti h qr sh enìc prosarmo-
ìmenou orÐzonta ekpaÐdeushc �ohj� sthn meÐwsh tou arijmoÔ upologism¸n thc tim c thcsun�rthshc sf�lmatoc kai thc klÐshc thc, pou apaitoÔntai gia th sÔgklish| H qr sh twnstrathgik¸n aut¸n �elti¸nei thn apodotikìthta kai thn apotelesmatikìthta twn mejìdwnekpaÐdeushc pr¸thc t�xhc, epitaqÔnei shmantik� th sÔgklis  touc, kai katargeÐ thn an�-gkh gia euretikèc paramètrouc, pou pijan� exart¸ntai apì to ek�stote prìblhma| AxÐzeina shmeiwjeÐ ìti, se pollèc peript¸seic, oi mh monìtonec mèjodoi sugklÐnoun grhgorìte-�a apì tic monìtonec mejìdouc pou exet�same| Epiplèon, �elti¸noun elafr¸c thn mèshikanìthta genÐkeushc twn algorÐjmwn pou dokim�same| Tèloc, eÐnai sjenarèc en�ntia stictalant¸seic lìgw twn akat�llhlwn paramètrwn ekpaÐdeushc kai mporoÔn na qeiristoÔnepituq¸c aujaÐreta meg�louc �ujmoÔc ekpaÐdeushc|
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P A R A R T H M A A

Probl mata EkpaÐdeushc Neurwnik¸n DiktÔwn

S
to par�rthma autì �a parousi�soume mia sÔntomh perigraf  twn diafìrwn pro-�lhm�twn ekpaÐdeushc TND pou qrhsimopoi jhkan gia thn sÔgkrish kai thn a-xiolìghsh thc taqÔthtac, thc sjenarìthtac, thc genÐkeushc kai thc axiopistÐac twnalgorÐjmwn pou parousi�same|

A|1 Apokleistikì�EITE (XOR)

To pr¸to prìblhma pou �a perigr�youme eÐnai to apokleistikì�EITE [133]| Autì eÐnaièna polÔ gnwstì kai dÔskolo prìblhma taxinìmhshc, pou qrhsimopoieÐtai gia thn axio-lìghsh algorÐjmwn ekpaÐdeushc kai epilog c TND| To apokleistikì�EITE apeikonÐzei dÔoduadikèc eisìdouc se mÐa duadik  èxodo| Ta prìtupa ekpaÐdeushc gia autì to prìblhma�aÐnontai ston PÐnaka A|1| AxÐzei na shmeiwjeÐ ìti h duadik  aut  sun�rthsh den eÐnaigrammik� diaqwrÐsimh, kai sunep¸c apaiteÐ thn qr sh toul�qiston enìc krufoÔ str¸ma-toc| Tèloc, eÐnai exairetik� euaÐsjhto sthn epilog  twn arqik¸n �ar¸n, stic diakum�nseictou �ujmoÔ ekpaÐdeushc, kai h epif�neia sf�lmatoc parousi�zei poll� topik� el�qistame sqetik� meg�lec sunarthsiakèc timèc| H analutik  èkfrash thc antikeimenik c sun�r-thshc pou prèpei na elaqistopoihjeÐ eÐnai h akìloujh:
f(x) =

1 + e
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1 + e−x1−x2−x5
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A|2 IsotimÐa twn 3�bit

To prìblhma thc isotimÐac 3�bit, mporeÐ na �ewrhjeÐ mia genÐkeush tou probl matoctou ApokleistikoÔ�EITE, all� eÐnai pio dÔskolo| To dÐktuo prèpei na ekpaideuteÐ ¸ste naulopoieÐ thn prìsjeshmodulo 2, tri¸n eisìdwn   diaforetik� na upologÐzei thn sun�rthshthc peritt c isotimÐac (odd parity function)| H epif�neia sf�lmatoc tou probl matoc autoÔ
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PÐnakac A|1: Ta prìtupa ekpaÐdeushc tou apokleistikoÔ�EITEEÐsodoc àxodoc(0, 0) → 0(0, 1) → 1(1, 0) → 1(1, 1) → 0

eÐnai gnwstì ìti èqei poll� topik� el�qista| Ta 8 prìtupa ekpaÐdeushc parousi�zontaiston PÐnaka A|2|
PÐnakac A|2: Ta prìtupa ekpaÐdeushc thc isotimÐac 3�bitEÐsodoc àxodoc(0, 0, 0) → 0(0, 0, 1) → 1(0, 1, 0) → 1(0, 1, 1) → 0(1, 0, 0) → 1(1, 0, 1) → 0(1, 1, 0) → 0(1, 1, 1) → 1

A|3 4�2�4 Kwdikopoiht c/Apokwdikopoiht c

Se autì to prìblhma to dÐktuo dèqetai 4 diaforetik� prìtupa eisìdou m kouc 4 bit,pou to kajèna èqei mìno èna bit me thn tim  èna (1) kai ta upìloipa me thn tim  mhdèn(0)| Ston PÐnaka A|3 parousi�zontai ta prìtupa ekpaÐdeushc gia autì to prìblhma| To
htoÔmeno eÐnai h èxodoc tou diktÔou na eÐnai h Ðdia me thn eÐsodo| AfoÔ h plhroforÐecthc eisìdou pernoÔn apì to krufì str¸ma twn neur¸nwn, to dÐktuo prèpei na kataskeu�seimia monadik  kwdikopoÐhsh gia kajèna apì ta 4 prìtupa, stouc 2 krufoÔc neur¸nec kai��rh tètoia ¸ste na k�noun thn kwdikopoÐhsh kai thn apokwdikopoÐhsh dunat | To prì-�lhma autì an kai �aÐnetai aplì prosomoi�zei kal� pragmatik� probl mata taxinìmhshcprotÔpwn, ìpou mikrèc allagèc stic eisìdouc èqoun san apotèlesma mikrèc allagèc sthnèxodo [35]|
PÐnakac A|3: Ta prìtupa ekpaÐdeushc tou 4�2�4 Kwdikopoiht /Apokwdikopoiht EÐsodoc àxodoc(1, 0, 0, 0) → (1, 0, 0, 0)(0, 1, 0, 0) → (0, 1, 0, 0)(0, 0, 1, 0) → (0, 0, 1, 0)(0, 0, 0, 1) → (0, 0, 0, 1)
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A|4 To prìblhma genÐkeushc MONK

To prìblhma genÐkeushc MONK apoteleÐtai apì 3 dÔskola probl mata �ompotik c,pou sqedi�sthkan gia thn axiolìghsh thc ikanìthtac genÐkeushc twn algorÐjmwn ekpaÐ-deushc| Sugkekrimèna, se k�je prìblhma, èna �ompìt perigr�fetai apì 6 diaforetikècidiìthtec| To kajèna apì aut� ta probl mata orÐzetai apì mia perigraf  thc kl�shc tou,ìpwc �aÐnetai ed¸:
MONK�1: (Idiìthta1 == Idiìthta2) EITE (Idiìthta5 == 1)|124 prìtupa èqoun epileqjeÐ tuqaÐa mèsa apì to sÔnolo ekpaÐdeushc, en¸ ta upì-loipa 308 qrhsimopoioÔntai gia ton èlegqo thc genÐkeushc| Se autì to prìblhma denup�rqei eskemmènh lajemènh taxinìmhsh|MONK�2: (Akrib¸c dÔo idiìthtec == 1)|To prìblhma autì moi�zei me to prìblhma A|2| Sugkekrimèna, 169 prìtupa apo-teloÔn to sÔnolo ekpaÐdeushc, en¸ ta upìloipa apoteloÔn to sÔnolo elègqou thcgenÐkeushc| Kai ed¸ den up�rqei eskemmènh lajemènh taxinìmhsh|MONK�3: (Idiìthta5 == 3 KAI Idiìthta4 == 1) EITE (Idiìthta5 6= 4 KAI Idiìthta2 6= 3)|Sto prìblhma autì up�rqei 5% eskemmèna lajemènh taxinìmhsh sto sÔnolo ekpaÐ-deushc, to opoÐo apoteleÐtai apì 122 prìtupa| Ta upìloipa 310 prìtupa qrhsimo-poioÔntai gia ton èlegqo thc genÐkeushc tou ekpaideumènou diktÔou|

K�je mia apì tic 6 idiìthtec mporeÐ na èqei 3, 3, 2, 3, 4, kai 2 timèc antÐstoiqa| àtsiup�rqoun 432 dunatoÐ sunduasmoÐ oi opoÐoi kai apoteloÔn to sÔnolo dedomènwn (peris-sìterec plhroforÐec sqetik� me tic idiìthtec autèc up�rqoun sthn ergasÐa [156])| Tèloc,se k�je dunat  tim  k�je idiìthtac èqoume kai mia eÐsodo tou diktÔou pou antistoiqeÐ seaut | Sunep¸c, to dÐktuo èqei 17 eisìdouc (3 + 3 + 2 + 3 + 4 + 2 = 17)|
A|5 Prosèggish miac suneqoÔc sun�rthshc

To prìblhma prosèggishc miac (genik� �gnwsthc) sun�rthshc, qrhsimopoi¸ntac mìnok�poiec gnwstèc timèc thc, eÐnai èna apì ta �asik� probl mata pou kaloÔntai na epi-lÔsoun ta TND| Gia to sugkekrimèno prìblhma epilèxame thn suneq  sun�rthsh f(x) =
sin(x) cos(2x) [146]| To sÔnolo twn protÔpwn eisìdou apoteleÐtai apì timèc thc sun�rth-shc se isapèqonta (sun jwc 20) shmeÐa, sto di�sthma [0, 2π]| Sto Sq ma A|1 apeikonÐzetaiaut  h sun�rthsh kai ta 20 shmeÐa pou apoteloÔn ta prìtupa ekpaÐdeushc|
A|6 Anagn¸rish twn kefalaÐwn gramm�twn

Gia to prìblhma thc anagn¸rishc twn gramm�twn, 26 pÐnakec pou èqoun ta kefalaÐagr�mmata thc Agglik c alfab tou, apoteloÔn to sÔnolo twn protÔpwn eisìdou| K�jegr�mma orÐzetai me duadikèc timèc se èna plègma 5×7| Ston PÐnaka A|4 kai sto Sq ma A|2,�aÐnetai h kwdikopoÐhsh tou kefalaÐou gr�mmatoc �lfa|
A|7 Anagn¸rish arijm¸n

O skopìc autoÔ tou probl matoc eÐnai to dÐktuo na ekpaideuteÐ na anagnwrÐzei ektupw-mènouc arijmoÔc apì to 0 èwc to 9 [82,148]| K�je arijmìc orÐzetai apì èna 8× 8 pÐnaka|Ston PÐnaka A|5 kai sto Sq ma A|3, �aÐnetai h kwdikopoÐhsh tou arijmoÔ 6|
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Sq ma A|1: Grafik  par�stash thc sun�rthshc f(x) = sin(x) cos(2x) kai ta 20 prìtupa ekpaÐ-deushc

PÐnakac A|4: O duadikìc pÐnakac kwdikopoÐhshc gia to gr�mma �lfa0 0 1 0 00 1 0 1 00 1 0 1 01 0 0 0 11 1 1 1 11 0 0 0 11 0 0 0 1
A|8 Taxinìmhsh uf c

Gia to prìblhma thc taxinìmhshc uf c 12 eikìnec diaforetik c uf c (Brodatz textureimages) [19] megèjouc 512 × 512 sar¸nontai se an�lush 150dpi| Apì k�je eikìna uf c,10 upoperioqèc thc megèjouc 128 × 128 epilègontai tuqaÐa kai se autèc efarmìzoume thnmèjodo exagwg c protÔpwn pou prìteine o Haralick [46]| Telik�, apì k�je eikìna ex�go-ntai 10 prìtupa ekpaÐdeushc, me 16 stoiqeÐa to kajèna| àtsi ta prìtupa parousi�zontaiwc mia peperasmènh seir� C = (c1, c2, . . . , cp) apì 
eÔgh eisìdou�exìdou cp = (up, tp), ìpou
up eÐnai ta prìtupa eisìdou pou an koun sto R16, kai tp eÐnai oi epijumhtèc èxodoi pouan koun sto {0, 1}12, gia p = 1, . . . , 120| Sto prìblhma autì to TND prèpei na ekpaideuteÐna xeqwrÐzei k�je uf  (xÔlo, Ôfasma ktl|) kai na taxinomeÐ swst� (gnwst� kai �gnwsta)prìtupa eisìdou| Sthn Eikìna A|4, �aÐnontai oi 12 eikìnec pou qrhsimopoi jhkan gia thnexagwg  twn protÔpwn ekpaÐdeushc|
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Sq ma A|2: H kwdikopoÐhsh gia to gr�mma �lfa

PÐnakac A|5: O duadikìc pÐnakac kwdikopoÐhshc gia ton arijmì 60 0 0 0 0 1 0 00 0 0 0 1 0 0 00 0 0 1 0 0 0 00 0 1 0 0 0 0 00 1 1 1 1 1 1 01 0 0 0 0 0 0 11 0 0 0 0 0 0 10 1 1 1 1 1 1 0

Sq ma A|3: H kwdikopoÐhsh gia ton arijmì 6
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Sq ma A|4: Oi 12 eikìnec uf c pou qrhsimopoi jhkan gia thn exagwg  twn protÔpwn ekpaÐdeushc
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Apìdeixh thc Mejìdou Opisjodromik c Di�doshc
tou Sf�lmatoc

S
to par�rthma autì �a d¸soume thn apìdeixh thc mejìdou thc opisjodromik c di�-doshc tou sf�lmatoc (Back Propagation � BP) [133] gia ton upologismì tou dia-nÔsmatoc twn merik¸n parag¸gwn thc sun�rthshc sf�lmatoc E enìc TND me ènakrufì epÐpedo| Upojètoume ìti oi sunart seic energopoÐhshc pou qrhsimopoioÔntai eÐnaiparagwgÐsimec| àstw ìti sumbolÐzoume me XI ton I-sto neur¸na eisìdou, me ZJ ton J-stokrufì neur¸na, kai me YK ton K-sto neur¸na exìdou| SumbolÐzoume wJK to ��roc thcsÔndeshc apì ton ZJ ston neur¸na YK kai vIJ to ��roc apì ton XI ston ZJ |Tìte an sumbolÐzoume xI to prìtupo ekpaÐdeushc tou XI neur¸na eisìdou, h eÐsodoctou ZJ krufoÔ neur¸na �a eÐnai:

zinJ =
∑

i

xiviJ ,

kai h èxodìc tou �a eÐnai:
zJ = f1(zinJ ),ìpou f1 eÐnai h sun�rthsh energopoÐhshc gia touc neur¸nec tou krufoÔ epipèdou|OmoÐwc, o neur¸nac exìdou YK �a èqei eÐsodo yinK kai energopoÐhsh yK , pou dÐnontaiapì touc akìloujouc tÔpouc:

yinK =
∑

j

zjwjK ,

yK = f2(yinK ),ìpou f2 eÐnai h sun�rthsh energopoÐhshc twn neur¸nwn exìdou| Sunep¸c, h sun�rthshsf�lmatoc E tou TND �a dÐnetai apì ton tÔpo:
E =

1
2

∑
k

(tk − yk)2.

AfoÔ d¸same ton sumbolismì pou �a akolouj soume, xekin�me upologÐzontac thn me-�ik  par�gwgo:
∂E

∂wJK

=
∂

∂wJK

1
2

∑
k

(tk − yk)2 =

=
1
2

∂

∂wJK

(tK − yK )2 =

= −(tK − yK )
∂

∂wJK

f2(yinK ) =

= −(tK − yK )f
′
2(yinK )zJ ,
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kai an �èsoume:

δK = (tK − yK )f
′
2(yinK ),èqoume telik�:

∂E

∂wJK

= −δKzJ . (B|1)
Me parìmoio trìpo upologÐzoume kai thn merik  par�gwgo:

∂E

∂vIJ

=
∂

∂vIJ

1
2

∑
k

(tk − yk)2 =

= −
∑

k

(tk − yk)
∂

∂vIJ

yk =

= −
∑

k

(tk − yk)f
′
2(yinK )

∂

∂vIJ

yinK =

= −
∑

k

δkwJk

∂

∂vIJ

zJ =

= −
∑

k

δkwJk

∂

∂vIJ

f1(zinJ ) =

= −
∑

k

δkwJk
f

′
1(zinJ )xI ,

kai an �èsoume:
δJ =

∑
k

δkwJk
f

′
1(zinJ ),

èqoume telik�:
∂E

∂vIJ

= −δJxj . (B|2)
Telik�, qrhsimopoi¸ntac tic Sqèseic (B|1) kai (B|2) upologÐzoume to di�nusma twn me-�ik¸n parag¸gwn thc sun�rthshc sf�lmatoc, ∇E|
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H| Hlektronikèc anaforèc apì �llouc ereunhtèc|
1. Gia thn ergasÐa D|12Y. Shi, ``Particle Swarm Optimization Bibliography'',http://www.engr.iupui.edu/∼shi/PSO/bibliography.html2. Gia tic ergasÐec G|2, D|1, D|2, D|11, kai D|13J. Lampinen, ``A Bibliography of Di�erential Evolution Algorithm'',http://www.lut.�/∼jlampine/debiblio.htm

J| BrabeÐa�DiakrÐseic|
1. IEEE Neural Network Council Student Travel Grant, (2000).2. IEEE Neural Network Council Student Travel Grant, (2001).3. Gia thn ergasÐa D|19tou èqei aponemhjeÐ apì to ``European Network of Excellence on Intelligent Te­chnologies for Smart Adaptive Systems (EUNITE)'' to trÐto �rabeÐo ``Best PaperAwards in Human, Medical and Healthcare Track'', (2001).



148 Kat�logoc DhmosieÔsewn UpoyhfÐou



Euret rio

AAlgìrijmoc ekpaÐdeushc, 3, 5, 10An�drash, 7AnepijÔmhto topikì el�qisto, 71ArqikopoÐhsh twn �ar¸n, 11Arqitektonik , 6�xonac, 4
BB�roc, 3, 5B�roc adr�neiac, 76, 82Biologikì neurwnikì dÐktuo, 4
GGenetikoÐ algìrijmoi, 55, 74, 93Geni�, 54, 74GenÐkeush, 10, 49G ransh tou plhjusmoÔ, 63GonÐdia, 74
DDendrÐtec, 4DiaforoexeliktikoÐ Algìrijmoi, 53
EEkpaÐdeushan� om�da protÔpwn eisìdou, 29, 41, 88,97, 103, 115an� prìtupo eisìdou, 19, 87, 88me akèraia ��rh, 53me energopoi seic kat¸flia, 60me enÐsqush, 14me epÐbleyh, 14, 88me par�llhlouc DEA, 62me periorismèna akèraia ��rh, 58par�llhlh, 14qwrÐc epÐbleyh, 14EkpaÐdeush TND, 5, 10EnergopoÐhsh, 5ExeliktikoÐ algìrijmoi, 53, 93Epijumhtì topikì el�qisto, 71EpÐpedec perioqèc, 73, 88, 99EpÐpedo, 6EujÔgrammh anÐqneush, 20, 73, 82, 104, 115EureÐa sÔgklish, 30, 32, 34, 44
JJe¸rhma

Hecht�Nielsen, 26
Kolmogorov, 26
Sprecher, 26
Wolfe�Zoutend�k, 32

KKajolikìc proseggist c, 25Kanìnac tou megÐstou, 49, 114Katastrofik  parèmbash, 89, 95, 96KÐnhsh Metropolis, 73Kolonoskìphsh, 94Koloskìphsh, 94Krufì str¸ma neur¸nwn, 7
MMègistoc par�gontac aÔxhshc, 44Mèjodoi eureÐac sÔgklishc, 19, 29Mèjodoi olik c anÐqneushc, 71Mèjodoi olik c �eltistopoÐhshc, 71Mèjodoc

Broyden, 43
Fletcher�Reeves, 47, 102
Polak�Ribiere, 47, 102
Powell, 23
Quickprop, 35, 41, 43
Silva�Almeida, 35�eltistopoÐhshc me sm noc swmatidÐwn,75gia epanekpaÐdeush, 92diqotìmhshc, 24mh grammik  Jacobi, 21mh grammik  SOR, 22mh monìtonh, 97opisjodromik c di�doshc tou sf�lmatoc,18, 47, 66, 81, 87, 90, 102, 113opisjodromik c di�doshc tou sf�lmatoc
Barzilai�Borwein, 100, 112ekpaÐdeushc an� prìtupo eisìdou, 90me exasjènhsh twn �ar¸n, 66, 113me metablhtì � ma, 100, 111me orm , 47, 81, 90, 100, 102, 110me prosarmostikì �ujmì ekpaÐdeushckai orm , 47, 90, 102pio apìtomhc kajìdou, 18pio apìtomhc kajìdou (stoqastik ), 87,89, 93prosomoiwmènhc anìpthshc, 73tropopoihmènh Quickprop, 41twn diadoqik¸n susqetÐsewn, 66, 113qord c, 42Metan�steush, 63Mh monìtonoc orÐzontac ekpaÐdeushc, 97, 99Mh statik� probl mata, 10, 60, 87

NNeur¸nac, 3, 4



150 Euret rio
OOlik  anÐqneush, 72
PPar�llhloi DiaforoexeliktikoÐ Algìrijmoi,62Plhjusmìc, 54, 58, 62, 74Pìlwsh, 5Prìblhma4�2�4 Kwdikopoiht /Apokwdikopoiht ,57, 65, 124anagn¸rishc anwmali¸n se kolonoskop -seic, 39, 93anagn¸rishc twn arijm¸n, 36, 49, 92,107, 110, 114, 125anagn¸rishc twn kefalaÐwn gramm�twn,92, 106, 107, 112, 125anagn¸rishc qeirìgrafwn arijm¸n, 113apokleistikoÔ�EITE, 47, 56, 59, 61, 64,82, 91, 101, 111, 123genÐkeushc MONK, 66, 113, 125isotimÐac 3�bit, 56, 59, 61, 64, 82, 105,123prosèggishc miac suneqoÔc sun�rthshc,38, 105, 111, 112, 125taxinìmhshc uf c, 48, 93, 107, 111, 114,126Prìtupa eisìdou, 9Prìtupa ekpaÐdeushc, 9Prìtupa elègqou, 49
RRujmìc ekpaÐdeushc, 18Rujmìc ekpaÐdeushc an� kateÔjunsh, 29
SSm noc, 75Stajer� Lipschitz, 19, 32, 99Stajer� anasunduasmoÔ, 55Stajer� met�llaxhc, 55Stajer� metan�steushc, 63Stajer� orm c, 100StigmiaÐo sf�lma, 88Strathgik  opisjodrìmhshc, 35Str¸ma, 3, 6Str¸ma eisìdou, 6Str¸ma exìdou, 6Sun�rthsh energopoÐhshc, 5Sun�rthsh energopoÐhshcDipolik  me kat¸fli θ, 5Duadik  me kat¸fli θ, 5Logistik , 5Tautotik , 5Uperbolik , 5Sun�rthsh metafor�c, 5SÔnayh, 4Sunj kec tou Wolfe, 20, 32, 44Sunj kh tou Zoutend�k, 32Suntelest c ��rouc, 3, 5

Sf�lma taxinìmhshc, 91, 93, 95, 107S¸ma, 4SwmatÐdio, 75
TTaqÔthta swmatidÐou, 76Telest canasunduasmoÔ, 54, 55, 74epilog c, 54, 74met�llaxhc, 54, 58, 74Teqnhtì neurwnikì dÐktuo, 3, 4Teqnhtì Neurwnikì DÐktuodunamikì, 7me akèraia ��rh, 53pl rwc diasundedemèno, 7polustrwmatikì, 7prìsjiac trofodìthshc, 7Teqnik  thc parekklÐnousac troqi�c, 77Teqnik  tou {efelkusmoÔ} thc sun�rthshcsf�lmatoc, 79Topik� el�qista, 11, 71, 77, 87, 88Topik  anÐqneush, 71Topik  ektÐmhsh thc stajer�c Lipschitz, 99,100, 115Topikìc �ujmìc ekpaÐdeushc, 29TopologÐa, 6
UUlopoÐhsh se ulikì, 10, 53, 60Upoplhjusmìc, 63
QQrwmos¸mata, 74


