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MepiAnyn

H gpyaoia autr atroteAcital ammd dUo PEPN. ZTO TTPWTO PEPOG TNG EpYATiag Eyive avaBdaduion
TWV NAEKTPOVIKWV KAl NAEKTPIKWY UTTOCUCTNHATWY TOou TETPATTIOO0U pouTToT Laelaps. 210
0eUTEPO Kal KUPIO PEPOG TNG €pyOCiag £yivav TA TTPWTA BAPATA yia TNV avatTugn &vog
aAyopIBuou eAéyxou TngG KatelBuvong evog TETPATTOOOU YEWPYIKOU POUTTOT WE TNV XPAON
VEUPWVIKWY OIKTUWYV BaBidg pdénong. To pouTttoT avamTuooeTal uttd Tnv eTiRAswn Tou
kabnynti Eudyyelou [Mammaddtroulou, oTto egpyacTripio AuTopdrou EAEyxou TnG ZXOANG
MnxavoAdywv Mnxavikwyv E.M.IM.

2T0 TTPWTO PEPOG TNG epyaaiag Trepypd@eTtal n diadikacia oxediacuou Kal UAOTToinoNg
TWV VEWV NAEKTPOVIKWY Kal NAEKTPIKWY UTTOCUCTNPATWY TOU TETPATIOO0U POMPTTOT. H véa
OPXITEKTOVIKA] £YIVE ME YVWMOVA TNV TrEPAITEPW BeATiwon Twv Xpovwv atmmokpiong Tou
ouoThpaTog Ethercat, kaBw¢ kal TNV BeATiwon TNG NAEKTPIKAG OTABEPOTNTAG KAl TNG
YEVIKOTEPNG QEIOTTIOTIOG TOU CUGTHMATOS EAEYXOU TWV NAEKTPIKWV KIVNTAPWV.

270 OeUTEPO PEPOG TNG EpyaCiag Trepypd@eTal n diadikacgia oxXediacuoU Kal UAOTToINoNG
€vOG AUTOVOUOU CUCTAPATOG TTAONYNONG VIO YEWPYIKG POUTTOT IKava va KivouvTal JEoO O€
Eva auTTéNl pe TNV BonBeia veupwvikwy SIKTUWY BaBidg uabnong. Ev oAiyolg, péow piag
KAuepAg KaTaypd@eTal N €IKOVA TOU APTTEAIOU UTTPOOTA ATTO TO POMPTTOT KAl O€ TTPAYMATIKO
XPOVO UETOTPETTETAI HECW TOU POVTEAOU BaBId¢ pdbnong o€ pia TunuatoTroinuévn €IKOva
TTOU XPNOIJOTIOIEITAl YIa TOV EAEYXO TNG KATEUBUVONG TOU.

ApPXIKG UAOTTOIABNKE TO MOVTEAO HNXAVIKAG HMABNoNg oTto Sladedopévo TTePIBAAAOV
MNXavIKNG pabnong PyTorch. ‘Emema epappooTnkav SIAQPOPEG TEXVIKEG ME OKOTIO TnV
BeAtiwon Tng akpifelag Tou povtéAou. TNa Tnv €mKUpwWONR TG opbng Asitoupyiag Tou
OUCTNAMATOG, HEOW TTPWTOTUTTWY TEXVIKWY, ONUIOUPYNONKE éva GUVOAO BESONEVWIV EIKOVWY,
ato pia €1dIka diapopPwuEVN aiBouca pe TeXVNTO AUTTEAI, TTAVW OTO OTTOI0 EKTTAIOEUTNKE TO
MovTEAO.

‘Emreima, oxedidoTnKe KAl €MIKUPWONKE évag aAyépiBuog egaywyng Tou OQAAPOTOG
aTTOKAIONG TNG TTOPEIOG TOU POUTTOT OTIO TNV TUNUATOTTOINKEVN €IKOVA. O aAyopIBPOG autdg
TIPOYHOTOTTOIEI AKOPA £AEYXO TNG KATEUBUVONG Tou, BACN TOu GPAAUATOG auToU. H avaTTtugh
TOU £yIve O€ Mia TTPoUTTApXOUCa POMTIOTIKN TTAGTQOPMG Kal e Tnv Bondeia Tou TeXvNTOU
autreAIou. T€Aog ulotroimnBnke kai pia ammAfl dladikaoia avayvwpiong Kal aAAayAg oeipdg
QAUTTEAIWV.
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Abstract

This thesis consists of two parts. In the first part, upgrades were made to the electronic and
electrical subsystems of the quadrupedal robot Laelaps. The second part involved the
development of an algorithm for controlling the direction of an agricultural robot using deep
learning neural networks. The robot is being developed under the supervision of Professor
Evangelos Papadopoulos, in the Automatic Control Systems Laboratory of the School of
Mechanical Engineering National Technical University of Athens.

Regarding the first part of the thesis, the process of designing and implementing part of
the new electronic and electrical subsystems of the quadruped robot is analyzed. The main
design goal of the new architecture was improving response times of the EtherCAT system,
as well as improving the electrical stability and the reliability of the motion control system.

The aim of the second part of the thesis is to describe the design and implementation
process of an autonomous navigation system using deep learning for agricultural robots in
vineyards. In short, an image of the vine in front of the robot is captured and transformed in
real time, through a deep learning model, into a segmented image used to control its
direction.

The machine learning model was implemented in the popular machine learning
environment PyTorch. Then various techniques were applied in order to improve the
accuracy of the model. To validate the correct operation of the system, through novel
techniques, a dataset of images was created, from a specially configured room with a
synthetic vineyard, on which the model was trained.

Then, an algorithm to extract the robot path deviation error from the segmented image
was designed and validated. This algorithm also controls the robot’s direction based on this
error. Its development was mainly done on a pre-existing robotic platform and with the help
of the synthetic vineyard. Finally, a simple procedure for identifying and changing the row in
a vineyard was implemented.
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EuxapioTieg

Oa nBeha va euxaplIoTAow Beppd OAoug GoOoUG peE OTAPICAV OTNV  EKTTOVNON NG
OIMMAWMATIKAG Hou gpyaciag. MpwTta ammd 6Aoug, Ba ABeAa va euxapioTACW IBIAITEPWG TOV
emBAEéTTOVTA KABNYNT K. Eudyyeho TMatraddtmoulo yia Tnv gUTTIOTOOUVN TTOU HoU €O¢IEE,
OivoVvTAG UoU TNV EUKAIPIa VO CUPHETAOXW O€ SIAPOPES EPYATIEG KOl VA TTPAYUATOTTOINCW TN
OITTAWMATIKA Epyacia pou oTo epyacThipio AuTOopAToU EAEyXoU, aTTd Ta TTPWTA KIOAAG £TN TNG
OKadNUaAikAG Mou TTopEiag.

‘Eva peydAo euxaploTw o@eidw oToug uttown@ioug d1ddkTopeg KwoTta Koutooukn,
Oavaon MaoTtpoyewpyiou kail 1BIaItépws oTov Kwvotavrivo Maxaipd yia tnv  &pioTn
ouvepyaaoia TTou €ixape, KABWGS Kal yia TNV EUTTIOTOOUVN TTOU Hou €d€1Eav. ATTO TIG TTPWTEG
Mou KIOAaG epyacieg oTo epyaoTripio o K. Maxaipdg OUYKEKPIMEVA HOU €UOBE TTWG va
AeIToupyw o€ peydAa Kal atraitnTikG projects kal ATav Tavta TpoBupog va e Bonbroel ot
oTroladnTToTE dUCKOoAia avTigeTwmda. AKOpa Ba ABeAa va cuyxapw Tov MNwpyo MiToAavakn
Kal 15aITéEpws Tov ApIoToTEAN TMatraBeodwpou, yia Tnv doUAEId TTOU KAvave TTAVW OTO
NAEKTPOVIKO guaTnua Tou laelaps, kal Kupiwg yia TNV avaAuTIKA €TTEENYNON TTOU €ixav Kal Ol
2 oTIG OITTAWMATIKEG TOUG £PYATieg, WOTE va e BonBAcOUV va KATAVOAOW TNV TTEPITTAOKN
Ooun Tou Kal va TNV €AW pEe 6oeg AiyoTepeS OUOKOAIES yIvoTav.

Etriong Ba ABeAa va guxapioTiow Tov KadnynTA K. Acwvida AAeCOTTOUNO TTOU UE €QEPE
oc ema@n oxi yévo pe 10 OIKO TOUu gpyaoTAplo, aAAG Kal Tou K. lMammaddtroulou Kal
YEVIKOTEPQ VI TIGC OUMPBOUAEG TOu Kal TNV KaBodriynon TTou pou TTpooépepe OAa auTtd Ta
XPoOvia. TENOG, TO HEYOAUTEPO EUXAPIOTW TO OPEIAW OTNV OIKOYEVEIG Pou, YIO TV KaBnuePIvN,
UAIKN Kal nBIkr, oThpIgn Kab’ 6An Tn dIdpKEIa Twv OTTOUdWYV HOU.
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1 Eicaywyn

1.1 ZXkomog Epyaociag

2KOTTOG TOU TTPWTOU PEPOUG TNG £pYaTiag ATaV apXIKA N BEATIwWon Twv XpOvVwv atrokpiong
Tou cucoTthuaTtog EtherCAT pe avavewpévo UAIKG, dIaTnpwvTag OHwWG TIG iBIEG TEXVIKES
oXeDIAONOU KUKAWPATWY KAl avaTtrtuéng Tou AoyIoUIKoU. AUTO €ITPETTEI Wi oloIoyévEld
METOEU Twv ekdOCEWV Tou TETPATTOd0U POoPTTOT Laelaps, eEaoc@aAiCoviag OTI 0 eKAOTOTE
XPNOTNG TTOU avaTITuooEl OTTOIODATTOTE PHEPOG TOU OUCTHHATOS Tou, dev Ba XaBei péoa otnv
MEYAAN TTOAUTTAOKOTNTA Tou. O1 KaivoUupieg TTAOKETEG TTOU Ba xpnoidoTtroinBouv ataitouv
KATTOIEG IDIOITEPEG TEXVIKEG KOAANONG TNG otroieg Ba eepeuvAooupE, KaBwg dev €xouv
XpnoigotroinBei avtioToixou TUTTOU OTO TTAPeABOV. ETTriong okotdg cival va avTIJeETwTTIOBEI
KAl TO XOUNAS 6pI0 PEUPOTOG TWV NAEKTPOVIKWY 08YNONG TwV NAEKTPIKWY KIVATAPWY, Adyw
uTtEPBEpuavong, He avaBdbuior) Toug o€ TTo 1o0XUpoUG Kal TTapdAAnAa he TTpooBnkn
AEITOUPYILOV KATAYPAPHG TOU PEUUATOG KATAVAAWONG TWV KIVATHPWV.

270 OeUTEPO PEPOG TNG EPYATiag OKOTTOC NTAV N Kivnon evog POUTIOT HECA OTO TEXVNTO
QUTTEAI TOU €pyaoTnpiou, QTTOKAEIOTIKA HE TNV XPEAON TUnUATOTTOINKEVNG €IKOvVaG. Ta
YEWPYIKA pouTtoT TTapadooiakd PBacifovrav o€ ouvduacud TTOAAATTAWY  akpIfwv
alodnTipwy yia Tnv kaBodAynor Toug, 6TTwg Lidar kai GPS uwnAng akpifeiag. 10X0g £dW
gival TO POUTIOT va PNV XPNOIYOTIOIEI aKPIBOUG aioBNTAPES, EKUETAANEUOUEVO TNV Opaach
UTTOAOYIOTH HECW TNG UNXAVIKAG uddnong.

ATTWTEPOG OTOXOG TNG MEAETNG €ival n epappoyr) Tou aAyopiBuou TTAorlynong oOTo
TETPATTO00 POUTTOT Laelaps, oTnv Kivnaon TOU OTTOIOU a@IEPWVETAI KAl TO TTPWTO WEPOG TNG
epyaoiag. Q¢ TpwWTo OPWG PANA, 0€ AUTA TNV epyacia agioAoyeital n 1déa Kal n TPWTN
uAoTroinon Tou aAyopiBuou eAéyxou kaTelBuvong o€ dia atTAoUCTEPN POUTTOTIKY TTAATPOPHA
N oTroia eMTPETTEI Kivnon 0€ KABe KaTeuBuvan XPNOIMOTIOIWVTAG TPOXOoUG TUTTOU “mecanum”
Kal €ival 6,71 o KOVT& UTTApXEl OTIG duvatoTnTeg Kivnong evog TeTpATTod0ou POouTToT. To
TENIKO BApa TG aglotroinong Tou aAyopiBuou oTo TeTpdTmodo Laelaps aAAd kal o€ aAAG
TETPATTOOA POPTTOT TNG OUAdAG aPAVETAI WG HEAAOVTIKN pyaaia.

Ooov agopd Tnv Tunuatotroinon eikévag, OKOTOG €ival n eUpeon €vOG OTTOOOTIKOU
MOVTEAOU WNXAVIKAG MABNONG Kal N eKTTAIOEUCT TOu WE BEATIOTO KAl cUOTNHATIKO TPOTTO,
WOoTE va gival EUKOAN N TTEPAITEPW QAVATITUEN AUTOU TOU EYXEIPAMATOG OTTO TOUG ETTOPEVOUG
META TO TEPAG QUTAG TNG epyaciag. Mépa amd TNV OwoThH TTOPAPETPOTTIOINON TOU, N
onuavTikOTEPN TTPOUTTO0E0N yia TNV CWOTH AgIToupyia Tou €ival n TTOI6TATA KAl N TTooéTNTA
Twv dedopévwy ekTTaideuons. & auTi Tnv epyacia Aoimrdv, Ba aoyxoAnBouue kKal Pe TNV
Karaypa@r dedopévwy €IKOVOG OTOV XWPO TOU QUTTEAIOU Kal TNV dnuioupyia Twv TEAIKWV
0edouévwy eKTTAIOEUONG UE TOV TTIO ATTOOO0TIKO XPOVIKA Kal TTOIOTIKG TPOTTO, KaBWS auTr gival
Mia TTOAU xpovoBopa diadikacia TTou atraitei 1IB1aiTepn AetrTouépeia. TEAOG Ba aoyxoAnBoupue
ME TNV €€epelivnon did@opwy TPOTTWY TTOU PTTOPEI va XpNOIKOTTOINGEI N TUNUATOTToINUEVN
eIKOva yia Tov €AeyX0 TNG KATELBUVONG TOU POUTTOT. AUTO aTTaITEl avAAUCN TWV UTTAPYXOUCWV
TEXVIKWYV TTOU XPNOIMOTTOIOUVTal KOBWGS Kal €€gpelivnon VEWV PEBOdWY, PECW TTEIPAUATWY
OTO TEXVNTO OUTTEAL. ZKOTTOG eival va BpebBei n TeXVIKA PE TNV KOAUTEPN €Tmidoon Kal
aglotmoTia.



Eicaywyn

1.2 BiBAioypa@ikp AvaokoTtrnon

Ta TeAeuTaia xpovia €xel augndei o peydAo Babud 1o epeuvnTikG vOIAPEPOV TOU EUPUTEPOU
TOMEQ TNG POMTIOTIKAG OTa TETPATTOdA POUTTOT. Me Tn BorBeia Twv TEGodpwY TTOdIWY TOUG,
MTTOPOUV VA QVTIUETWTTIOOUV avWPaAa £dA@n, va aveRaivouv oKAAEG Kal va EeTTepvouv GAAa
eUTTOdIO PE ao@AAcia Kal €UKOAiIQ, e€kei OTTOU AGAAEG apPXITEKTOVIKEG Ba atroTuyxavav 1 Ba
kaBuoTtepouoav  1dlaiTepa.  EmimmAéov, 1O  TOdI  TOUG  EMTPETTOUV  €UEAIGia  Kal
TTPOCAPUOCTIKOTNTA OTO TTEPIBAAAOV. AUTO TOUG ETITPETTEI va TTAONYOUVTAl OE OTEVOUG
XWPOUG, va emMdIdOVTAl O€ £EEPEUVNTIKEG ATTOOTOAEG KAl va TTpocapudlovTal o dIAPOPES
gpyaacieg, 0TTWG avalATnon Kai S1IAocwan, YEwpPYyia, KATAoKEUES Kal TTEPIBAAANOVTIKN €peuva [9]
. Me autd Ta TTAcovekTAPATA, TA TETPATTODA POPTTOT ATTOTEAOUV I0XUPOUG KAl EUENIKTOUG
OUVEPYATEG OTOV XWPO TNG POUTTOTIKNAG. MevikdTEPA, OAO £va Kal TTEPICOOTEPA OKAdNUAIKA
IOpUMATA KOl E€TAIPEIEG TEXVOAOYIOAG OnuIoupyouv TETPATTOdA POUTTOT TTPOOTTABWVTAS va
avTiyeTwTTioouv T1a Pacikétepa TTpoPARuata. Ta oxedia Aoimmdv BeATiwvovTal OTAdIOKA HE
OTOXO TNV QTTOTEAECHATIKA EVOWUATWON OTIS £QAPUOYEG TTOU ava@épBnkav. Ta poPTToT
Atlas [19] , Spot [20] kai BigDog [21] Tng¢ Boston Dynamics, padi pe dAAoug, 6TTwg TO
ANYmal tng Anybotics kal Tov TTpdogato diddoxd Tou ANYmal C [22], To MIT Cheetah [23]
kai To Mo mpoéoato ditrodo DIGIT tng Agility [24] , cival pepIkEC aTTOTTEIPES TEAEUTAIOG
TEXVOAOYIAG TTOU KATASEIKVUOUV TIG TPEXOUOEG EPEUVNTIKEG TAOEIG (ZXNAHa 1-1).

‘&,

(a)

ZxAua 1-1. (a) Boston Dynamics Atlas. (b) Boston Dynamics Spot. (¢) ANYbotics ANYmal-C.
(d) Agility Robotics DIGIT. (e) Boston Dynamics BigDog. (f) MIT Cheetah 3.

EidikéTEPA OTOV XWPO TNG YEWPYIag OTTOU £XOUUE AVWHOAO £00¢QOG Kal HETARAANOUEVES
OUVONKeg Ta TETPATTOOA POMTIOT £XOouv apxioel kKal egepeuviovtal OAO Kal TTEPICOOTEPO
TeAeuTaia [10] . O kaBopIoPOG TNG YPAPUNAG TTAOYNONG €ival KPIoIWOG yIa TAV QUTOVOUN
TTAOAYNON aypoTIKWY POUTTIOT OTNV Yewpyia. H TunuatoTroinon sikévag o€ Tpayuatikd xpoévo
givar pio eEaipeTiky  TTPOCEyyion yia TV €mmAuon autoUu Tou TTPORARUATOG, KOBWG
TpocapudleTal atn duvapik @uUon Tou aypoTikoU TrepiBaAloviog kai &ev BacileTal o€
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TTOAUTTAOKO UAIKS. Anuo@iAcic BIBAI0BRKeS Babidg pddnong 6mwe n PyTorch mrepiAaupdavouy
aAyopIBuoug Tunuarotroinong uwnAng akpipeiag [1] mou ptmopouv va ekTTaIdeUTOUV Kal va
XpPnoigotroinBouv yia aypoTikr] TTAoriynon. Q¢ ek ToUuTou, TTOAUGPIBUEG dDNUOCIEUOEIG EXOUV
KUKAOQOPROEI TTPOCRATA XPNOIUOTIOIWVTAG ME ETTITUXIA TN ONUACIOAOYIKH TUNMOTOTTOINON
eI0IKA o€ yewpyikd poutrdt. O1 Xia Li kar dAAo1 xpnoiyotroincav pia atrAi kauepa RGB kal
10 Faster-U-net CNN (Convolutional Neural Network), €oTidloviag oTov TaxXUTEPO XPOVO
emmegepyaaoiag kal rétuxav akpipeia pixel > 0,89 oe didgpopes kaMiEpyeieg. O1 Yan Song kai
GAAol [4] xpnoipoTtroinoav pia kauepa Kinect 2.0 RGB-D kai éva mpocapuocuévo FCN (Fully
Convolutional Network) Paoiopévo oto VGG16 kai métuxav akpipeia pixel > 0,92,
ouyKkpivovtag Tnv akpifeia petalu Paboug kai dedouévwy RGB. O1 Diego Aghi kal aAAol
akoAouBnoav e€Triong MIa  TTOPOUOI  TTPOCEYYION  XPNOIKMOTTIOIWVTAG HIa  KAuepa Intel
Realsense d435i RGB-D kai éva mpooapuoopuévo CNN Baciopévo oto MobileNet-v3, pe
akpiBela pixel 0,92. uaoikd, EAeyXOG UE TUNPOTOTTOINGN €IKOVOG €XEI YiVEl KAl OE TETPATTOOA
POUTTOT a1rd Toug Ganyu Deng kai aAAoug. O1 ouyKekpigévol EAeyEav Eva TETPATTOD0 POUTTIOT
ME aAyépiBuo path-planning Baciouévo og TUNPOTOTTIOINON €IKOVAG OTTWG KAl O UTTOAOITTOI
0ANG  xpnoigotroincav  mapdAAnAa kalr €vav  aAyopiBuo d16pbwong o€  TTEPITITWONG
OQAALATOG TOU BIKTUOU ASYW TTEPIOPIOUEVNG EKTTAIDEUONG.
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2 AvarmTuén OouoTAMOTOG  €AféyXOou  Kivnong
Baoiouyévo oe EtherCAT

2.1 Eicaywyn

2KOTTOG TOU TTPWTOU PEPOUG TNG TTapoUcag DITTAWPATIKAG Epyaciag ATAav 0 oxXedIQOUOG Kal N
uAoTroinon TOu VEOU nNAEKTPOVIKOU OCUCTAMATOG TOU TETPATTIOO0U POWTTOT TTOAAATTAWYV
apBpwoewv «Aaiday» (ZXAMA 2-1). To OCUYKEKPINEVO POUTTOT £XEl OXEDIAOTEI £ OAOKARpOU
oTo0 epyacTApio autéuatou eAéyxou Tou K. [Matraddmoulou TnG oxoAng MnxavoAdywv
Mnxavikwv E.M.T1. [14] amé dimmAwpaToUuxoug KaBwg Kal PJETATITUXIOKOUG @oITnTEG [17] [18]
[16] [15] [6] Eyive mrpooTrdBeia va pnv €TTEKTABOUUE GE TTEPITTEG TTANPOPOPIEG Kal va
€0TIAOOUE OTIG HEBOBOAOYIEG TTOU XPNOIKOTTOINBNKAY, WOTE N EPYATia TTOU EKTTOVAONKE va
atroteAei Bondnua yia TN CUCTNMPATIKA MEAETN, TOV OXeOIOOWO Kal TNV uAoTroinon Twv
NAEKTPOVIKWY CUCTNUATWY TOU TETPATTOO0U POMTTOT.

W Wi )

‘\

9 TR R R <y
Comu ,r.,.:m"h ey i

“

ZxAua 2-1. To terpdmodo poutroT Laelaps.

H véa ékdoon tou Laelaps &1a0£Tel O 10XUPOUG MIKPOEAEYKTEG (MCUS) Kal EAEYKTEG
KivnTApwv (motor controllers) e¢ac@aAifoviag 1o ypriyopn Kal agIdTmioTn AgiToupyia Tou
ouoTthuaTtog. O kaivoupiog F28388D MCU 1ng Texas Instruments €£xel evowuatwuévn
povada emikoivwviag Ethercat peiyvovrag onuavtiké tov AavBdavovta Xpovo ETTIKOIVWVIOG
(latency). OAeg o1 Asitoupyieg Tou ouykekpigévou MCU eguttnpetouvtal péow evog edge
connector TTou CUVOEETAI OTNV KEVTPIKA TTAOKETA oav pia TUTTIKI) desktop k&pTa ypa@ikwy
OTTWG QaiveTal KAl 0TO ZXAMA 2-2. ATTaITouvTal AOITTOV VEEG OTPATNYIKEG oXediaong TTou Ba
avaAubouv OTO TTAPAKATW KeQAAalo. EmmTpdobera  xpnoiyoTroiEital O Kavouplog
AZBDC20A8 motor controller Tou diaBéTel BEATIWUPEVES TTPOBIAYPAPES AVWTATOU PEUPATOG,
eAaxioTOTTOIVTAG TIG TOAVOTNTEG UTTEPBEPUAVONG KAl CUVETTAKOAOUONG peiwong Tng
a1mdd00NG TOU EAEYXOU TWV KIVITAPWV.



2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

ZxAua 2-2. O kaivoUpliog F28388D MCU T1rou xpnoiyoTtroigital oTnv véa ékdoon Tou Laelaps.

2.2 H mAakéra emrékraong tng F28388D control CARD

2.2.1 BegATioTotmoinon Tng cuvapuoAdynong Twv TTAAKETWY WG TTPOG TOV XWPOo

H mAakéta emméktaong éxel oxediaoTei yia tnv diacuvdeon kdBe MCU pe Toug motor
controllers kalr TOUG KWAIKOTIOINTEG (encoders) TTou aTTaIrouvTal yia Tov EAEYXO Twv
KIVNTAPWY TOU I0XioU Kal TOU yovaTtog o€ KABe éva atmo Ta TEooepa akpa. H eTmKoIvwvia e
k@Be AZBDC20A8 motor controller mpaypatotroicital ye KaAwdio TUtTTou RJI-45, o110U 1
¢nToUupEvn POTTA TOU KIVNTAPa MWeTagEpeTal Péow evog onuarog PWM. Kdbe dapBpwon
o1a6¢tel évav HEDS-5540 rotary encoder (augnTikd KwdIKOTTOINTH) O OTT0I0G CUVOEETAI HECW
evog 10-pin IDC connector, kaBwg kai évav atmdéAuto kwdikotrointi RMF44VE10BA10
magnetic absolute encoder [30] o oTroiog cuvdéeTal ye KaAwdio TUTTou RJ-9.

O1wg avagépbnke, o kaivouplog MCU [27] cuvdéeTal pe TeAEiwg dlagopeTikn didTagn,
OTTWG Mia KAPTa ypo@Ikwy, o€ avtiBeon pe Tov Tponyoupevo [6] (LAUNCHXL-F28379D), o
oTToiog €ixe KAQOOIKEG otlpég atrd headers. 'Exoviag autdv Tov TTEPIOPICPO utr Own, O
KUPIOG OTOXOG TOUu OXedIAOUOU TNG VEQG TTAOKETOG ETTEKTAONG Eival va eAaxioToTToinBei o
OUVOAIKOG OYKOG TNG ouvapuoAdynong. Autd emTelxbnke ouvdéoviag KaBeta Tnv
EMTTPOCOI0 Own TNG TAOKETOG eTékTaong Me Tov MCU. TomoBetwvtag OAoug Toug
KOVEKTOPEG OTNnV OTTioBia  Oyn, €EOIKOVOPOUPE TIOAU  XWpo, KaBwg Ogv  artraiteital
TEPIOCTOTEPO TTAATOG, OTTWG PAiIVETAI KAl 0TO 2XAua 2-3.

H mAakéTa €TéKTAONG €X€EI GUVOAIKO PAKOG 109mm, OTTwG QaiveTal Kal oTo ZXAUQ 2-4,
ovTag eAaxioTa peyaAuTepn atréd tnv kdpta MCU (106.5mm). Ocov agopd 10 GUuVOAIKS UWog
TNG KOTAOKEUNG, aBpoifovrag To TTAATOG TwV KOVEKTOPpWY RJI-45, ekatépwBev NG KApPTOG
MCU kaBwg kai 1o Taxog Tou PCB, 10 guvoAikd Uwog Tou gival 30mm, OTTwG @aiveTal Kai
apiotepd o1o ZXAMa 2-3. MapdAa autd n TAakETa €TTéKTAONG €XEl TTAGTOG 38mm (8mm
TTAPATTAvVW) KaBwg autod €ival To EAAXIOTO TTAATOG WOTE VA PNV CUYKPOUOVTAI Ol KOVEKTOPES
RJ-45, Edge, RJ-9, 6Tmwg @aivetalr kar 6egid oto ZxApa 2-3. H ocuvoAikr didoTtacn Tou
ouvapuoAoynuévou ouoTriuatog ival 109x38x83.
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2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

Ethercat I

ZxAua 2-3. TAdyia 6yn Tou CUVOPHOAOYHHATOG.

R8 R7| RS R4l RB

109mm

IxAua 2-4. Kdroyn tng TAAKETOG ETTEKTAONG.

2.2.2 ZXedIaOuOG TTAAKETAG ETTEKTAONG

MNa Tnv eAaxiototroinon Tou nAekTpopayvnTikoU BopuUfBou HETAEU Twv eEapTnudTwy OTNV
TAaKETA, aAAG Kal TV atTAoTToinon Tou oxediou Xpnoipotroijenkav ground (GND) kan VCC
planes otnv eummpooBia kai otnv omioBia oyn Tou PCB avriotoixa. To didypaupa Tng
TAaKETOG QaiveTal 010 ZXAMO 2-4. OAeg o1 ouvdéoelg uetagu tng képrag MCU Kal Twv
utméhoimwyv e€aptnudaTwy Bpiokovtal otov [Mivaka 2-1. To MAABo¢ Twv e€apTnUdTwy TTOU
XpeladovTal yia TNV KATooKeun TNG TTAAKETAG BpiokovTal oTov lMivaka 8-1.
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2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

A

W

AN

P
EFHM
A

AW

G+
A

SIS

HSEC8-130-01-L-DV-A

——

—W—

+—WW—

+WA—

—AM—t

s
i

ZxApa 2-5. Aildypappa KUKAwpaTog TTAakéTag erékTaong F28388D.

Mivakag 2-1. Zuvdéoeig TG Kaptag MCU.

h-d

h-d

Function HSEC pin MCU pin
ANALOG ENCODER 1 9 ADC-A0
ANALOG ENCODER 2 12 ADC-B0
CURRENT MONITOR 1 31 ADC-C2
CURRENT MONITOR 1 GND 33 ADC-C3
CURRENT MONITOR 2 28 ADC-DO
CURRENT MONITOR 2 GND 30 ADC-D1
MOTOR CONTROLLER 1 PWM 49 PWM1A
MOTOR CONTROLLER 2 PWM 51 PWM1B
MOTOR CONTROLLER 1 DIR 89 GPI1040
MOTOR CONTROLLER 2 DIR 91 GPI1041
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2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

INC.ENCODER 1 A 68 GPIO20/QEPA-A
INC.ENCODER 1 B 70 GPI021/QEPA-B
INC.ENCODER 1 INDEX 74 GPIO23/QEPA-I
INC.ENCODER 2 A 100 GPIO54/QEPB-A
INC.ENCODER 2 B 102 GPIO55/QEPB-B
INC.ENCODER 2 INDEX 106 GPIO57/QEPB-I
INC.ENCODER 3 A 127 GPI062/QEPC-A
INC.ENCODER 3 B 128 GPIO63/QEPC-B
INC.ENCODER 3 INDEX 130 GPIO65/QEPC-I

2.2.3 Tpo@odooia TNG TTAAKETAG ETTEKTAONG

Ooov agopd Tnv Tpo@odoacia TnNG TTAAKETAG, TTAPOAO TToU N TAon AsIToupyiag TG cival 3.3V,
n Tdon TG TPoPodoariag €I06d0U TNG TTAAKETAG TTPETTEl va PPioKeTal OTA 5, KABWG OIABETE
OIKO TNG evOwMaTWHEVO puBuIoTA Tdong o otroiog avaAauBdver Tnv puBuior; ota 3.3V.
ZUVETTWG OEV ATTAITEITAI KATTOIOG £EWTEPIKOS PUBNIOTAG Tdong 3.3V OTTwg oTNV TTPONYOUMEVN
TAaKéTa, oUTe KATTolo 3.3V enable/disable jumper [6] . 'ETol n kGpTa MCU, kKabwg Kal Ta
uttéAoITTa €apTAaTa oTnNV TTAGKETA ETTEKTACNG TA OTTOIa £€XOUV €TTIONG TAon Acimroupyiag 5V,
TPo@odoTOUVTAI ATTO £va YPAMMIKO puBuioTA Tdong (LDO) 5V LM7805, o o1Toiog £XeEl JEYIoTN
Tdon €10000u 35V emTpéTTOoVTag atreudeiag TpoPodoaia TNG TTAAKETA ATt TNV KEVTPIKA TINYA
Tpoodoaiag n otroia £xel Taon Asiroupyiag 10V.

MapdAo 1Tou autdg 0 PuBuIoTHG, AOyw TNG eUONG Tou dev gival 600 aTTodoTIKOG, 600
évag dIOKOTTTONEVOG puBUIoTAG TAoNG (switching regulator), €xel TTOAU pIKpOTEPQ ETTITTEDQ
BopuBou. To Laelaps PpiokeTal akOpa o€ OTAdIA QVATITUENG, ETTOMEVWG BeAoupe va
e\axioToTToIRoOUNE TUXOV TTPORANUATA TTOU UTTOPEl va TNV KaBuatepnoouv. H Asiroupyia
dIdpopwyv euaiodNTwy eEaptTnuaTwy, OTTWG AVAAOYIKG KOl aoUPPATO CUCTAPATO TTOoU Eival
IDIQITEPA ETTIPPETTA, OTTAITEI TTNYN TAONG PE Tov duvaTtd AiyoTEPO BOPUPBO. ZTNV TTPONYOUEVN
Tou €kdoaon uTtipxe Hovo n duvardtnta Tpogodoaiag atrd switching regulators, o1 oTroiol av
Kal £xouv avaTTTuxBei 1IdIaiTepa Ta TEAEUTaia Xpovid, atrd TNV @UOH TOUG £X0UV OKOPO KATTOI0
B0pupo. OféAovtag va egao@aAliooupe Ta xaunAotepa duvartd emieda BopuBou, autd
ETTITUYXAVETAI HE YPOAUMIKO pUBUIOTH TAONG.

EvrouToig, n xprion Tou LDO puBuioTti 1adong otnv TTAAKETO aTraiTei 181aiTeEpn TTPOCOXN,
KaBwg Oev TTPETTEl va uTTEPPOUNE Ta MPEyIOTA eTTiTeda BepudTNTAG TTOU UTTOOTNPICEI TO
OuyKekpIpévo IC. O ouykekpIgévog puBpIoThG Tong €xel ouokeuaaia TO-3 kal CUPNPWVA PE
TO QUAAO Oedopévwy, TO MPEYIOTO ETTITTEDO BepudTNTAG, WE TNV TOTTOBETNON MiOG MIKPNAG
WAKTPaG 1oo0Tal e 4W. MNa Tov uttoAoyiopd TnG OUVOAIKNAG aTTaywyng Bepudtntag Oa
XPNOIUOTIOINCOUE TOV TUTTO:

P =, = Vloyt (2-1)

H péyiotn katavaAwaon peupaTog loy, 1000TaI pE ~960mMA Kai uttoAoyioTnke aBpoifovtag Tnv
KatavaAwon KAaBe €CapTPATOg OTNV TTAOKETA ETTEKTAONG, €VW AEITOUPYOUV OTNV HEYIOTN
TOUG 10XU. O1 JETPAOEIG £yIvaV PE YNPIAKO TTOAUUETPO KAl €ival O1 €EAG:

e 1x MCU 500mA

o 3x Digital rotary encoder with differential converter 100mA

e 2x Motor controller Optocoupler circuit 50mA

e 2x Analog rotary encoder 35mA
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2UVETTWG YIO TNV MEiwon TG atrayouevng BepudtnTtag ogeiloupe va €xXoupe TAON
€10000U OCO0 TTIO KOVTA YiveTal oTnv TAON €£6doU oTOoV PUBMIOTA TAong. AuTO WTTOPE va
€MTEUXOEI TOTTOBETWVTAG O€ OEIPA he Tov pubpioT dUo TN5408 516doug 1I0XU0G, HEIWVOVTOG
TNV TeAIKN Téon €106dou oTov PUBUIOTA TAong katd Tepitrou 2V. H texvikr auTtr] éx1 Hévo
Melwvel TRV dlagopd Tdong Vi-Vo ammd 10-5=5V oe 8-5=3V (ZxApa 2-6), aAAd kai
TpooTaTelEl TO KUKAwWHA a1md avatrodn TToAIkoTnTa. OuolacTikd, n ouvoAikr atraywyn
BepudTNTAG HOIPAZETAI PETAGU TOU PUBUICTA TAONG Kal Twv dUO BI0dwV, Ol OTToIEG €XOUV
TTOAU peyaAUTEPN IKAVOTNTA aTTaywyAS BepuotnTtag. ‘ETol TEAIKA n OUVOAIKA atraywyn
BepudTNTAG TOU PUBUIOTA TAONG IoouTal ue (8-5)x0.9=2.88W, 1TOU €ival Aveta evidg Tou
opiou Twv 4W.

INPUT —}l ﬂ r 7805 |l QUTPUT
10V 8V 5V
GND
o —h—
o 0. 1uF

0.33:F

ZxAua 2-6. KikAwpa LDO puBuioTti Tdong 7805.

2.2.4 Alaxeipion S10@QoOpIKWY ONHATWY TWV AQUENTIKWYV KWOIKOTTOINTWV

O auénmikég kwdikotrointAc HEDS-5540 ypnoiyotroiei diagopikd ofiuata (QEPA, QEPA-,
QEPB, QEPB-, QEPI, QEPI-) yia Tnv yetddoon Tng TAnpogopiag yia Adyoug aglotmoTiag. lNa
TNV METATPOTIA Twv (EUYWV Twv dIAPOPIKWY onUATwyY g€ aTTAd ofuarta TTou Ba diaBdoel n
Kdpta MCU xpnoigotroioUue 1o evowpatwuévo SN75175, évav teTpattAd differential line
receiver. 2tnv €icodo Tpoodociag VCC kd&be IC TomroBeTndnkav duo 4.7uF kai 100nF 16V
TIUKVWTEG atroouvdeong yia Tnv oTaBepoTroinon Tng 1oxuog. KdaBe Ceuyog dlagpopikou
oAMaTog BPaxuUKUKAwONnke pe avriotaon 120Q 6mmwg ocuvioTdral amd 170 QUANO dedouévwv
TOU KOTAOKEUAOTA. H ouvdeon Twv auénTiKwV KWOIKOTTOINTWY HE TNV TTAOKETA ETTEKTAONG
yiverar pe évav 10-pin IDC kovéKTOpQ.

2.2.5 TMapakoAolOnon peUPATOG KIVITAPWYV

>¢ oxéon ue 10 Laelaps Il rpooTéBnke pia akdua Asitoupyia, n Kartaypagr) Tou peUPATOS TTOU
KaTavaAwvouv ol KivnTHpeG, Héow Tou orfjpatog CURRENT_MONITOR TToU TTapEXETAIl ATTO
Toug AZBDC20A8 motor controllers. To onfpa autd, padi ye v yeiwon VEE n otoia dev
gival koivy ge autn NG kKaptag MCU (AGyw Tou optocoupler TTou TTEPIYPAPETAI OTO ETTOPEVO
Ke@AAaio) AapBavovTtal atrd 1o KaAwdio RJI-45 1rou oTéAvel To orjua PWM kai kataypdgovTal
atré TNV govada ADC 1ng MCU og Aeitoupyia dIagopIkhig avayvwaong, WoTE va YETPNOEI n
olapopd TAoNG WETALU Twv 600 autwy onudtwy. To oRua autd éxel Tdon 0-5V, ommdTe évag
dlaipéTng Taong atroteAouuevog ammo 3.3kQ, 1.8kQ avrioTdoeig avrioToixiel Tnv Ta0N auth
ota 0-3.3V, 61Twg Kai n €£000¢ Twv aTTOAUTWY KWOIKWV. Ta oiuata autd AapBdvovtal atrd
T0 id10 RJ-45 kaAwdIo TTou PeTAdIdEI TO oA PWM.

2.2.6 TeXVIKEG KOAANONG TWV EEAPTNHUATWY OTNV TTAAKETA ETTEKTAONG

H kaivoupia kapta MCU xpnoiyotroiei Tov Kovéktopa HSEC tTou @aiveTal oto ZXAUG 2-7.
OTwg @aiveral Kal ammd TNV QwToypaPia, 0 KOVEKTOPAG AuTOG €XEl TTOAU AETTTA TTIVAKIA Ta
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oTroia Bpiokovtal TTOAU KOVTA PETAEU TOUG. AKOUO OKOUPTTIOUV HE TO TTAAOTIKO TTEPIBANUA TO
oTToio  TTpOoPavVWG £xel KAtTola opla Bepuokpaciag. OAa 1o TTapamdavw KaBiotolv Tnv
KOAANON autoU Tou KOVEKTOPO 181aiTEPA DUCKOAN Kal icwg aduvarn e TTOPAdOCIAKES
TEXVIKEG, OTTWG PE TNV XPron KOAANTNpIoU.

ZxAua 2-7. Kovéktopag HSEC.

MNa va TeTuxoude  Aoimmov  uwnAf  akpiBela  OTIC  KOANACEIC  Kal  ATTOQUYR
BPaxUKUKAWMATWY, TTPETTEI va €£QAPUOCOUNE TEXVIKEG KOANong efaptnuatwv SMD. H
TEXVIKA TTOU Ba akoAouBriooupe xpnoldoTtrolei éva stencil, TTaoTta KOAANONG XaunAAg
Bepuokpaaiag, kaBwg kal éva TIoTOA KOAANGNGS Bepuol aépa.

O1 MAakéTeg oxedidotnkav oto EAGLE kal Ta ox€dia Toug oTdABnKkav oTnv uTinpecia
JLCPCB n otoia mmpopr6suce Ta PCB kaBwg kai 1o stencil. OuoiaoTika 1o stencil emTpéTTel
va €QapuOOoUlE TNV akpIBf TToodTNTA TTAOTAG TTOU XPEIAeTal HOVO TTAVW OTA ChEia TTou
QTTAITEITAI, OTTWG @AIVETAI KAl OTO ZxNua 2-88, ammo@elyovtag €701 BPOaXUKUKAWPATA 1)
aduvapeg KOANAOEIG.

‘ETreita, xpnoigotroioUpe maoTta KOAANong xapnAng Oepuokpaciag [35] . Metd tnv
€QapPUOYN TNG TTAVwW OTO stencil, To aaipoUuE TTPOCEKTIKA, TOTTOBETOUNE OAQ Ta EQPTAMATA,
eQapuoloupe Bepud aépa oToug 140°C péXpl N TTAOTA VO PETAOXNMATIOTED TTAPWS O€
KOAANon. O Adyog armaitnong TdoTtag XapnAig Bepuokpaciag, eival 0TI TO TTAAOTIKO
TTEPIBANUO TOU KOVEKTOPA AILOVEI OTAV XPNOIPOTTOIOUVTAI KAVOVIKEG TTAOTEG, OIOTI TO TTIOTOAI
BepuoU aépa TTPETTEI va puBUIOTEI 0 ueyaAUTePn Bepuokpaaia.
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st
a
J.‘-.‘\_

ZxAua 2-8. Mapdadeiypa xpRong Tou stencil.

2.3 H Aakérta eréktraong tng AZBDC20A8

2.3.1 Eicaywyn

H 1TAakéta emékTaong €xel TPOTTOTTOINGE O OXEON PE TNV TTPonyounevn €kdOOn WOTE va
oéxeTal TTAéOV TOV KAIVOUPIO, I0XUPATEPO Kal EAAPPWG BIAPOPETIKG OTNV OUuvOETHOAOYia
AZBDC20A8 motor controller kaBwg Kai KATTOIEG ETTITTPOCOETEG AcIToupyieg KaTaypa®nig. Mo
OUYKEKPIMEVA, OTTWG UTTOONAWVEI KAl N Ovopacia Tou, O Kaivouplog motor controller
emTpéTTel péyioTn Acitoupyia Twv potép ota 20A og Ox€On ME TOV TTPOKATOXO TOU
AZBDC12A8 o otroiog utrooTrpie uéxpl 12A. O TeAeuTaiog aAAdxBnke Adyw TTpoBAnudTwy
uTTEPOEPUAVONG, Kal  OUVETTAKOAOUBNG aduvapiag eAéyxou Tov KIvnNTAPWY, KaBWG
A€ITOUpPYOUCE YIO TTAPATETAPEVO XPOVIKO SIAOTANA OTIG AVWTATEG TIWEG PEUMATOG.

2.3.2 Atmopovwon NAEKTPIKWYV onUaTwyV PE XpRon optocoupler

To ovUoTtnua amopdévwong onudtwy diatnPABnke amd Tnv TIponyouuevn €kdoon Tou
Laelaps. o ouykekpiyéva, yia TNV €TTAEOV ATTOMOVWON TWV  HIKPOEAEYKTWY ATTO
NAekTpopayvnTIKG BOpUBO TTPpoEPXOUEVO aTTd Tov motor controller, xpnoiyoTroindnke évag 2-
Kdvalog 6N137 omroleuktng (optocoupler) [32] . Ta onuarta eAéyxou DIR kai PWM
atTopovwvovTal pEow autou Tou IC kal ETTEITa evioxXuovtal HEow £vog dITToAIkou 2N7002 N-
Channel MOSFET [31] kai Tpogodotouvral oTIS €l00doug eAéyxou DIR, PWM Tou
AZBDC20A8. O1 omrtoleukTteg Kal n Aoyik povada Tou AZBDC20A8 TpogpodoTtouvTal atrd
évav eEwTePIKO 5V MAX5035 pubpioTh Tédong, yia emTTAéov ammoudvwaon Tou Bopupou.

2.3.3 KUkAwpa Kal oXNHATIKO TNG TTAAKETAG ETTEKTAONG

To kKUKAwpa kal n didTagn NG TTAAKETOG ETTEKTOONG €ival TTAPOMOIO WE €KEIVA TNG
Tponyouuevng €kdoong Tou Laelaps. Mevikdtepa, o1 AEITOUPYIKEG UTTOMOVADESG AUTAG TNG
TAOKETAG €xouv dlaxwploTtei pe Ground kai VCC Pours. H Texviki authy egao@ailel
MEIwMPEVO BOpUBO aTTd TIG YPAMMES UWNANG TAONG YIa TNV TPpo®odoaia Twv KIVNTAPWY Kal
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KaBIoTA TOV OXeOIOOPO TTIO €UKOAO ETTITPETTOVTOG TO €CAPTAMATA va E€ival TTO TTUKVA
TOTTOBETNUEVA.

H kaivoupia TTAakéTa ival oupBarh kal ge Tnv TaAaidtepn povada AZBDC12A8. Ooov
a@opd TnNv ouvdeauoAoyia Toug n povn dlapopd TTou £XoUV gival OTI O KAIVOUPIOG EAEYKTAG
AOYW TNG PEYOAUTEPNG I0XUOG TOu £xel OITTAN ocipd atrd headers yia TIG YPAUPES 10XUOG,
OTTOTE €XEI YiVEI KOl N QVTIOTOIXN TPOTTOTTOINGN OTNV KaIvoUupia TTAAKETA.

‘Exel TTpooTeBei €TTiong N Asitoupyia £vOeEInNg OPAAPATOG NECW TNG £6OdOU TOU Motor
controller FAULT_OUT. Mo ouykekpiyéva oTnv TTAGKETA ETTEKTAONG UTTAPXElI N QWTEIVA
évdeign FAULT kal avaBel 6Tav atrevepyoTrolsital n 10X0U¢ oTov KivnTApa Adyw uTtrépraong,
BpaxukukAwpaTog, uttepBépuavong, eopaluévo Hall-state, inhibit } power-up reset.

TéNOG, €xel TTPOOTEBE N AciIToupyia KaTaypa®nig Tou PEUUATOG 1I0XU0G TTOU avaAUETal
oTnV TTapakaTw Trapdypago. H TTAnpogopia petagépetal yéow Tou pin 5 Ttou RJ-45
KOVEKTOPA. TO OUVOAIKG SIAypauua TOU KUKAWMATOG TNG TTAOKETAG ETTEKTAONG QAIVETAI OTO
2XAMa 2-99 evw N KAToWn TNG TTAGKETAG QaiveTal 0TO ZXAMa 2-1010.

Q221 F

45}

|
—
|-+
N
==
=

[

yxAua 2-9. Kdrown tng mAakérag emrékraong AZBDC20AS.
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g HE e i

ZxAMa 2-10. Aidypaupa KUKAwpaTog TTAakéTag eTTékTaong AZBDC20AS.

2.3.4 Karaypa@n peUPATOG TWV KIVATAPWYV péow Tou ofjpaTtog CURRENT_MONITOR

Mo KaAUTEPN ETTOTITEIA TNG AEITOUPYIAG TOV NAEKTPIKWYV KIVATAPWY OTNV TTapoUca €kdoon Tou
Laelaps mpooTéBnke n Aeimoupyia KaTaypa@Ang Tou PeUPOTOG TTOU  KatavoAwvouv. H
Aeitoupyia  auth  gival  evowpatwpévn  otov motor controller péow Tng  €g6doU
CURRENT_MONITOR. H £¢odog auth éxel ofua TTAdroug 0-5V Tmou eivalr avadAoyo Tou
pevpaTog katavadAwong e Adyo 6.4 A/V. Mapdha autd, 1O onfpa autd dev eival
QIATPAPIOPEVO KOl WG €K TOUTOU dev gival IDIAITEPA XPMNOIYNO XWPEIG TNV £QApPPOY KATTOIOU
PIATPOU TTPWTA.

‘Eyive Aoirév avdAuon Tou ofpaTog PE évav Wynelako TTOAPOYPA®O YIa va EVTOTTIOTOUV
0l KUPIEG OUVIOTWOEG TNG ouxvOTNTAG Tou OANOTOG. IMNa va katavonBei eukoAdTepa auTtd To
onua e€6dou, TOTTOBETABNKE £va OTATIKO POPTIO GTNV BE0N TOU KIVNTAPA, Wia avrioTacn 2Q,
onuIoupywvTag €101 pia 1-1 avrioTtoixia oto ¢nToupevo pelpa €600V Kal OTO TTPAYHATIKG
pevpa €§6dou (ZxAua 2-111). To ¢ntouuevo peupa e€6dou i aAAiwg n eicodog PWM cotov
motor controller, opioTnke cav €vag TPIYWVIKOG TTAAPOG e pia TTOAU XaunArp ouxvoTtnTa
150Hz, woTe va TV exwpifoupe €UKOAA aTTO TUXOV GUXVOTNTEG TTOU TTAPAyovTal atrd Tov
motor controller kai €Tmiong va TTAPATNPACOUNE TUXOV OAAQYEG OTIC CUVIOTWOEG TNG
ouxvoTNTAG avaAdywg Tnv {nToupevn £€£000 PEUPATOG.
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desired output current M+
Actual output current represented
—— CONTROL_SIGNAL 2Q by voltage, due to Ohms Law V=IR
M-
150Hz CURRENT_MONITOR

OSCILLOSCOPE

IxAMa 2-11. Aiara§n avdAuong Tou onuatog CURRENT _MONITOR.

MapatnpAcape pia cuyxvétnta 32kHz, 6Tmwg @aiveTal Kal oto ZxAua 2-12, n oToia
TTPOPAVWG AvTIoTOIXEI OTnV dIAKOTITOMEVN ouxvotnTa (switching frequency) tou motor
controller. H mmapatripnon empBefaiwdnke, kKaBwg oTto datasheet Tou cuykekpiyévou motor
controller avagépetal 0TI Acitoupyei pe ouxvotnta 31kHz, kdT TTOAU KOvTd o€ QuTd TTOU
TTaPATNPHOAE.

j(;{ Agilent Technologies  InfiniiVision ~ MoO-X 3014A 100 MHz Mm@oomj

2,0003/ 2959
\ A+ KEYSIGHT

' TECHNOLOGIES

Autoscale Menu
Undo
Autoscale

N e Pe— — \ —

ZxAua 2-12. Kupatopopen tou a@iAtpdpiotou ofuarog CURRENT_MONITOR oTov wn@iako
mTaApoypd@o.
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To ofpa autd PtTopei va QIATpaplioTe he Eva atmAd Babutrepatd RC @iATpo f/kal pe €va
wnoeiakd @iATpo oAioBaivovrog péocou 6pou (digital moving average filter), epdcov éxoupe
éva MCU uygnAwv emdocewv oTnv d1d0eor] pag. To ynelakd @iATpo péoou Opou €XEl
oupTTEPIPOPA TTapduola e ekeivn Tou RC @iATpou, OTTOU Kal Ta U0 €XOuv dia HIKPA
KaBuoTépnon otnv €6000 Toug o€ oXEon e TNV €icodo. MapdAa autd oTnv eQapuoyn Hag
O¢ev gival KATI TTOU JAG OTTACXOAEI.

ApxIka TTpéTrel va BePaiwBoulpe Twg n  deiypatoAnyia yivetal cwoTtd atmd  Tov
MIKPOEAEYKTH. ZUuQwva HE TO Bewpnua Tou Nyquist n ouyxvétnTa OelydaTOANWiag ToUu
Wnoelakou @iATpou Ba TTPETTEl va gival TOUAAXIOTOV 2 QOopéG PeYaAUTEPN ATTO TV CUXVOTNTA
Tou B¢éAloupe va @IATpdpoupe, dGpa 64kHz. Xpnoigotmoiwvrag Tov Debugger Tou
MIKPOEAEYKTH PETPAOAME OTI aTTAITOUVTAI TTEPITTOU 60 KUKAOI yIa TNV €KTEAEON MIAG EVTOAAG
ociypaToAnyiag kai amobnkeuong TG €E6dou oTnv pvAun. MNa ouxvotnTta ouoTAUATOG
200MHz n dsiypatoAnyia ekteAeital ge ouxvotnta 200MHZz/60=3.3MHz, TTOAU TTapaTTav
aTTd OTI ATTAITEl TO BEWPNMQ.

270 ZxAua 2-13 €XOUME ATTOTUTTWOEI TO CGHPa TTou €Xel delyuatoAngBei atrd Tov MCU,
Méow TNG povadag ADC, xwpic TNV epappoyn KATToIoU wnelakoUu 1 avaAoyikou @iATpou.
Mapatnpouue Tapdpola  £€6000 Me auTth Tou TTaAuoypdgou. To didypouua  autd
onuioupynBnke atmmoBnkevovTag TIC TeAeuTaieg 10000 TiPES TNG €€6doU TnNG povadag ADC oe
Mia geTaBANTA Kal £TTEITa N ypagiki mapdoTacn Tng péow tou CCS Debugger.

-

40000 ]

39000
38000 —
37000 —
36000
35000 —
34000 —
33000 —
32000 —

31000

30000

| I — T T LI
624000 +50 +100 +150 +200 +250 +300 +350 +400 +450
sample

ZxAua 2-13. A@iAtpdpioto ofjpa CURRENT_MONITOR o6tmrwg éxel deiyyaroAn@lei amd tov
MCU.

‘Emeira kataypdywape 10 oAua he TNV xpenon Hévo avaloyikou RC  @iAtpou TTOU
atraprtieTal amé pia avriotacn 1000Q kai évav TTukvwTA 0.016uF pe cuxvoTNTO OTTOKOTING
10kHz. Omwg trapatnpoupe Kal 010 ZXAPa 2-144, n ouvioTwoad Twv 32kHz €xel pelwOei
OANG Bev €xel eCOAEIPOET TEAEIWG.
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Ixnua 2-14. OiAtpapiopyévo oupa CURRENT_MONITOR o6mrwg é€xel deiypatoAn@Bei amé tnv
MCU pe RC @iATpo amrokotiig 10kHz.

Oa egeTAOOUPE KAl TO WYNQIOKO @IATpo péoou Opou. Me Tnv €@apuoyry Tou HE
ociypaToAnwia 10 deiyydTwy €xoude Tnv €€000 TTOU aTTelkovifeTal oTo ZxNAua 2-155.
Mapartnpouue 1o KaBapd orjua atmd To avaAoyiko QIATpo.

40000 |

39000
38000 -
37000 —
36000 *
35000 -
34000 —
33000 *
32000 -

31000

30000

I e L B L L B B
96000 +50 +100 +150 +200 +250 +300 +350 +400 +450
sample

IxAua 2-15. GiAtpapiopévo ofpa CURRENT_MONITOR o6mrwg éxel deiypoatoAngBei amé tov
MCU pe gnoiakoé @iATpo péoou 6pou x10.

Kataypdgovtag 100 Tipég oTo wnolakd QiATpo péoou 6pou, £xoupe oxedOV eCalciyel
TEAEIWG TIG N €mMOUUNTEG OuXVOTNTEG, OTTWG QaiveTal Kal oTo ZXAua 2-166. MapdAa autd,
AOYW Twv TTOANWV PETPACEWY TTOU aTTaliTouvTal, 0 MCU emapUveTal Je ApPKETOUG KUKAOUG
Kal EVOEXETAI QUTH N €TTIBAPUVON VO PNV Eival aveXTr OTOV 0XEBIAO0TH TOU CUCTHHATOG.
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ZxAua 2-16. ®iAtpapiopyévo oupa CURRENT_MONITOR o6mrwg é€xel deiypatoAn@Bei amé tnv
MCU pe yn@iakoé @iATpo péoou 6pou x100.

DuUOIKA PTTOPOUUE VA XPNOIUOTIOINCOUNE Kal guvOUaoud Twy OU0 TTapatrdvw QIATPWY,
TTOU QaiveTal va €X€l TO KOAUTEPO OTTOTEAECHA, XWPIG MEYAAn emRdpuvon o€ KUKAOUG OTOV
MCU. To ammoTéAeopa o€ QUTA TNV TTEPITITWON QAIVETAI OTO ZXNUa 2-177. OTTwg Kal va €XEl
oTNV TTAGKETA ETTEKTACNG UTTAPXOUV UTTODOXEG VIO TNV ATTAITOUMEVN AVTIOTACN KOl TTUKVWTI)
mou xpeidlovtal yia 10 RC @iAtpo. MNapdAha autd, av o oxedlaoTig dev €mMOUMEl va TO
XPNOIMOTTIOINCEl UTTOPEI OTTAWG VA AVOIXTOKUKAWOEI TOV TTUKVWTHA KAl va BPAXUKUKAWOEI TNV
avtiotaon.
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ZxAua 2-17. QiAtpapiopévo onua CURRENT_MONITOR 6mwg éxel deiyparoAn@lei amd tnv
MCU pe RC @iAtpo atmrokotriig 10kHz ka1 yn@iakd @iAtpo péoou 6pou x10.
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2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

2.4 Avdarrtugn AoyiopiKoU gAéyxou Kivhong

To Aoyiouiké Tou cuoThuaTog atrapTifetal amd 1o firmware tmou Tpéxel otoug MCUSs Kai
ouoI100TIKA TpEXEl oToug ESCs (Ethercat Slave Controllers) kaBwg kai To Aoyiopiké TwinCat
atroTeAwvTag Tov KeVIpIkO Ethercat Master, o o1Toiog TpExel € évav KEVTPIKO UTTOAOYIOTH Kal
eAEyxel TOug slaves, O0TTwWG oTo 2XAMA 2-18. Ekei opifovTal ol TTapAUETPOI TOU EAEyXoU OTTWG
n ouxvornta Badiong, To PAKOG Tou KABe BriuaTtog K.o.K. MevikdTepa 0 AOYOoG TToU ETTIAEXTNKE
TO TTPWTOKOAAO Ethercat yia Tnv mmKOIVWYVia JETAGU TWV UTTOCUCTNUATWY, €ival OTI ETTITPETTEI
YPNYOPO Kal KUPIWG OKPIRA CUYXPOVIOUO TNG METAPOPAC TWV ATTAITOUMEVWY OEDOUEVWY,
péow Tou DC (Distributed Clock). Autd gival K&TI TTOAU onUavTIKO KaBWG ETTITPETTEI TA TOTTIKA
oxAMaTa €Aéyxou TTOU ekTEAOUVTOl OTO KABE GKPO va gival TEAEIQ CUyXPOVIOPEVO WETALU
TOUG, TTETUXAiVOVTAG ApIoTA a1rddoon Kal VIETEPUIVIONO OTIG TTOAUTTAOKEG BIadIKACIEG TTOU
XPEIAleTal va eKTEAEI TO TETPATTOD0 POUTTOT, OTTWG BAdIoN, TPEEIWO A TIHdNUA.

w— High Voltage Power w— oW Voltage Power —  Signals EtherCAT Cable

ADIS16364/ ADIS16375
IMU Slave HR Leg HL Leg FR Leg FL Leg

ZyxAua 2-18. Tuvdeopoloyia Twv Ethercat master/slave.

2.4.1 Firmware

To firmware Baoifetar otnv TeAeutaia €kdoon Tou Laelaps [15] pE KATIOIEG MIKPEG
TPOTTOTTOINCEIG WOTE va €ival oUPBATO PE TNV vEA TTAAKETA. 2TNV €TTOUEVN TTapAypago Ba
TEPIYPAPOUV 01 AANAYEG AUTEG.

Me Aiya Adyia OAeg n Asitoupyieg Tou ekTeAOUVTal péoa O€ 4 DIAPOPETIKA ISRS OTTWwg
Qaivetal Kal o1o 2xnAua 2-20. Tpia atrd autd evepyoTroloUvTal aTTo T HOvAdA GUYXPOVICUOU
DC (Distributed Clock) tng povadag ESC (Ethercat Slave Controller), eviy 10 TETApPTO
(emonuacuévo pe ykpl) evepyotroigital ammd tov Timer 0. Na onueiwBei 611 otnv default
ulotroinon tou HAL (Hardware Abstraction Layer) stack o Timer 0 xpnoigotrolgital wg
METPNTAG Yia €EuTTnPETNON KATTOIWY Aciroupyiwv Tou Ethercat. MapdAa autd, yia Adyoug
TPOTEPAIOTNTAG interrupt, 6TTWG Kal oTnVv TTponyoupevn MCU, Adyw xprong tou Timer O yia
TNV €KTEAEDOT TOU KUpPIOU Bpdxou eAéyxou, avaBéoapue Tnv Acitoupyia auTh oTov Timer 1.

H ouxvétnta ektéAeong Twv Tpiwv ESC ISRs tmou avagépbnkav opiletal amd Tov
Ethercat Master, dnAadr péow Tou TTpoypdupatog TwinCat. H ouxvétnta ekTéAeong opiceTal
OTTWG OTNV €VTOA TTOU QaiveTal OTO ZXNHa 2-19.
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2 Avartuén ouoTAuaTtog eAéyxou Kivnong Baciopévo oe EtherCAT

//

// Configure CPU

//

ConfigCpuTimer(&CpuTimerd, 200.0f, 100.0f);

Timer Instance

Timer’s Clock Frequency [MHz]

ZxAua 2-19. Opiopodg ouxvoTnTag ekTéAgong Tou Timer 0.

.rt;)mrol Loop
(10 kHz)

Control ISR
(Timer 0)

Read & Calculate
Joints' Positions

Update
Controllers'
Parameters

CallDCL *
PID Controller

Update Joints'
Angular Position
& Velocity
Variables

Transfer Master Output
Data to MCU Memory
(APPL_OutputMapping)

Laelaps Il Motion Control
Firmware (Power-Up)

HW Interrupts (DC MODE)

PDI ISR
(XINT3)

SYNCO
(XINTS)

User Application

imer @ to Y@ kHz Rate

(APPL_Application)

Timer’s Interrupt Period [us]

.EtherCAT Cycle I EtherCAT Cycle ﬁ EtherCAT Cycle
(2.5 kHz) (2.5 kHz) (2.5 kHz)

SYNC1
(XINT4)

Transfer Master Input
Data from MCU Memory
(APPL_InputMapping)

Calculate
EtherCAT Cycle
Time Update Master
‘ Inputs
| Update Control * {
‘ Parameters Execute Planner
i (CPUY .
v f
Calculate Motion Mode
End-Stop _ | Control Check &
Routines' Torque > Master Outputs'
Contribution Updates

* changes in comparson to Papatheodorou implementation

(not using CLA)

ZxAMa 2-20. ZXxnUaTtikA TTapdoTaon Tou firmware.

- 31/86 -




2 Avarmtuén ouoTAuartog eAéyxou kivnong Baciopévo oe EtherCAT

2.4.2 AAMAayég oTo firmware o€ oxéon Je TRV Tponyoulevn ékdoon

Omwg kal otnv uAotroinon Tou lMatmmabeodwpou n emKovwvia e 10 ocuoTnua Ethercat
yivetal péow evog EtherCAT stack. H xprion Tng kaivouplag mmAakétag F28388 atraitei Tnv
xpnon dlagopeTikoU stack. MNa tnv avdmTuén Tou KWAIKA OUCIOOTIKA dnuUIoUpyABNKE éva
kevd Ethercat Application atmdé mnv apxn Tavw oOTO Kaivouplo stack péow Tou SSC (Slave
Stack Tool) 6TTwg TTepIypd@eTal avaAuTika Kal oo Ke@dAaio 11 Tng SIMAWUATIKAG £pyaaiag
Tou MatraBeodwpou [15] . ‘ETTeita 010 KAIVOUPIO project TTou dnuioupyndnke evowpaTwonke
0 UTTapXWV KWOIKAG eAEyxou Tou MatmaBeodwpou Pe KATTOIEG MIKPEG AANAYEG.

APXIKA, N eKTEAEON TWV PaBNuaTiKwy TTPAEewV eAéyyou dev yivetal pe Tnv povada CLA
(Control Law Accellerator), aA\& amAwg pe Tnv CPU kai Tnv FPU, 6TTwg @aivetal kal oT1o
>xAua 2-20. H aAAayn authi dev €yive yia Adyoug atrddoong, aAAd yia atrAotroinon Tou
firmware woTe va €ivalr Mo €UKOAN n avdmTuén Tou, KaBwg Oev UTTAPXE QPKETO XPOVIKO
TEPIBWPIO YIa TNV EVOWHATWON auTtrig TNG Asimoupyiag. MapdAa autd ol AsiToupyieg auTég
uttdpyouv Ndn upéca otov KWwolka Tou [MNatrabeodwpou Kal £€X0oUvV TTEPAOTEI KAl OTOV VEO,
QpKei va yivel n dlacuvdeon pe TIG DIAPOPETIKES cla evioAég, Adyw TnG Xprnong Kaivouplag
mAakéTag. MNa tnv aAAay auth atmAwg agaipédnkav 0Aa Ta CLA predefined symbols ammé
TNV €mAoyn Build->Compiler->Predefined symbols.

AOYWw TnNG €Aa@pd OIAPOPETIKAG OAPXITEKTOVIKAG TNG véag MCU n  HETaQOPTWONR
opIoUEVWY BIBAIOBNKWY oTNV PvAPN TNG, Héow Tou linker, yivetal aAAIwG. Mo cuykekpiyéva
Ba Tpétrel va yivouv opiopéveg TTpooBrkeg oTto linker command file oxetkd pe v
eEKXWwpnon Xwpou WvAuNG oTig Asitoupyieg DCL. AuTto cival onuavTikG o€ TTEPITITWON TToU
OTTWG ava@EéPaue OTNV TTponyoulevn TTapdypago ol poutiveg DCL ekteAouvtal atnv CPU Kai
Ox1 otnv CLA (oikoyéveia DCL_runPID_Cx). O1 akéAouBeg ypauuég KWdIKa ToTToBeTOUVTAl
o1o TéAog TnG evoTnTag SECTIONS Ttou apyxeiou 2838x_flash_Ink_cpul.cmd kai &ivouv
evioAy atov linker va gopTtwaoel TN BIBAI0BrAkn DCL og éva OUYKEKPINEVO WTTAOK OTN UVAMN
RAM (ptmAok SG15).

.TI.memcrc : type = COPY
dclfuncs : > RAMGS15, PAGE = 0

EmmAéov &yive GAAN pia Tpotrotroinon oto linker command file, Tpokelpgévou va doBei
evioAn] atov linker va xwpioel TIg evoTnTeG.bss kal.data,.sysmem o€ U0 dIAPOPETIKA PUTTAOK
MVAMNG, KaBWG éva PTTAoK 2048 byte dev xwpdel OAeg auTég TIG evOTNTEG TAUTOXPOVA. AUTO
ETMTUYXAVETAI AVTIKABIOTWVTAG TNV TIPOETTIAEYUEVN EVTOAN.bss pe TNV akdAoubn):

.bss : >> RAMLS4|RAMLS5

2.4.3 Eykardaotaon Tou firmware otnv MCU

MNa Tnv eykatdoTtaon Tou firmware katefdloupe TTpwTa TO project directory atmmod 1o repository
Tou gpyaoTtnpiou. Emema 10 eiodyoupe oto CCS (Code Composer Studio) péow Tng
emAoyAg Project->Import CCS Projects, pe evepyotroinuévn Tnv emAoyrp Copy projects into
workspace.

MNa va heTayAwTTIOTE 0 KWAIKAG, xpenoiuoTrolei didgopeg BIBAI0OAKeS Tou C2000Ware.
MapodAa autd otnv ékdoon C2000Ware 4.03.00 1Tou XpnOIYOTTIOINONKE XPEIAOTNKAV VO
yivouv ®UO TPOTTOTTOIACEIG YIO TNV ETTITUXA METAYAWTTION Tou Kwdika. MpwTtov, oTo apxeio
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f2838 device.h £€yive comment out n ypapun #include 2838 cla.h. Aeutepov oTO apxeio
f2838x_globalprototypes.h n cuvaptnon IDLE petovoudotnke o _IDLE.

ApoUu BefaiwBoupe TTwg 6Aa Ta include paths oTig kapTéAeg Resource->Linked
Resources, Build->Compiler->Include Options kai Build->C2000 Linker->File Search
Path evromifovral €mTUXWG, opiCoupe oTtnv KapTtéha Build->Compiler->Predefined
symbols Tov 6po LEFT_LEG | RIGHT_LEG avaAdywg troia pepi& Tou pouTréT BEAoupue va
eAéycoupe. TéNOG peTagpopTwvoupe To firmware otov MCU péow Tou koupuTtriou Debug.
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3 Zroixeia Osewpiag: Mnxavikp pabnon &
Tunuarotroinon €IK6vag

3.1 Mnxaviki Hdnon JE CUVEAIKTIKA VEUPWVIKA SiKTUO

3.1.1 Eicaywyn oTa VEUPWVIKA SikTud

‘Eva veupwviké OikTuo €ival évag UTTOAOYIOTIKOG aAyoépiBuog TTou péow diag diadikagiag
paBnong pabaivel va avayvwpilel poTiBa. O AGyog TTou OVOPACZETAl «VEUPWVIKO» gival OTI
OouAeuel atmd €va SikTuo BIaoUVOEDEUEVWV VEUPWVWY OTTWG 0 avBpwTTIvog eyké@aAog. OTav
m.X. BAéTToupE pia yata kol pag divetal utrdédeiEn o1l autd TTou BAETToupe eival yaTa,
onuioupyeiTal Jia véa ouvaywn oTov eyKEPAAO HAG YIa TO OEDOUEVO €PEBIGUA TTOU dNUIOUPYEI
TO OTITIKO VEUPO OTAV BAETTOUNE YATEG, N OTTOIO EVEPYOTTIOIEI TO TUAMA TNG PVAKNG MOG TTOoU
£XOUME aTToBNKEUTEI TTANPOPOPIES YIa YATEC. ZTO AVTIOTOIXO MNXAVIKO VEUPWVIKO OIKTUO TTOU
Ba TTEPIYPAWOUUE TTAPOKATW, TO €PEBICUA TOU OTITIKOU VEUPOU QATTOTEAEI TNV €ic0do, N
oUvayn avTIoTOIXEI OTA BAPN TWV CUVOEGEWV.

To dikTuo atroTeAsital ammd yia oelpd atmod "emimeda" a4, a,, as, .. KABe éva atrd 1A OTTOIA
atroteAeital amd €vav apiBud "veupwvwv". Kabe veupwvag Aaupavel €icodo atmmd dAAoug
VEUPWVEG i aTTO €EWTEPIKEG TTNYEGS X4, X4, X3, .. (iNput layer) kai divel pia €€0do, n oTroia gival
ouvrnBwg ouvdedepuévn Pe TNV €icodo evog dANou veupwva oTo emmouevo emitredo (hidden
layer), €k10¢ Kal av oTroTeAsital atrd 10 TeAIKO emmiTredo (output layer) otTou pag diveral n
TENIKN atmmavrnon, dnAadn n €£0dog y,. H diadoxh Twv emmmédwy emTPETTEl OTO OIKTUO VO
MaBel ouvBeTa pOTIBA Kal OUVOEDEIG PETAEU TWV OEBOMEVWV EICODOU KAl TWV AVTICTOIXWV
€€60wv. To Oiktuo poBaivel amd Ta Oedopéva €l06dou péow piag dladikaoiag TTou
ovoudadeTal "ekmaideuon”, KATd TNV oTroia TTpocapuGiovTal Ta BAPN Wy, TWV CUVOECEWV
METAEU TwV veEUpWVWY, WOTE TO BIKTUO va TTapdyel Ta emMBOuunTd amoteAéoparta. Katd Tn
Oldpkela TnG exktraideuong, To OiKTUO TTPOOTTABE va PdBel pia avarapdoTaon Twv OeDOUEVWV
TTOU TOU divovTal, WOTE VA PTTOPE va KAvel TTPORAEWEIS yia véa dedouéva TTou Oev €xel O€l
Tponyouuévwg. AuTh n dladikacia ekTTaideuong Paoifetal O0Tn HEIWoON TOUu OQAAPOTOG
METAEU Twv TTPORAEWewWY TOu OIKTUOU KOl TWV TTPAYMATIKWY atTtoTeAeopdTwy. Katd mn
O1dpkela NG ekmraideuong, 1o dikTuo "uabaivel" va avayvwpilel CUYKEKPIMEVA XOPAKTNPIOTIKA
Twv Oedopévwy  €1I0000U Kal va €EAyEl ONUAVTIKEG TTAnpo@opieg amd autd. Agou
oAokANpwOei n extTaideuan, 10 dIKTUO PTTOPEI va XpNOIKOTTOINGEI yIa va KAvel TTPORAEYEIS yia
véa dedopéva TTou Tou divovTal.

Ta veupwvika dikTua gival CaIPETIKA XPNOIMa 0 TTOAAOUG TOEIG, OTTWG N avayvwpeion
QWVNG, N €IKOVA KAl N avayvwpion TPOTUTTWY Kal TTOAAG dAAa. Ta veEUPWVIKG dikTua
MTTOPOUV VO QVTIMETWTTIOOUV TTOAUTTAOKO TTpoBAAuaTa TTOU €ival dUCKOAO va AuBoulv pe
Tapadooiakég HEBOdOUG TIPOYypPAUMATIONOU. TNV TTapouca OJITTAWUATIKA epyacia Ba
XPNOIUOTIOINOOUKE VEUPWVIKA OiKTua Yyia Tnv TunPartotroinon €kévag, Otmou Kal Ba
XPNOIMOTIOINCOUUE OUVEAIKTIKA VEUPWVIKA dikTUua.
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Input Layer Hidden Layer Output Layer

N ]
aj = f (it wiiwi) g = g0 wjra;)

ZxAua 3-1. MapdoTacn evog arAoU VEUPWVIKOU SIKTUOU.

3.1.2 ZuveAKTIKA veupwvikd diktua (Convolutional Neural Networks) B CNNs

Ta oUVEANIKTIKA VEUPWVIKA BikTUa gival £va €id0g VEUPWVIKOU OIKTUOU TTOU EIOIKEUETAI KUPIWG
oTNnV avayvwplion TEOTUTIwY ot dedopéva €ikovag. H Bacikr Asitoupyia Toug egival n
emmegepyaaoia NG €10600U e £va opBoywVIO CUVEAIKTIKO QIATPO 0€ OAa Ta onuEia TNG €IKOVAG,
€101 WOTE va €§axBouv XapakTNPIOTIKA TToU gival KOIVA g€ OAO TO GUVOAO Twv dedOUEVWY,
OTTWG @aiveTal 010 ZXAMa 3-2. Méow TNG EQAPUOYNG TWV OXETIKWY QIATPWY TO diKTUO €gival
oe Béon va avayvwpilel XWPIKEG KAl XPOVIKEG €EaPTHOEIC O MIa €IKOvVA. H apXITEKTOVIKNA
TTPocapuOeTal KAAUTEPA OTO OUVOAO BeSOPEVWV EIKOVAG Adyw TNG peiwong Tou apiBuou
TWV TTOPANETPWY TTOU EUTTAEKOVTAI KAl TNG ETTAVAXPNCIKMOTTOINONG Twv Bapwy, KAaBwg Ta
MOva Bdpn TTou pabaivovTal 0TO CUVEAIKTIKO ETTITTEDO €ival O1 TINEG TOU 0PBOYWVIOU QIATPOU.
Me amAd Adyia, TO OIKTUO MTTOPEl va eKTTAIOEUTEI WOTE va KaTavoei KaAUTepa TNV
TTOAUTTAOKOTNTA TNG EIKOVAG.

oo fo|o|o]|of. o|lo|ofo|o]| o] . o| oo
o | 156 | 155 | 156 | 158 | 158 | .. o | 167 | 166 | 167 | 169 | 169 | .. 163 | 165 | 165
o | 153|154 | 157 | 159 | 159 | .. o | 164|165 [ 168 | 170 | 270 | .. 164 | 166 | 166
o | 149 | 151 | 155 | 158 | 159 | .. o | 160 | 162 | 166 | 169 | 170 | .. o | 156 | 158 | 162 | 165 | 166
o | 146 | 146 | 149 | 153 | 158 | .. o | 156 | 156 | 159 | 163 | 168 | .. o | 155 | 155 | 158 | 162 | 167
o | 145 | 143 | 143 | 148 | 158 | .. o | 155|153 [ 153 | 158 | 168 | .. o | 154|152 | 152 | 157 | 167
Input Channel #1 (Red) Input Channel #2 (Green Input Channel #3 (Blue)
111 1 0 0
0 2| =1 1]-1]-1
0 1 3 1l 0| -1
Kernel Channel #1 Kernel Channel #2 Kernel Channel #3
Output
ﬂ ﬂ ﬂ 25
308 + —498 + 164 +1=-25
|
Bias=1

ZxAMa 3-2. ZXNUATIKA avatrapdoTaon ThG EPAPHOYNS EVOG GUVEAIKTIKOU @iATpou ot pia RGB
€IK6va [7] .
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O oT1oxog TnG Acitoupyiag ouvéNIENG eival va egaydyel Ta XAPAKTNPIOTIKG uynAou
emImédou, OTTWG 01 AKUEG, ATTO TNV €IKOVA €10000U. Ta oUVEAIKTIKG dikTua dev XpeldleTal va
Teplopiovtal oc €va POVO OUVEAIKTIKO eTTiTredo. ZupBatikd, To TTpwTo £TiTTedO  €ival
uTTEUBUVO YIa TNV KATAYPAQr] TWV XGPAKTNEIOTIKWY XaUNAoU emTTéSOU, OTTWG AKPES, XPWHA,
TTPOCAvVATOMOUO KAIoONG, KATT. Me 1TpdoBeTa £TTiITTEDA, N APXITEKTOVIKI TTPOCAPUOLETAI KAl
OTO XOPOKTNPEIOTIKA upnAou emimmédou, SivovTag pag éva SiKTUO TTou €xel TTANPN Katavonon
TWV EIKOVWYV OTO 0UVOAO BEDBOUEVWY, TTAPOMOIA JE QUTO TTOU Ba KAVALE.

Mapopola pe 1o emiedo ouvéMiEng (Convolutional layer), 1o Pooling layer eivai
uTTEUBUVO YIa TN PEIWON TOU XWpPIKOU peyEBoug TNG €600V Tou TTponyoupevou. AuTd yiveTal
yIO va JEIWBE n UTTOAOYIOTIKA 10XUG TTOU QTTAITEITAI YIa TNV €TTeCEpyania Twv OLdOUEVWV
MéOow peiwong dlaocTdoewv. EmiTAéov, cival XpAOIMO yia Tnv €gaywyr Kupiapxwv
XOPOAKTNPICTIKWY TTOU €ival aveEdptnta B£ong Kal TTpoocavaTtoAiohou, diatnpwvTag £T01 TN
oladikaoia atroTeAEOUATIKAG eKTTAIdEUONG TOUu povTéAdou. H dladikaoia Tou pooling yiveral
TTapouola e £€va opBoywvio QIATPO OTTWG OTO CUVEAIKTIKO €TTiTTedo, aAA& o€ auTr Tnv
TEPITITWON N €6000¢ Tou QIATpoU eival €iTe 0 NEOOG OPOG TWV TIHWV TOU | TO HEYIOTO €€
auTWY, OTTWG QaiveTal Kal 0To oxXAua ZxAMa 3-3. AvaAdywg TTola AsiIToupyia €XOUME auTh
QvTIOTOIXEi O€ average pooling kal max pooling avrioToixa.

max pooling

20|30

112| 37
12(20| 30
8 |12 2
34701 37| 4 average pooling
1121100| 25 | 12 ™

79| 20

ZyxAua 3-3. Tutrol pooling [7] .

O1mtwg @aivetal kal 010 ZXAUa 3-4 petd 10 TeAeuTaio pooling eTiredo, n €IKOVA-TTiVOKAG-
€€000G TTOU €xel TTPOKUWEL, €XEl TTAEOV TTOAU PIKPOTEPO PEYEBOG aTTd TNV PXIKA €IKOVA Kal
MTTOpOUuE va Tov KAvouue “flatten” oe popeny diavuopatog otAng. H flattened £€§odog
Tpogodoteital oc éva Tapadociakd veupwvikd diktuo feed-forward ocav autd TTOU
TepIYypAWape oTnv TTponyouuevn evotnTa Kal €papudletar backpropagation o€ kdaBe
emavaAnyn Tng ekTTaideuong. € PO OEIPA ETTOXWY, TO JOVTEAO €ival o€ B€on va JIAKPIVEl
METAEU KupiapXwV Kal OPIOPEVWV XOPAKTNPIOTIKWY XaPNAoU eTTITTESOU O€ €IKOVEG Kal va Td
TASIVOUNOEI XPNOIMOTTOIWVTAG TNV TEXVIKA Tagivounong Softmax.
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fc_3 fc_4
Fully-Connected Fully-Connected
Neural Network Neural Network
Conv_1 Conv_2
Convolution Convolution A /—&
(5 “ 5) kerr'iel Max-Pooling (5 x 5) kernel Max-Pooling (with
Yalid padging (2x2) (2x2) dropout)

: . . 0
=g

0 ;

INPUT nl channels n1l channels n2 channels n2 channels E \‘ 9
(28 x28x 1) (24 x24 xnl) (12x12xnl) (8 x8xn2) (4 x4 xn2) OUTPUT
n3 units

>xAua 3-4.  CNN yia Tnv avayvwpion Xeipoypagwy yneiwv [7] .

3.2 Tunuartotroinon €Ikévag (Semantic segmentation)

3.2.1 Tunuarotroinon €ikévag pe xprpon CNNs

H tunuatotroinon €ikévag 4 semantic segmentation avagépertal o€ pia diadikaoia avaAuong
€IKOVWY, OTNV oTToia KABE gIkovooTolxeio (pixel) TNG eIKGVAG avTIOTOIXICETAI O€ JIa KATNyopia
avaAoya pPE TO TTEPIEXOUEVO TNG €IKOVOG. MNa TTapadeiyua oto Zxnua 3-5, é1mou €xoupe pia
eIKOvVa Piag TTOANG, kdBe pixel Tng eikdvag emonuaiveral wg pixel Tou dpduou, Tou oupavou,
TOU 0800TPWHATOG, TOU TTECOBPOUIOU, TWV QAVAPIWY, TWV TTECWV Kal GAAWV OTOIXEIWV TTOU
MTTOPOUV Va avayvwpioTolv aTny ikova. Puaikd 1o TTARBOG TwV KATNYOPIWY ETTIAEYETAI OTTO
TOV OXeDIAOTH.

ZxAua 3-5. Mapdadelypa semantic segmentation o€ gia gwTtoypagia giag TOANG.

MNa v emiTeuén autol Tou OTOXOU, XPNOIUOTTOIOUVTAlI GUVABWGS OUVEAIKTIKA VEUPWVIKA
OiKTUO OTTWG AUTA TTOU TTEPIYPAWAUE TTOPATTAVW, HE OPIOUEVEG TPOTTOTTOINOEIC OTO QIATPO
OuvéNIENG KaBwg kal emmitreda emmékTaong (upsampling). Katd mn didpkeia TNG eKTTaideuong,
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TO VEUPWVIKS BiKTUO TPOPOBOTEITAI UE CEUYAPIA EIKOVWY KAl TWV QVTIOTOIXWV annotation map
TouG. 2¢€ avtiBeon pe éva mapadoaiakd CNN O6TTou €xoupe Kal ekel wg €icodo aTo BiKTUO pia
eikOva Kal oTnv €£0d0 aTmAWG Mia katnyopia, €dw €xoupe oTnv €£0do pia eikéva idlwv
OlaoTdoewyv HE TnG €lo6dou, evog KavaAiou, 6TTou n TR K&Be pixel avTioToIxel oTnv
KATNyopia TTou avAKEL. ZT0 ZXAUa 3-6 @aiveTal apioTePA N €i00d0¢ Kal OeEIG N avapevouevn
£€000¢.

ZxAua 3-6. Zeuydpl ekaideuong yia dikTUo TUNUATOTTOINONG EIKOVAG.

3.2.2 H dopn evog CNN TunpatoTtroinong eikévag — DeeplLabV3

O1wg @aiveral kal oto ZxfAua 3-7 1a apxIka etrimeda (Kitpiva) evog CNN Tunuartotroinong
eIkévag gival Trapouola pe evog Trapadooiakou CNN, kabwg €xouv Tov idIo TEAIKO OTOXO, ThV
ecaywyn XapaktnpioTikwy. [MapoAa autd OTTwG ava@Epaue Kal OTNV  TTPONYOUMEVN
TTapdypa@o n €6odog eival TTAAI pia eikdva. Ymrdpyxouv Aoimmov mTpocBeta emmimeda (Uof)
armmoteAoupeva atrd OIEUPUPEVEG OUVEAICEIG, E OKOTTO TNV €§aywyn XOAPAKTNPIOTIKWY HE
MIKPO Kal peyGAo OTITIKO Tredio. Ta emimeda oTOo MPTTAE KouTi €ival utrelBuva yia Tnv
dnuioupyia TNG TEAIKAG TUNUOTOTTOINUEVNG EIKOVAG, KAl AVTIOTOIXICOUV TIG KATNYOPIEG TTOU
€XOUV eVTOTTIOTEI OTA pixel TTou avrikouv. ZTIg TTapakATw TTapaypd@oug Ba avaAUlooupEe aTto
TI QTTOTEAEITAI TO KABE ETTITTEdO KABWG KAl YIAT.

(a) Atrous Spatial
Pyramid Pooling
[ ] 1x1 Conv

Convl rate=2 EH 33 Conv Concat
+ rate=6 +
Pooll Blockl Block2 Blocl:3 Block4 E:E] 3 conv | 1x1 Conv
\ [ — = a rate=12 —_—
output LI ey
Image syige 4 8 16 16 . 16

(b) Image Pooling

ZxAMa 3-7. Ta emieda Tou DeeplabV3 yia Tunparotmoinon eikévag [25] .

3.2.3 Aisupupéveg ouveligeig / Atrous(dilated) convolutions

‘Eva @iATpo dieupupévng ouvéENIENG exTeAEl TIG iB1EC apIBUNTIKEG TTPALEIG PE TO KAQOOIKO
QiATPO ouvENIENG TTOU TTEPIYPAPNKE TTapaTTdvw. H diagopd Tou £ykermal oTig BEoeIg Twyv pixel
€10600u. AvaAOywg pe Tov ouvteAeoTn) r (rate) o Oeiktng €i06dou yia 10 pixel gil06dou
peTaToTieTan r B€oeig TG00 oPICOVTIA, OO0 KAl KATAKOPUPA.

OT11w¢ @aiveTal kal 0To ZXNUa 3-8 auTtd £xel WG ATTOTEAECA, pia dieupupévn ouveéNIEN va
£xel TTOAU 1o eupu omrmikd TTedio (field of view). Méoou TnG TTaPAPETPOU I AOITTOV €XOUE
EVaV ATTOTEAEOHATIKO PNXAVIOHO YIO TOV EAEyXO TOU OTITIKOU TTEQIOU, TTOU HAG ETTITPETTEI VA
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Bpoupe TNV KOAUTEPN AVTIOTABION PETAEU aKPIBOUG eVTOTTIOUOU (MIKPO OTITIKO TTEdi0) Kal
agopoiwong epIBAAOVTOG (HEYAAO OTITIKO TTEdIO).

Conv Conv Conv
kernel: 3x3 kernel: 3x3 kernel: 3x3
rate: 1 rate: 6 rate: 24
rate = 24
—efoma—e
rate = 6
rate = 1 <

Feature map Feature map Feature map
xAua 3-8. IxnuaTtikn eme§ynon yiag dicupupévng ouvéAigng [25] .

3.2.4 EpBaduvon péow tng dieupupévng ouvéAIENg Kal TG TeEXVIKAG Multi-Grid

‘Eva dA\o TTAcovéEKTNUa TNG dlIEUPUMEVNG OUVENIENG €ival N IKavOTNTa augnong Tou OTITIKOU
mediou, Xwpig TNV peiwon Tou peyéBoug Tng €€6O0uU, TTOU €ival KATI TTOU E€TTIBUPOUNE O€
EQPAPUOYEG TUNUATOTTOINONG €IKOVAG. [eVIKA pag oUP@EPEl va dIOTNPACOUKE TO PEYEDOG TwY
BaBuTtepwy emméEdWY 60O TTIO KOVTA OTNV aPXIKY €IKOVA, KABWGS n £€60d0g Tou BIKTUOU gival
Mia eikOva idlwv dilaoTdoewv Pe TNG €100dou. Me GAAa Adyia TO output stride TTapapével
oTafepd. H Tapartipnon auth diatuttwveTal Kal eUKoOAa oto Zxrua 3-9. EmmAéov, oe axéon
ME €va TTapadooiakd QIATPo cuvéNIENG, yia dedopEvo PEYEBOG OTTTIKOU TTEdIOU, YEIWVETAI TO
TTARBOG TWV TTOPANETPWY TTOU TTPETTEI VA UTTOAOYIOTOUV, dpa Kal TO UTTOAOYIOTIKG QOPTIO.

Convl

+
Pooll Block1 Block2 Block3 Block4 Block5 Blocké Block7
— L] g

output . . s =

Image  syige 4 8 16 64 128 256 256
(a) Going deeper without atrous convolution.

Convl rate=2 rate=4 rate=8 rate=16

+
Pooll Block1 Block2 Block3 Block4 Block5 Blocké il Block7
e B— e —t -

output

Image  syige 4 8 16 16 16 16 16 16

(b) Going deeper with atrous convolution. Atrous convolution with rate > 1 is applied after block3 when output_stride = 16.
ZxAua 3-9. ZXuykpion mwapadooiakng ouvéAi§ng (a) kai Sieupupévng ouvéhigng (b) [25] .

3.2.5 Atrous Spatial Pyramid Pooling (ASPP)

Ta emieda amd dw Kal TEPA  XPNOIYOTTOIOUVTAl YIa TNV Onuioupyiad TnG TEAIKAG
TUNUaToTToINUéVNG €IKOVAG TTou Ba gival n €50d0¢ ToU VEUPWVIKOU BIKTUOU, Baocifopeva oTa
XOPOKTNPIOTIKA TTOU €¢fixOnoav ammd ta trponyoupeva emitreda. Mo ouykekpiyéva, oTnv
£€€000 TOU TTponyoupevou emMTTEdOU e@apudleTal Atrous Spatial Pyramid Pooling (ASPP).
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OuolaoTikd e@appolovtal TTAPAAANAG  TTOANEG OIOQOPETIKEG (4 OTnV  TIEPITITWON TOU
DeepLabV3) dicupupéveg auveAiCelg e DIaQopPETIKO rate n KABe pia, yia Tn dlaxeipion g
THNPATOTTOINONG TOU AVTIKEIUEVOU O€ DIAPOPETIKEG KAIakeS. ‘Emeira otnv €60do NG KdaBe
Miag epapudletal pooling woTe va £€xouv OAeG TO id10 péyeBog. Apa Ba éxoupue K dia@opeTikd
feature maps WxH d100TA0EWV. ZTNV OUVEXEID QUTA CUVEVWVOVTAI (concat operation) Kal
€101 TO TEAIKO feature map Ba €xel dilaotdoeig WxHXK. TéAog o€ autd e@appolovtal F (61Tou
F 10 TAABOG Twv KAACEWV) CUVEANKTIKA @iATpa 1x1 woTe va dnuioupynBolv ol TeAIKEG
meavoTnTEG TWV TTPORAEWEWY TOU HovTéAOU yia KGBe kAdon (logits). ‘Emema ta logits Ba
TTEPAOTOUV aTTd Hio CUVAPTAON EVEPYOTTOINONG YIO TNV KAVOVIKOTIOINGN TwV TTOAVOTATWY
QUTWYV, WOTE TO BIKTUO va €Xel TNV TEAIKN Tou £€€000, SNAASH pia TUNUATOTTOINWEVN EIKOVA, UE
Katnyopia kd&Be pixel tnv o mBOav karnyopia. H diadikacia auth avarrapiotaTal oTo
2xAua 3-10.

(a) Atrous Spatial

Pyramid Pooling
o 1x1 Conv
o FSd  3x3Conv ~Ane

COI+1V1 rate=2 iiod (,oTx,al

Pooll Block1 Block2 Block3 Block4 3x3 Conv 1x1 Conv

¢ — E! rate=12 _—
At b = 4 3x3 Conv

Image spige 4 8 16 16 Tate=18 16

(b) Image Pooling

ZxAua 3-10. Atrous Spatial Pyramid Pooling (ASPP) [25] .
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4  AAy6pIOpog eAéyxou kKarevBuvong HEoW
TMNMATOTTOINONG EIKOVAG YIA TETPATTOON POMTTOT

4.1 Eicaywyn

2 autd TO KePAAalo Ba avaAuooupe Ta BAPATA TTOU €yIvav yid TNV AvATITUgn €vog
aAyopIBuou eAéyxou TngG KatelBuvong evog TETPATTOOOU YEWPYIKOU POUTTOT WE TNV XPAON
VEUPWVIKWY OIKTUWV BaBidg padnong. Edw yivetar 10 TTPWTO PAPA TTPOG QUTH TNV
kateuBbuvaon, dnAadn agloloyeital n 16éa Kal n TTEWTN UAOTTOINGN TOou aAyopiBuou og pia
atrAoUCTEPN PEOMTIOTIKY TTAGT@OPUA N oTroia €mMTPETTEl Kivnon o€ KABe kKarteubuvon
XPNOIYOTIOIWVTAG TPOXoUg TUTTOU “mecanum” kal €ival O,TI MO KOVI& UTTapxEl OTIG
ouvaToTNTEG Kivnong e€vOog TETPATTOdOU POUTTOT. To TEAIKO BAMA Tng agloTroinong Tou
aAyopiBuou oTo TeTpaTTod0 Laelaps aAAd kal ge aAAG TETPATTOOQ POUTTOT TNG ONAdAG
QQAVETAI WG PEANOVTIKN epyaacia. ApxIKd Ba TTEPIYPAWOUUE TO UAIKO TTOU XPNOIUOTTOINBNKE,
T600 YIO TNV EKTTAIOEUCN TOU WOVTEAOU MPNXAVIKAG MABNoNg, 600 Kail yia TNV POUTTOTIKN
TAATQOpPO TTAvWw OTnv otroia Ba  ekTeAeoTei. 'Emeita 6a avaAUooupe Tov  KWOIKA
ekTTaidEUaNG TOu POVTEAOU, KABWG Kal Ta dedopéva eKTTaIdEUONG Kal Ba KATAAREOUE PE TOV
TPOTTO TTOU XPNOIKOTTOIoUPE TNV €6000 Tou, dNnAadr Mia TunuatoTroinuévn eikdéva o€
TTPAYHATIKO XPOVO, VIO TOV EAEYXO TNG POMTTOTIKNAG TTAATPOPMOG.

4.2 ATTaITOUPEVO UAIKO

4.2.1 ATTaITOUPEVO UAIKO YIO TNV EKTTAISEUOT) TOU MOVTEAOU PNXAVIKAG HABnong

H BiBAI0BrAKN pnxavikAg pabnong PyTorch uttooTtnpidel ektTaidsuon Tou JOVTEAOU TOOO PECW
™G KME (CPU), 600 kal péow Tng Kaptag ypa@ikwyv (GPU). H ektmaideuon oe GPU €xel yivel
1I01aiTEPa dNUOPIAAG KaBwg oI GPU éxouv TTOAAOUG TTUPAVEG ETTECEPYATIAG TTOU PUTTOPOUV VA
ekTeEAéoOUV TTapAAANAa TTOAAEG TTPAEEIG, €mITaXUVOVTOG €TOI TOV XPOVO eKTTaideuong, O€
avtiBeon pe Tnv CPU n otroia a1rd TNV QUON TNG TTEPIOPICETAI OTNV EKTEAEOT TWV TTPAEEWY
o€IpIaKd. [Na TNV EKTTAIOEUCT ATTAWV VEUPWVIKWY BIKTUWV PE Aiyeg TTapapéTpoug n CPU eivai
eTTAPKNAG. MapdAa autd yia TNV eKTTAIOEUON OUVEAIKTIKWY VEUPWVIKWY OIKTUWYV, Ta OTToia
£€XOuv TTOAU PEeyaAUTEPO apIBUO TTapauéTpwy TTPog ekTraideuon n GPU civalr atrapaitntn,
KaBwg 0 Xpoévog ektraideuong eival TTOAU PIKPOTEPOG. EVOEIKTIKA MIAWVTAG, CUYKPIVOVTAG HIO
ouyxpovn CPU evavtia og pia cuyxpovn GPU Trapatnpoupe Taxutnteg £wg 6 QOpPEG TTIO
ypAyopes. Puoikd yia TNV EKTTAIdEUCN TOU MOVTEAOU N KAPTO YPAPIKWY TIPETTEl VO
utrooTnpifetal ammd Tnv BIBAI0BRAKn PyTorch. Tevikdtepa n PyTorch xpnoiyotroiei tnv
BiBAI0BAKN TTapdAAnAng emegepyaoiag dedopévwv CUDA Toolkit. H kdBe ékdoon Tng
PyTorch éxel pia eAdxioTn atraitnon otnv ékdoon autrg TNG BIBAIOBNAKNG. MevikdTepa 600 TTI0
kaivoupla n ékdoon Tng PyTorch, 1660 kal o Tpoc@atn n eAdxioth ékdoon tou CUDA
Toolkit TTou atraiteital. AuTd CUVETTAYETAI KAl TTIO TTPOCQATEG KAPTEG YPAPIKWY O0av EAAXIOTN
aTTaiTNOoN, KA&TI TTOU Ba YOG atmaoXoAnoel Kal oTny €MOMEVN TTapdypa@o. H ekTTaideucn Tou
HOVTEAOU OTNV TTapouca epyacia €yive o€ pia kapta ypagikwyv NVidia RTX 3070, 6tou
xpnoigotroiénke n PyTorch 2.0.0 kai To NVidia Toolkit 12.0.
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4.2.2 AtTaiToUpevo UAIKO yia EKTEAECT TOU HOVTEAOU UNXAVIKAG HAONONG OTO POMTTOT

MNa TNV eKTEAEON TWV CGPXIKWYV TTEIPAUATWY XpnoiyoTroindnke éva laptop ASUS 1Tou d1abéTel
Kapta ypagikwv NVidia GeForce 940MX. Adyw TNG TTAAQIOTNTAG TNG CUYKEKPIPEVNG KAPTAG
YPOQPIKWYV XPEIGOTNKE va xpnolyotroinBei yia maAaidétepn €kdoon Tou PyTorch (1.5.1), woTe
va gival cuppartn pe v €kdoon Tou CUDA toolkit (10.2.89) tTou uttooTnpiCel N CUYKEKPIPEVN
Kdpta. MapdAa autd dev avTIUETWTTIOTNKE KATTOI0 TTPOBANUG 0TNV EKTEAECT TOU HovTéAoU. H
eIKOVa €10000U OTO POVTEAO WNXQVIKAG PABnong AapBdaverar ammd tnv kauepa Zed 2i Tng
Stereolabs (Zxnua 4-1. H kauepa Stereolabs Zed 2i.).

IxAua 4-1. H kdauepa Stereolabs Zed 2i.

H etmAoyn TNG CUYKEKPIPEVNG KAUEPAG OPEIAETAI KUPIWG OTO YeYOVOG TTWG TO EQYAOCTHPIO
Mag avamrTuooel TTapdAAnNAa kal GAAoug aAyoplBuoug KatelBuvong TOU POPTIOT PECW
eIKOVwV BdaBoug o1 oTToiol PHaKPOTTPOBEoUa UTTOPEl va ouvduaoTouv pE Tnv peBodoAoyia
eEAEyXOU TTOU TTAPOUCIAZETAlI OTNV TTapoucd epyacia, OToTE TNV OIATNEACAMNE KAl OTnV
TTapouoa epyaacia, yia Adyoug cupBartdTnTag Kal aTTAOTToINONG, O€ TTEPITITWON TTOU TTPAYHATI
xpelaoTei va TpEEouv TTapdAAnAa. EmmimrpdoBeta, n ouykekpiyévn kauepa O1abéTtel TTARB0G
alodntipwy, peTalU AANwv kal éva emTayxuvoiouetpo (IMU) 3 BaBuwv eAeubepiag,
TTOPEXOVTAG MOG TTANPOYOPIEG TTPOCAVATOAIOPOU TNG OTTOIEG XPNOIYOTIOIOUUYE KATA TNV
OldpKela eKTEAEONG OTPOQWV yia TNV aAAayn ocipdg autreAiou, OTTwG Ba TTeplypagei o€
TTAPAKATW KEQAAaia. H kauepa gival ToTToBeTNPEVN OTO EPTTPOCOIO TUAUA TOU POPTIOT OTTWG
QaiveTal Kal oTo ZXAua 4-2.
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ZxAHa 4-2. EpmpoécBia oyn Tou poutroT, deixvovrag Tnv 0€0n Tng KApEPAG.
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4.2.3 To ouotnua eAéyxou Tropeiag Tou robot

Mia tpoxAAatn pouTroTiKh TTAAT@Opua (RP) XxpnoidoTroienke yia tnv €mKUpWon TnNG 10£0g
(ZxAua 4-3). To RP éxel oxedlaoTei KAl KATAOKEUQOTEN YO €PEUVNTIKOUG OKOTTOUG,
atroTeAoUeVO aTrd €10IKA £CAPTHOTA KATAOKEUAOHEVO OTO €QPYACTHPIO KABWG Kal £TOIUA
eCaptipata (T.X. TTPO®IA aAoupiviou, PHovadeg pouAepdv K.ATT.). To oloTnua Kivnong Tou
O1a0éTel TEOOEPIG TPOXOUG TUTTOU Mecanum yia va TTapEXEl OTO POUTIOT SUVATOTNTEG Kivnong
TTPOG OAEG TIG KaTeuBUvoelg. O1 Tpoxoi Tpo@odoTouvtal aTrd TEooEPIG KivnTAPEG Maxon DC
(RE 35) og ouvduaoud pe TAavnTikoug peiwThpes (GP 42) kal auénmikoug KwOIKOTTOINTEG
(HEDL 5540), Trapéxovtag 5 Nm ouvexoug poTrAg ava Tpoxo. Na tn ueradoaon 10XU0G GTOUG
TPOXOUG XpNOoIhoTIolouvTal IMAVTEG Kal TpoxaAieg GT2 evw TTapAAAnAa TTpOOTATEUOUV TOUG
agoveg Tou KivnTAPa atrd TUXOV augnuéva @opTia. Avo eleykTég DC kivntipwyv RoboClaw
2x30A xpnoigotrololvTal yia Twv €AeyXo dUo KivnTApwy 0 KaBévag. O1 KwdIKOTToINTEG TTOU
gival TTpooapTnUéEVOl OTOUuG KIvNTAPES dlaBddovTal atmd TOUG €AEYKTEG, O OTTOIOI EKTEAOUV
TOTTIKG oxAuaTta eAéyxou PID TTou gtropoulv va akoAouBAoouV Je akpiela evTOAEG TaxUTNTAG
yIa 6Aoug Toug TpoxouUs. O1 dUo eAeykTEG ouvdéovTal Péow USB oTov KUPIO UTTOAOYIOTH TOU
OuUOTAMATOG, O oTToiog eival éva Raspberry Pi 2 poviého B (RPi) pe 1o Raspbian OS. O
XEIPIOTAG WTTOPEl va ouvdebei oTo RPI XpnoIoTTOIlVTAG TO TTPWTOKOAAO dikTUou WiFi Kal
Secure Shell (SSH) 4 UDP. To ouoTtnua tpogodoTeital amd duo pmratapieg LiPo yia Toug
eAeykTEG roboclaw kai éva powerbank yia Tov KUpio UTTOAOYIOTH.

4y,
ZxAua 4-3. H poptroTik TTAAT@OpUA pE pOdEG Mecanum TTou XPnOIUOTTOINCAE.
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4.3 To ouVvEAIKTIKO VEUPWVIKO SIiKTUO HNXOVIKAG HABnong

4.3.1 H BiBAiodAkn PyTorch kai n YAwooo TTpoypapdaTiopou Python

MNa v BIBAIOBAKN TTOU Ba BepeAiwoel TNV UAOTTOINON TOU POVTEAOU PNXAVIKAG PABnong
£xoupe va diaAéEoupe avapeoa oTic BiIBAIoBrikeg TensorFlow kai PyTorch. AmroteAoUv dUo
ammd TIG MO dNUOYIAEIG PBIBAIOBAKEG TTOU XPNOIMOTIOIOUVTAl OTOV TOMEQ TNG HNXAVIKAG
MABnong kal TnG avayvwpiong Trpotummwy. Kai o dUo BIBAIOBNAKES €xouv Ta OIKA TOUG
TTAEOVEKTHATA KAl XAPOKTNPIOTIKA, KAl N ETTIAOYL €6apTATAl ATTO TIG AVAYKES TNG EPAPUOYNG.

H PyTorch atmotéAece CexkdBapn €mAoyr] yia apkeToug Adyoug. ApXIKE, TTPOCQEPE!
EUKOAIO Xpiong MEOW MIAG €UEANIKTNG KOl €UOVAYVWOTNG OUVTOENG, TTOU KABIoTA Tnv
avamTugn MOVTEAWV ypriyopn Kal €UKOAOTEPN, IDIQITEPA OTOV TOMER TNG €PEUVAG OTTOU
uAoTroloUvTal TTPWTATUTTEG EQAPHOYEG, O€ avTiBeon Ye TRV oUVBETN Quon TNG TensorFLow, n
oTToia XPNOIYOTTOIEITAI KUPiWG aTTd TNV Blodnxavia yia TRV TTapaywyn TEAIKWVY TTpoidviwy. To
HovTéAo DeeplLabV3+ [11] TToU XpNnOIMOTTOIOUKE OTRV TTapoUca epyaaia TrepIAapBaveTal o
auTh TNV BIBAIOBAKN Kal n xprion Tou KaBioTatal 1Idiaitepa €UKOAn. EmmAéov, n PyTorch civai
oxedlaopévn €101 WOTE va ekKPeTaAeveTal TIg duvatétnteg Tng GPU vyia Taxutepn
emmegepyaoia dedopévwy, KATI onNUAVTIKOTEPA TTI0 BUCKOAO va uAotroinBei otnv PBIBAIOBAKN
TensorFlow. H xprion GPU utropei va emTayxUvel onUavTiKd Tov XPOVO €EKTEAEONG TwV
OAyopiBuwy HNXavikAg HAEBNoNG, EMTPETTOVIOG TNV €KTEAEON MEYOAUTEPWY Kal TTIO
TTEPITTAOKWYV POVTEAWY, KATI TTOU gival TTOAU onpavTiké yia TV TTapouca epyaoia Adyw Twv
TTOAATTAWY avaAlcewyv TToU XPeldoTnKE va KAVOUME yia va KAataAnfoupe oTo BEATIOTO
MOVTENO ME TIG BEATIOTEG TTAPAPETPOUG. evikOTEPA, N PyTorch Trapéxel pia eUENIKTN Kal
QINIKN TTPOG TOV XPOTN TTAATQOPMA, TTOU ETTITPETTEI OTOUG ETTIOTAPOVEG OEDOPEVWYV KAl OTOUG
TTIPOYPAPUATIOTEG Va epydlovTal pe TN BIBAIOBAKN HE EUKOAIQ Kal va avaTiTugouv ypriyopa Ta
MovTéAQ TOUG.

2UVOAIKA, n PyTorch eivalr uia 1oxupry €mAoyf yia tnv etmiAuon TTpoPAnudtwy TTOU
oxeTiCovTal e TNV emegepyacia eIKOVWY. To AoyiopIKG TnNG TTapoUoag Epyaciag EXEl ypaQTei
oe mepIBaAov Python, kabwg Tavw o€ autr €xel ypa@Tei n BiBAIoBAkn PyTorch. ®uoika
UTTAPYXOUV €KDOOEIG TNG YIA AAAEG YVWOTEG YAWOOEG TTPOYPANPATIONOU OTTwG N C++, aAAG
OlaAéEaue 1O TTEPIBAAAOV TnG Python, Adyw Tng PeydAn amAdTnTag TOu, XWPIG va UOTEPEI
onuavtik& oe duvartotnTes. EmmAéov d1aBétel Tnv TTOAU 1oxupr BIBAIOBAKN eTTe€epyaaiag
TVakwv NumPy [12] kaBwg kail TNV BIBAIOBNKN £TTeCEPyaTiag EIKOVwY opency [13] TIG OTToiEg
XPNOIUOTTOIOUUE EKTEVWG OTOV KWOIKA TNG TTapoloag Epyaciag.

H yAwoaoa autr} Aoitrdv gival 1I6avikh yia TNy eTIAUCH TTPWTOTUTTWY TTPORANUATWY, OTTOU
0 KUpPIOG OTOXOG €ival n avaTTuén Tou POVTEAOU pNXOVIKAG pddnong. ZuvABwg n XpAon
GAAWV YAWOOWVY TTPOYPOUMATIONOU TTI0 XapnAou emimrédou 6mwg n C, C++ yivetalr o€
emoOpevo OTAdI0, OTTOU €Xel OAOKANPwOEi n avamTugn Tou MOVTEAOU, ME OKOTTO TnV
BeATioToTroinon NG OAANAeTidpaong UAIKOU, AoyliopikoU Kol poviéAou pdbnong vyia
ypnyopoTEPN Kal TTI0 aTTODOTIKI EKTEAEON.

4.3.2 ZOykpion S1a0écipwy PpovréAwyv pdénong

H PyTorch 8108£Te1 pepikd atmod ta o 1IoXupd povTéAa Tunuartotroinong eikévag. Téoo 1o U-
Net 60o kai 10 DeeplLabv3d cgival dUO QPYITEKTOVIKEG TTOU XPNOIYOTTOIOUVTAl YIO TNV
TMNUATOTTOINON EIKOVAG, OAAG €XOUV DIOPOPETIKEG TTPOOEYYIOEIG KAl XAPAKTNPIOTIKA. To U-
Net xpnoluoTrolei Yo apXITEKTOVIKI encoder-decoder, n oTToia EMTPETTEI TV AVAYVWEION KAal
TNV AVAKOTAOKEUR TNG €IkOvag, dlaTnpwvTag Tn Aetrtopépeia. ATTO Tnv GAAN TTAgupd, TO
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DeeplLabv3 xpnoiyotrolsi TeXVIKEG atrous convolutions kai atrous spatial pyramid pooling yia
TNV aoénon Tou Tediou BEaong Kal TNV akpIfr avayvwpion Twy avTikepévwy. Kai ta duo
MOVTEAQ €xouv €TTITUXEI EQIPETIKA ATTOTEAEOUATA O TTPORAAUATA THNPATOTIOINONG £IKOVAG,
To U-Net cival katdAAnAo yia TTpoBAfuaTa TTOU aTTaitouv Tn dIathPNon AETTTOPEPEILV, EVW
10 DeeplLabv3 éxel emdooelg OtV ATTAITEITAI OKPIBEIA KAl avayvwpion QVTIKEINEVWY O€
O1dpopeg KAiPakeG. ZTnv OIK MOg TTepITTTwon n e€mAoyn civar ekaBapn, utrép ToUu
DeepLabV3 kabwg éxoupe Evioveg aAayEG OTIG KAIUAKEG TwWV AUTTEAIWDY avaAOYwWS PE TNV
aTTOCTACN TOUG ATTO TO POMPTIOT, evw OEV PAG eVOIAQEPEl N ATTOTUTTWON TNG AETTTOUEPEING
oTnV TUNUartoTroinuévn €ikéva. Aképa 1o Deeplabv3, ptropei Kal EpeTal TTPOEKTTAIOEUUEVO
o€ yeydAa ouvoha dedopévwy, 6TTwg To COCO 1 To PASCAL VOC, yia va atroKTHOEl YEVIKN
avayvwpelion Kol YEVIKEUTIKN IKAVOTNTA TUNUATOTTIOINONG, KATI TO OTI0I0  ATTOdEIKVUETAI
ID1QITEPA ONUAVTIKO OTO ETTOUEVO KEPAAQIO.

4.3.3 AgloAdéynon amwdédoong Tou povréAou DeeplabV3+ pe TrpoektTraideupéva Bdpn

ApXIKa opicape éva povtého otnyv PyTorch pe Baon 1o dikTuo DeeplLabV3+ ye 1a fapn PE T
oTTOoia £XEI TTPOEKTTAIOEUTEI, KOl OUO KAACEIGC OUVOAIKA. H pia avTITTpoowITEUEl TA APTTEAI KA N
AAAN TNV uttéAoITTn €Ikova. 210 XXAMa 4-4 n peoaia oTAAN AvTITTPOCOWTTEVEl TV OWOTAH
TUNPaTOTTOINUEVN €IKOVA, evw N Oe€Id TNV TTPORAewn TToU £€Kave TO PovTéAo. Mpog EKTTANEN
Mag, To OIKTUO, XWPIG KaWia ekTTai®eucn avTIOTOIXNOE TIG KAGOEIG PUE EVTUTTWOIAKK aKpiBEIa.
Otmtwg eival Quoikd, Aoyw Tou OTI dev gixe TTponynOei KATTOIO EKTTAIOEUGN OTO MOVTEAO,
TTapouciaoe KATTOIEG aduvapieg, OTTWG @aiveTal 0To Ceuydpl €IkOvwv TTAVW Oe€id, OTTou
AavBaopuéva Tagivoundnke HEPOG Tou aptTeAIoU oav TTapackrvio. Me Bdon autd 1o pJovTEAO
DeepLabV3 kpibnke katdAAnAo kai akoAouBnoe n ekTTaideucr] Tou.

Image Ground truth mask Predicted mask

RN

Ground truth mask Predicted mask

., »
s ol :I! '
Ground truth mask Predicted mask
5 N b .
Ground truth mask Predicted mask

ZxAua 4-4. Zoykpion Twv TPoBAéPewv TOUu povTéAou pe TrpoekTraideupéva Bdapn (de§id
oTAAN) JE TO CWOTO ammoTéAeopa (Heoaia oTAAN).
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4.3.4 Emaodgnon dedopévwy ekmraideuong pe xpRon tng BiBAoBAkng Albumentations

H ematénon dedopévwy €IKOVWY gival Pia TEXVIKA TTOU XPNOIYOTTOIEITAlI OTN UNXAVIKA JAadnon
yia Tn PeAtiwon TG ammdédoong Twv MOVIEAWV eKTTaideuong oTnv avaAuon eikévwy,
Teplopifovrag To Qaivopevo Tou overfitting o€ povréAa punxavikAg padnong yia €ikoveg. Mo
OUYKEKPIYEVA, KATA TN OlodIKaOia eKTTAIdEUONG, €va JOVTEAO PTTOPET VO PABEl TTOAU KOAG Ta
O0edouéva eKTTAIdEUONG KOl VO UTTEP-YEVIKEUEI KAKA Ta dedopéva TTou dev £xel Oel TToTE. OTTWwg
m.X. Qaivetal oto XXAua 4-5 n avoixt) Tpdcivn ypauunl €xel uttep-eEEIdIKEUTE OTA
OUYKEKPIYEVA Oedouéva  eKTTAIOEUONG, €VW TO OWOTO aTroTéAeoua Ba ATav n okoupa
TPACIVN YPOUA.

ZxAua 4-5. Mapadeiypa @aivopévou overfitting o€ éva civoAo duadidoTaTtwy Sedopévwy.

H emadénon dedopévwyv €ikOvag ptmopei va Bonbrioel oTnv QvTIMETWTTION auTtoU Tou
TTPOBAANOTOC £@apUOlovTas BIAPOPOUG HPETACXNUATIOPOUS OTO aPXIKO OUVOAO €IKOVWY,
TTPOKEIMEVOU VA TO ETTOUENOEI PE VEEG EIKOVEG TTOU TTAPOUCIAOUV TTAPOPOIO XAPAKTNPIOTIKA
ME TIG apXIKES. Ouwg Adyw Twv HIKPWY dIoQOPWY TTOU £XOUV OE XOPOKTNPEIOTIKA, TTOU Oev
ETTNPEAJOUV TO TTEPIEXOPEVO TTOU TTPETTEI VO «PAVTEWEI» TO OIKTUO, MEIWVETAI TO TTABOG TNG
TANPoYopiag TTou Ba uTTopolce va UTTEP-YEVIKEUOEl TO OiKTUO Baoiopévo o€ auTr. AuTo
ETTITUYXAVETAI UE MIKPEG TPOTTOTTOINCEIG, OTIWG AvVACTPO®H, TIEPIOTPOPH}, HETATOTTION,
KAIUAKWOTN, TTEPIKOTTA, aAAayr TNG QWTEIVOTNTAG ] KAl aTTOXpwaong Kal TTpoodnikn BopuBou,
OTTWG @aiveral 010 ZXAUA 4-6. KaBwg 10 povTéAo dev €xel OEl QUTEG TIG EIKOVEG KATA TN
oladikaoia ekTTaideuong, avTIMETWTTICEl TTEPICCOTEPN TTOIKIAIO OTa Oedopéva Kal PTTOPED va
YEVIKEUOEI KAAUTEPA OTA VEQ DEDOUEVA EIKOVAG TTOU OV £XEl DEI TTOTE.

Horizontal Flip Median Blur

Original image

augmentation

ZxAua 4-6. E@appoyn S1dpopwV HETOOXNHATIOHWY ETTAUENONG EIKOVAG O€ Mia EIKOVA.
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21NV OIKA PAG TTEPITITWON OUWGS N £€000G TOU OIKTUOU OTTOTEAEI Wi TUNUATOTTOINKEVN
eIKOva. Apa yia KEBe peTaoKNUATIOUO €IKOVAG €10000U 0T 6edOEVA EKTTAIOEUONG B TTPETTEI
VA JETAOXNUATIOOUWE KAl TNV TUNUATOTTOINUEVN €IKOVA ££0D0U, O€ TTEPITITWOTN TTOU £XOUE
XWPIKOUG JETAOXNMATIONOUG, OTTWG QaiveTal Kal oTo ZXAMa 4-7. Z& auTr] Tnv d1IadIKagia Pog
Bon6del n BiIBAI0BrKN Albumentations.

Augmented image Augmented mask

Augmented image

Augmented mask

Augmented mask

Augmented mask

Augmented mask

Augmented image Augmented mask

Augmented image Augmented mask

ZxAua 4-7. Mapadeiypara HETACXNUATIOPMWY Ot éva Jeuydpl dedopévwy  ekmaidsuong
TUMNMOTOTTOINONG EIKOVAG.
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Méow auTig opioupe éva pipeline PETAOYXNUATIOPWY, OTTOU KABE HPETAOXNUATIONOG
oéxeTal TINEG TTapapeTpoTroinong. To pipeline tou e@apudoaue oTo OIKO HAG MOVTEAO
arrelkovieTal 010 2xAUa 4-8. M.X. PTTOPOUUE va OPICOUME TNV HEYIOTN TTEPIOTPOPH TTOU
TTpaydaToTIoIEiTal, TO PEyIoTO Coud f To Oplo QwTelvoTnTag/avTiBeong. Etriong yia kdBe
peTaoxnuaTiopd oTo pipeline utrdpxel N TiuR mMOavoTnTag p. Auth opicel Tnv TMBavéTnTa va
EQPAPUOOTEI 0 JETAOXNMOTIONOG OTAV KAAEiTal HE €i0000 £va apxIkd Ceuydpl eKTTaidEUONG.

train_transform = A.Compose(

[
A.Resize(60@, 600),
A.ShiftScaleRotate(shift_limit=0.2, scale_limit=0.2, rotate_limit=3@, p=0.5),
A.RGBShift(r_shift_limit=25, g_shift_limit=25, b_shift_limit=25, p=6.5),
A.RandomBrightnessContrast(brightness_limit=6.3, contrast_limit=6.3, p=8.5),
A.Normalize(mean=(©.49698316, ©.51454199, 0.43739734), std=(0.20842156, ©.20729762, ©.30175445)),
ToTensorVv2(),

)

ZxAua 4-8. Pipeline HETAOXNMATIOMOU TTOU £QAPHOCAUE OTO SIKO HOG HOVTEAO.

4.3.5 AgloAdynon tng amwoédoong Tou povréAou DeeplabV3+ petd Tnv ekmmaideuon

To OikTUO eKTTAIOEUTNKE OUVOAIKG yia 10 emmoxéc. MNa v agioAdéynon g amédoong Tou
OIKTUOU, WHEPOG Twv dedopévwyv ektraideuons (10%) xpnoiyotroiénke oav validation set,
woTe va doUuE O€ TTola €TTOXN £XOUME TNV KOAUTEPN akpifeia. OTrwg aivetal kal ammd Ta
Ceuydpia Twv predicted/ground truth, To dikTUO TTAEOV €XEI TTAPA TTOAU KAAN akpieia OTTou ol
OU0 aUTEG €IKOvEG OoXeOOV TauTiCovTal ETALU TOUG.

Image Ground truth mask Predicted mask
s a ;
Ground truth mask Predicted mask
* D’ﬁ
Ground truth mask Predicted mask
1
Ground truth mask Predicted mask

& 45 4

ZxAMa 4-9. ZUykpion TwV TTPORAEYEWV TOU MOVTEAOU PETA TNV eKTTaideuon (Be§1d oTAAN) pe
TO CWOTO atroTéAeopa (Heoaia oTAAR).
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4.4 Ta dedopéva ektraideuong Tou SIKTUOU Kal n dnuioupyia Toug

4.4.1 Anpioupyia ETIKETWYV EKTTAISEUCNG OTOV XWPO TOU EPYACTNPIOU

O1 TpwTeg dOKIYEG Kal N agloAdynaon Tou aAyopibuou €yivav o€ pia aiBouca O6TToU €xouv
TOTTO0ETNBEI d1Gdpopol TexvnTwy aumeAiwy. [épa amd TIC OTABEPEG Kol EAEYXOMEVEG
OUVOAKEG TTEIPAUATOG TTOU TTPOCQPEPEI AUTOG O XWPOG, €xEl Kal €va GAAO onuavTiko
mAcovEKTNPA. OTTwg @aivetal Kal oTo ZXAHUa 4-10, To AEUKO Xpwua Twv Toixwyv €XEl €vTovn
avTiBean PE TO OKOUPO TTPACIVO XPWMO TwV OUTTEAIV. AUTA n avriBeon emTAyxuve TNV
oladikaoia Tng dnuIoupYiag ETIKETWYV yia TV KABE pwToypagia.

ZxAMa 4-10. ZTIyHIOTUTIO EKTTAISEUONG ATTO TOV XWPO TOU EPYyacTnpiou.

Mapadooiakd o€ EQAPUOYES TUNUATOTTOINONG EIKOVWYV KATTOIOG €ival UTTEUBUVOG yIa TNV
okliaypdenon Twv ekatoviddwyv i Kal XINAdwWV OTIYMIOTUTTWY €IKOVWYV éva TTpog éva. H
diadikaoia auTr) QUOIKA gival TTOAU XpovoRopa kal BEAel 1diaitepn AetrTopépeia. MNa autd Tov
Aoyo, ouviBwg pio eTaipeia TTOU EIBIKEUETAI OF€ TETOIEG UTTNPECIEG avaAapBavel Tnv
diadikaoia. MapoAa autd n xprion tTng peBodoloyiag TTou Ba TTEPIYPAPEi TTAPAKATW HOG
ETMETPEWE TNV YPAyopn Kal akpIBr oKiaypdenon OAwV TwV EIKOVWYV XWPIG KATTOIO ETTITTAEOV
KOOTOG.

4.4.2 H diadikacia Tng dnuIoupyiag Twv ETIKETWV eKTTaideuong pe aglotroinon Tou
XPWHATIKOU Xwpou HSV

MNa v emAoyh Twv TTPACIVWY OUTTEAIDV OE dia QwToypagia, apkei va SlaAéEouue pe
KATTOIOV TPOTTO O,TI BPICKETAI KOVTA OTNV ammoOXpwaorn Tou okoupou TTpdaivou. AouAeUovTag
oTov  XpwuaTtikd xwpo Tou HSV (Hue-amdxpwon Saturation-kopeoudsg Value-Tiun),
MTTOpOUME va TTETUXOUME TO €mBUUNTO amroTéAecpa. To TTAeovéKTnua Tou HSV eivar 6T
MeTaQPAlel o€ auTtég TIG 3 TIMEG TOV TPOTTO PE TOV OTTOIO oI AvBpwTTol avTIAauBdavovTtal To
Xpwua, 0TTwWG Qaivetal kal oTo ZXAua 4-11. Qg ek ToUTOU, €ivai n M0 AKPIBAG aTTEIKOVION TOU
WS aiIcBavopaoTe Ta XpwuaTa otnv 006vn Tou uttoAoyioTr. MNMapakdTtw avaAUeTal Kal TTwg
N KGO Tiun eTTnNPEAdel TNV TEAIKA ETTIAOYH XPWHOTOG:
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o Amoxpwon: H ammoxpwon aviimmpoowTreUel TNV ywvia Tou KUuAivopikou diokou. H
ATTOXPWON AVTITTPOCWTTEUEI TO XpWHa. H TiuR amdéxpwaong Kupaivetal ammo 0 £éwg 360
MOoipEG.

o Kopeoudg: H 1y kopeopoU pag Aégl TOoN TTOoOTATA QVTIOTOIXOU XPWHATOG TTPETTEI
va TpooTebei. Kopeouodg 100% onuaivel 0TI TTpooTiBeTal TTANPEG KOBAPO XPWUA, EVW
Kopeopog 0% onuaivel 0TI dev TTPOCTIOETAI XPWHA, YE ATTOTEAEOUA VO £XOUME YKPI
Xpwpa.

o Tiun: H Tiun avrimrpoowTrelel TN QWTEIVOTNTA TTOU a@opd TOV KOPEOHO TOU XPWHATOG.
H 1y 0 avrirpoowTreUel TO ATTOAUTO Paupo okoTddi, evw N TiwA 100 Ba onuaivel
TTARPN QWTEIVOTNTA KOl £apTATAI OTTO TOV KOPEOHO.

an|e )

ZXAMa 4-11. AvatrapdoTaon XPWHATIKOU Xwpou HSV.

MNa tTnv emAoyn Tou aptreAlol apkei va dlaAégoupe pia ammdxpwon Tou Trpdoivou (Hue)
10U B0 €ival ouCIaoTIKA N PESN TIUA TOU XPWHATOG TwV AuTTEAILV. TMa TNG GAAeG dUO TIYEG
(Saturation, Value) éxoupe éva emTPETTO €UPOG €TTIAOYNG, WOTE TO ETTIAEYHEVO €UPOG
xpwuartog va TrepIAauBAavel oOAOkKANpo 1o aptéAl pe 600 TO duvatdv AiyotEpa  GAAQ
QVTIKEIMEVA.

4.4.3 H xpRon tou AoyiopikoU paint.NET kaBwg kai Tou plugin HSV Eraser yia Tnv
€mAoyn TwV auTTEAIWV O éva OTIYMIOTUTTO

Na v epapuoyry ¢ Oladikaciag Tou  Teplypdyaue otnv  evotnta  4.4.2 6Ba
XPNOIYOTTOINCOUPE TO dWPEAvV AOYIOHIKO eTTegepyaaiag eikdvag paint.NET kabwg kal 1o
plugin HSV Eraser.

BApa 1: Avolypa €1IK6vag Kol opIouOg TTapapéTpwy oTo HSV Eraser

2€ KGBe eikdva diaAéyoupe TTOAU TTpoXEIpA T TUAMOTA TwV APTTEAILV PE TO lasso selection
tool ka1 epappdloupe 10 HSV Eraser (ammé 1o menu Adjustments) pe TiG TIMEG TTOU @aivovTal
oT0 ZXNMa 4-12. Metd avTiypd@Ooule TO €TTEEEPYOACHEVO TUAUA TwWV auTTreAiwv e Ctrl-C,
OlaAéyoupe OAn Tnv eikéva pe Ctrl-A, diaypdoupe 1o TreplEXOPeVa NG pe Del kai
ETTIKOAAOUME TO TUAMG Twv auTreAiwY e Ctrl-V. Matdue Esc o1o TEAOG WOTE VA EQOAPUOOTEI
TO €TTOPEVO BAMO G€ OAN TNV EIKOVA.

- 50/86 -



4 ANYOPIBUOG EAEYXOU KATEUBUVONG HECW TUNUATOTTOINONG €IKOVAG Yia TETPATTOSA POUTIOT

& +20221222 172319(0)jpg - paint.net 503 [
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IxAua 4-12. FpAyopn emAoynl aumreAiwv pe lasso tool ko gpappoynl Tou HSV pe Tig
TTPOKAOOPICUEVEG TIMEG.

BRupa 2: Eeappoyn Median Blur kai Siaypa@ni TUNMATWY TTOU £XOUV ATTOMEIVEI KOl eV
atroteAouv aptréAia.

E@apudloupe median blur pe 1ig default Tiuég 6mmwg @aivetal oto Zxnua 4-13, woTe va
KaBapioToUv TUXOV KOMUATIO TTOU £XEI a@prioel TO TTponyoUueEvo BAPO KAl va YEMIOTOUV
oldpopa HIKpG kevd Tou PBpiokoviar ata autréAia. ‘Emerra pe 1o lasso selection tool
O1ayPAPOUNE TTPOCEKTIKA OAQ TA TUAMATA TNG €IKOVOG TTou Ogv gival PHEPOG TOU QUTTEAIOU,
OTTWG TT.X. TO TARAVI OTTWGS QaiveTal 0TO ZXAUA 4-13 TTavw apioTePA.

wlliMedian X
Radius
| E:s

Percentile

OK Cancel

ZxAua 4-13. Eeappoyn Median Blur.
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BApa 3: MeTaTpoT1ri TNG €1IKOVAG o duadiki pe e@appoyn 100% avribeong.
A6 10 pevou adjustments emAéyoupe Brightness/Contrast kai opioupe 10 contrast oe 100.
‘ETO1 N €IkOva Ba peTatpatrei o€ duadik OTTou Ta auTTéAIa €ival Jaupa Kal To UTTOAOITTO ival
AEUKO, OTTWG aiveTal Kal 010 ZXNHa 4-14. ATToBnkeloupe 1o TEAIKO atToTéAeoua wg JPEG
oTov @Aakeho labels xwpic va aAAd&oupe ovopa apxeiou. 'ETol €xoupe dnuioupyAoel éva
Ceuyapl image/label. H diadikacia auTr] yia K&Be €ikOva Slapkei TTEPITTOU 2 AETTTA.

{3 Brightness / Contrast

Brightness

Contrast

ZXAMA 4-14. TeAIKO ATTOTEAEOUA TUNMOATOTTOINMEVNG EIKOVOG HETA TNV £QapMOYR avTifeong
(contrast) 100%.

45 XpAon TUNMOATOTTOINMEVNG E€IKOVOG YIa EAEyXO KateuBuvong
TOU POUTTOT

45.1 AvdAuon €£680u TUNUATOTTOINHEVNG EIKOVOG OE SIAQPOPES TTEPITITWOEIG

2T0X0¢ €ival va dlaTnPACOUNE TNV TTOPEIa KAl TOV TTPOCAVATOAIOUS TOU POUTTOT OTO KEVTPO
eKaTEPWOEV Twv dUO oelpwV apTTEAIWY. MéOw TNG TUNUATOTTOINKEVNG EIKOVAG UTTOPOUNE va
€EAyoupuEe TTANPOQOPIa OXETIKG UE TOV TTPOCAVATOANICHO TOU POPTTOT, KABWG Kal Tnv y-8éon
ToUu (WG TTPOG Tov Gfova TTou gival KABETOg oTov OIABPONO TOU AMTTEAIOU) OTOV XWpPo. Oa
€EETAOOUNE DIAPOPETIKEG TTEPITITWOEIG BEONG KAl TTPOCAVATOAIOUOU OTOV XWPO, KABWS Kal
TNV QVTIOTOIXN TMNMOTOTTOINUEVN €IKOVA TTOU TTPOKUTITEI € KABE TTEPITITWON.

1" Nepimmrwon: PoutrdT oTo KEVTPO TOU BIOSPOMOU ME OUDETEPO TTPOCAVATOAIOMO.
ESWw 1O pouTrdT £xeI Pndevikr amoéoTaon wg TTPog Yy, dnAadr PpiokeTal 0TOo KEVIPO TOU
01adpOuOoU, 10ATTEXOVTOG ATTO Ta APTTEAIA EKATEPWOEY, OTTWG QaiveTal Kal oTo ZXAua 4-15.
To Ceuydpi eikOvag €106d0u Kal n €£000¢ TNG TUNUATOTTOINKEVNG E€IKOVOG TTOU TTPOKUTITOUV
yio  aut TNV TTEPITITWON  @aivovtal oto  XXAMa 4-16. [laparnpoupye TWG OTnV
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TUNPATOTTOINUEVN €IKOVA N vONTA HECN YPOAUME HETAEU TWV APTTENILOV TAUTICETAI E TNV vONTA
Méon ypauun TTou Xwpilel TNy eikéva e€660u o€ dUO ioa TUAPATA.

ZxAMa 4-15. ZXNUATIKA TTapdoTAON TOU POUTIOT ME ICATTEXOUOESG ATTOOTACEIG AT TA AUTTEAIN
KOl OUSETEPO TTPOCAVATOAIGHO.

ZxAua 4-16. ITIYHIOTUTTO TNG KAUEPAG TOU POMTTOT KAI N AVTIOTOIXN TUNUOTOTTOINUEVN EIKOVA
otav éxel 10GMEXOUOCEG OATTOOTACEIG OO Ta AuméAId Kol OoudéTepo
TTPOCAVATOAIONO.

2" NepirTwon: PoutroT 0TO KEVTIPO TOU B1adpOou TEPIOTPANHEVO KT @ poipeg.

ESw 10 poutOT €x€1 pndevikhp ammdéoTacn wg TPOG Y OTTWG KAl OTAV TTPONYOUNEVN

TTEPITITWON, aAAG gival TTEPIOTPAUUEVO D PoipES YUPpW aTTO TOV €aUTO TOu, OTTWG PAiveTal KAl

o010 ZxAMa 4-17. To Ceuydpi €Ikdvag €10000U Kal n £€6000¢ TNG TUNUATOTTOINUEVNG EIKOVOG

TTOU TTPOKUTITOUV YIO QUTA ThV TTEPITITWON @aivovTal oTo ZXANA 4-18. MNapatnpoUupe TTwg

TTaPOAO TTOU TO POWPTTOT PPIiOKeETal OTO KEVIPO TOu OladpOuou, Adyw Tou OTI TO POPTTOT

«BAETTE TTAQYIQ, OTNV TUNUATOTTOINUEVN €IKOVA N voNTA PEON YPOUUN METAEU TWV QUTTEAILOV

atTokAivel atmd Tnv vonTA Héon ypauun TTou Xwpilel Tnv eikéva e€66ou o€ dUO ioa TURAPATA.

- 53/86 -



4 ANYOPIBUOG EAEYXOU KATEUBUVONG HECW TUNUATOTTOINONG €IKOVAG Yia TETPATTOSA POUTIOT

&

y>0
midline

IxAMa 4-17. IXNUATIKA TTaPACTAON TOU POUTIOT ME ICATTEXOUOESG ATTOOTACEIS OO TA AUTTEAIN
KOl TTEPICTPOPN YUPW ATTO TOV £0UTO TOU.

ZxAMa 4-18. ZTIyHIOTUTIO TNG KAPEPOG TOU POMTTOT KAl N AVTIOTOIXN TUNMOATOTTOINUEVN £IKOVA
OTav £xEl ICATTEXOUOEG ATTOOTACEIG ATTO TA AUTTEAI KAl TTEPIOTPOPR YUpW ATTO
TOV €0UTO TOU.

3" Nepimrwon: POUTTOT UETATOTIOHEVO QTTO TO KEVTPO TOU Bladpopou KATd Y ue
oudéTepo TTPOCAVATOAIONO. ESW TO POUTIOT £XEI PETATOTTIOTEI KATA Y a1md TNV QpXN TOU
agova y, Ye OUdETEPO TTPOCAVATOAIONO, OTTWG QaiveTal Kal oTo ZxApa 4-19. To euydpl
eIkOvag €10000u Kai n £€€000G TNG TUNUATOTTOINKEVNG EIKOVOG TTOU TTPOKUTITOUV YIO QUTH TV
TEPITITWON @aivovtal oTo ZxAua 4-20. MapatnpoUue TTwG TTAPOAO TTOU TO POUTTIOT EXEl
OUSETEPO TTPOCAVATOAIOHO Kal KOITAEl evTEAWG €uBeia, Adyw TOu OTI TO POWPTIOT gival TTIO
KOVTG OTO éva aUTTEAI, QUTO @aiveTal JEYAAUTEPO OTNV THNHATOTTOINUEVN EIKOVA O€ OXEON WE
TO GANO, OTTOTE KaI £XEI PETATOTTIOTEN N vonTr PECN YPAPMN METOEU Twv auTreAiwv. 'ETol
QTTOKAIVEI KOl 0€ QUTH TNV TTEPITITWON aTTd TNV vonTr] HECN YPAPMKA TTou Xwpilel TNV eIkéva
€€6dou o€ dUo ioa TuRuaTa.

- 54/86 -



4 ANYOPIBUOG EAEYXOU KATEUBUVONG HECW TUNUATOTTOINONG €IKOVAG Yia TETPATTOSA POUTIOT

ZxAMa 4-19. IXNUATIKA TTAOPACTACN TOU POUTIOT PE METATOTTION ATTO TO KEVTPO TOU Siadpouou
KOl OUSETEPO TTPOCAVATOAIGHO.

l

ZxAua 4-20. ZTIYHIOTUTTO TNG KAUEPOG TOU POMTTOT KAl N AVTIGTOIXN TUNUOATOTTOINHUEVN EIKOVA
oTav gival HETATOTTIONEVO OTTO TO KEVTPO TOU dladpouou Kal £XEl OoUdETEPO
TMPOCAVATOAICUO.

4" Nepimrwon: POUTTOT METATOTIOMEVO ATTO TO KEVIPO TOu Odladpopou katd Y
MEPICTPAUMEVO KATA P poipeg. ESwW TO pouTtoT £x€lI TAUTOXPOVA HETATOTTIOTEN Y ATTO TNV
apxr Tou dgova y, aAAd eival KiGAag TrepIOTpauuévo @ poipeg yUpw OTTO TOV €QUTO TOU,
OTTWG Qaivetal Kal oto ZxAua 4-21. Maparnpouue TTwWG O CUVOUACKOG TNG PETATOTTIONG KAl
TNG TTEPIOTPOPNAG TOU EXEI UETATOTTIOTEI OKOUA TTEPIOCCOTEPO TNV VONTH PEON YPAUMA METALU
TWV auTTeENIWV. 'ETO1 atmoKAivEl akOpa TTapatravw atrd Tnv vonTr) JEon ypauun TTou Xwpidel
TNV €IKOvVa €§600U o€ dUO ioa TUAPATA.
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S

midline

IxAMa 4-21. IXNUATIKA TTOPACTACN TOU POUTTOT ME HETATOTTION ATTO TO KEVTPO TOU dladpopuou
KOl TTEPICTPOPN YUPW ATTO TOV £0UTO TOU.

452 ZUpTTEPAOUOATA OXETIKA ME TO vOnua TnG Béong Tng vonTtiAg YPAUMAS OTnv

TUNMATOTTOINMEVN EIKOVA KOl XPAON TNS WG TIMA CQEAAMATOG
Omwg mapatnpoupe n amokAion TG vontng HéoNG YPAPMUAG atmd To KEVIPO NG
TUNUaTOTTOINUEVNG €IKOVAG €TTNPEACeTal aveCapTATWGS TI €idOug Kivnon TTPAyUOTOTIOIEl TO
POUTTOT. OUCIaoTIKA TTEPIEXEI TAUTOXPOVA TTANPOPOPIa YIa TNV ATTOKAION TOU POPTTOT OTTO TO
KEVTPO TOu G&ova y KaBwg Kal TRV atTOKAIoN TTpocavaToAIopou Tou. MTropouue Aoimmov va
TIPAYHOTOTTOINOOUNE EAEYXO TNG KivnONng Tou pouTTioT he proportional controller Bewpwvtag
w¢g o@aAua v diagopd TG B£ong TG vonTNG TNG MEONG YPANMAG OTAV TUNUATOTTOINKEVN
eIKOva aTTd TO MPETPO TOU NUI-TAATOUG TNG €IKOVAG, TO OTToi0 QUOIKA eival oTaBepo.
AlipwvTag auTh TNV TTOoOTNTA PE TO PETPO TOU NUI-TTAATOUG TNG £IKOVAG £XOUPE TTAEOV pia
TIUA TTOoOOTIaIoU OQAAUaToS. ‘Exoupe dnAadn:

DetectedMidlinePosition—0.5ImageWidth
error = . (4-1)
0.5ImageWidth

Av 10 TT0000TO auTO €xel BeTIkO/apvnTikG TTPdoNUO Kal TTdvw aTtd éva KATWEAI
euaiocbnoiag TTou €XOUPE Opicel onuaivel OTI TO POPTIOT €xel UETATOTTIOTEI r/Kal gival
TTPOCAVATOAIOUEVO TTPOG TO OeCi/apIoTEPS AUTTEAI QVTIOTOIXA. ZTNV TTEPITITWON QUTA TTPETTEI
va eTevePYNBOUV 01 KIVNTAPEG WOTE TO POUTTOT va KivnOei TTpog Tnv avTiBeTn kateuBuvon.
AvTIBéTWwG av n atmdAuTn TIUA TOU TTOOOOTOU auTOU BPIcKETAI EVTOG TOU KATW@AIOU onuaivel
OTI POUTTOT KOITAEl OXedOV A Kal TeAEiwg eubeia, dpa dev xpeladeTal eMEPBaON OoTNV TTopEia
TOU KalI auth diatnpeitar euBeia. ZTnv emouevn Tapdypa®o Ba avaAUoOoupE TTWG
XPNOIYOTTOIOUYE TNV TIUA TOU TTOCOOTIAIOU OQAAMATOG yia TOV EAEyXO TnG TTOPEiag Tou
POUTTOT TTEIPAPATIKAG SIATAENG OTO EPYACTAPIO.

- 56/86 -



4 ANYOPIBUOG EAEYXOU KATEUBUVONG HECW TUNUATOTTOINONG €IKOVAG Yia TETPATTOSA POUTIOT

4.5.3 "EAeyxog mropeiag

Omtwg Tepiypdenke kal oTnv evotnTa 4.2.3 yia TIG TTEIPAUATIKEG OOKIUEG XPNOIUOTIOINBNKE
Eva pouTTOT e pddeg mecanum. To CUYKEKPIUEVO POPTTOT eAEyxeTal péow TTakéETwy UDP Kai
EXEl TNV IKAVOTNTA YETATOTTIONG TOOO €uBcia KATA PAKOG Tou Ggova X, 600 Kal KABeTa KaTd
MAKOG TOU dgova y, eV PTTOPEl va TTEPIOTPAPE KIOAAG yUpw ATTO TOV £0UTO TOU, OTTWG
Qaivetal Kal gTo ZXAMa 4-22. KaBe evioAr] TTou ammooTéAAETal AoITTOvV atroTeAeital atmd 3
opiopata TaxuTnTOG, TA OTTOI0 AVTIOTOIXOUV OTNV YPAPUIKI TaxUTNTA V4 TOU POMTIOT KOTA
MAKOG TOU Agova X, TNV YPOMPMIKI TaXUTNTA Vy TOU POMTIOT KATA PAKOG TOU Agova y, Kabwg
KAl TNV YWVIAKA TaxUTnTa W yupw atrd Tov eauTd Tou. MOAIG oTaAEl pia eviOAr} TO pOUTTOT
olatnpei oTaBepES TIC BOCPEVEG TAXUTNTEG, MEXPI va O0BE&i eVIOAN HE DIAPOPETIKO OIAVUCHUQ
TaXUTATWY A va doB¢i evToAr dIOKOTTAG Kivnong.

o
=

X

G

ZxAua 4-22. MapdoTaon TWV CUVICTWOWV YPOUHIKAG KAl YWVIOKAG TaXUTNTAG ME TIG OTTOiEg
MTTOpPEi Va KIvnOei TO pOUTTOT.

O1wg Tepiypdyape otnv evotnta 4.5.2, T0 TTOCOOTIAIO OQAAPA TTOU ETTIOTPEQPEI O
aAyopIBpog €0peong TNG PEONG YPAMMNAG MUTTOPEl va o@eiAeTal oTnV aTTOKAION TOU POMTTIOT
atré 10 KEVTPO Tou G&ova ri/kal Tnv atrOKAIon TTpocavaToAiouou Tou. ‘ETol yia Tnv 816pBwaon
QUTOU TOU OQAAPOTOG TTPETTEI VO €KTEAOUUE aQvTioToIXO Wi Kivnon Tou WPTTOpEi va TO
dl0pBwoel aveEapTTwWG aTTod TO TTOI TTEPITITWON TO TIPOKAAEde. Me Tov ouvduaouod POvo
EUTTPOCOIOG YPOUMIKAG TaXUTNTAG V, KOBWGS Kal YwvIoKAG Taxutntag w OlopbwveTal
QUTOMATWG TO OQAAUA QVEEQPTHTWG OTTO TO TTOIA TTEPITITWON TO £X€l TTPOKAAETEl. EKTEAOUNE
Aoitov proportional control pe KEPBOG K, OTNV YWVIOKN TAXUTNTA W TOU POMTIOT PE OQAAUA
TO TO0OO0TIAI0O OQAAYa error , OlIATNPWVTAG OTOBEPH YPAUMIKA €uTTPOCBIa TaXUTNTO
petatémong X. MapdAa autd yia TNV ammoQuyrh TAAQVTWOEWY Kal €TTEId OTnv TTapolca
epappoyn dev gival ETTTAKTIKI avAykn TO POUTTOT va akoAouBei TTOAU auoTnpd TO KEVTPO TOU
autreAIoU, TO proportional control ekTeAeiTal av To O@AAPa uTTEpPaivel €va KATWEAI

-57/86 -



4 ANYOPIBUOG EAEYXOU KATEUBUVONG HECW TUNUATOTTOINONG €IKOVAG Yia TETPATTOSA POUTIOT

steer_sensitivity. ZTI¢ dOKIPEG TTOU KAVAPE gixe oploTei 5%. 'ETol av n otaBepd TaxutnTag
TTOU €X€l OPIOTEI €ival Vs B0 10X0U0ULY yia Ta 3 diaviopaTa TaxUTNTAS TOU POUTIOT Ta €ENG

v=0
Ve = Veonst (4'2)

0, |error| < steer_sensitivity
W= e
KperrorVions:, |error| = steer_sensitivity

45.4 ZXuvdptnon utroAoyiouoU péoNG YPOUMAG ATT6 TRV TUNHATOTTOINUEVN EIKOVA

MNa v elpeon G péong ypauuAg avdaueoa ota autmédia Ba BewprAooupe 6T N
TUNPaTOTTOINUEVN €IKOVa aTToTeAEITAl aTTO éva TTARB0G oTnAWY ico Pe To TTAGTOG (o€ pixel) Tng
eIkOvag. 'ETo1 kKaBe oTAAN Ba €xel pué€yebog ioo pe TO0 UWog (o€ pixel) TNG eikdvag. ETreidn n
€IKOVA gival TUNUOTOTTOINUEVN ME 2 KaTnyopieg povo Ba atroTeAeital yoévo amd AcTrpa Kai
Haupa pixel. @a Bswpriooupe TTwg Ta paupa pixel (UTTGAOITTOG XWPOG) avTioTolxouv o€ 0 Kal
Ta dotrpa pixel (autéhia) og 1, éTTwg oTo ZXAWa 4-23. ‘ETol kal kaBe oTrAn Ba atroteAeital
ammd 0 kar 1. MmopouUpe Aoimmév va aBpoicoupe Ta 1 o k&dBe oTAAN Kai €101 va e§&youpe

TTANpo@opia TTou Ba pag odnynoel oTny eUPeECn TNG MEONG YPAUMNG.

ZxAMa 4-23. H TgnpatoTtroinuévn €IKOVA TTou B8a eAPUOCOUNE TNV CUVAPTNON UTTOAOYIOHOU
Héong Ypapung.

MNa TNV e0pecn Tou KeEVOU PTTOPOUME aTTAWG va DIaAEEOUNE OAEG TNG OTAAEG PE INOEVIKO
GBpoiopa Twv «1». Mapdha autd n TTpocéyyion autn €xel Eva onuavTike TTPORAnua. MoAAég
QOPEG AETTTA QUAAQ TTPOEEEXOUV ATTO TO AUTTEAI T OTTOIO QUOIKA QaivovTal wg AoTTpa oTNV
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TUNPaToTTOoINUEVN €IKOvVA. ‘ETOl TO dIdoTNUO TOU «KevOU» avayvwpigeTal AavBaopuéva oAU
MIKPOTEPO OTTWG PAIVETAI OTO ZXNUa 4-24.

ZxAMa 4-24. NMapdadeiypa Aavlaouévng Asitoupyiag ouvdpTnong UTTOAOyIoHOU HéONG YPOMHNAS
O€E Mio TUNMATOTTOINMEVN EIKOVA.

H AUon og autd 1o TPéRAnNua divetal atmmd Tnv €¢Ag Oladikaoia Kal o1 AEIToupyieg TG
atreikovidovTal Je XpwuaTta ato Zxnua 4-25: Mo ouykekpigéva Bpiokouue TNV OTAAN TTOU
QTTOTEAEI TO TTIO «PEYANO» onueio Tou aPTTEAIOU (onuadepévn PE KOKKIVO 0To ZXAMO 4-25),
aBpoifovrag dladoxikd Ta 1 yia Tnv KABe aTAAN Kal SIAAEyovTaG €KEIV UE TO PEYOAUTEPO
dbpoioua. ZTnv ouvéxela BewpoUue «KeEVO» avAaueaoa aTa dUO AuTTEAIQ, OTTOIOOATTOTE OTAAN
NG otToiag To dBpoioua Twv 1 gival KATw atrd £va KATw@AI TO 0TT0i0 1I00UTaAl JE Eva TTOGOOTO
TOU MEYOAUTEPOU (BPOICHATOG TTOU UTTOAOYICQUE TTPONYOUMEVWG (OTa TTEIpAUATA TTOU
TTPAYUATOTTOINOAUE TO TTO00O0TO auTd opioTnke 10%). 10 ZXAUa 4-25 tival OAEG oI KIiTPIVEG
oTAAeS. MapaTtnpouue TTwG Ta QUAAG TToU g€€€xouv OTO apIoTEPO QUTTENI Bev eEaipéBnkav
OTTWG TNV TTPonyoupevn ikéva. ‘ETol yia Tuxov @UAAa TTou dnuioupyoulv PIKpo TTARB0G atrd
«1» OoTnNV €KAoTOTE OTAAN, TO TTANBOG TWV «1» O€ auTA TNV OTAAN €ival KATW ATTO TO KATWQAI
TTOU OPIOTNKE KAl £€TOI QUTOPATWG N OUYKEKPIYEVN OTAAN Tagivopeital opBd wg «kevoy. TEAOG
yla Tnv €Upecn TNG MEONG YPOUUAS atmd TO TTANBOG Twv OTNAWV TToU €XOUuv TTPOCTEDEI
dladoxIka oe dia AioTta, diaAéyoupe atTAwg TRV median TR TNG AioTag autrg. XT0 XXAua
4-25 n oTAAN auTh €XEl UTTOYPOUMIOTEI JE UTTAE.
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ZxAua 4-25. Mapdadeiypa cwoTAG AEITOUpyiag ouvdpTnONg UTTOAOYIOHOU MECNG YPAHUMAG O€
Mid TUNUATOTTOINUEVN EIKOVA.

Oa TrpéTTel va €EeTaoTEl QUOIKA Kal N €DIKN TTEPITITWON TTOU £XOUlE TTOAATTAG clusters.
¢ TrepITTwon TTou éxouue TTOANATTAG clusters atmd Kevd, dlaAéyoupe ekeivo TTou gival TTIO
KOVTQ PE aUTO TNG TTPONYOUUEVNG EKTEAEONG TOU KWAIKA.[A TTapAdElyua OTNV TTOPATTAVW
€IKOVA, aV UTTOBE0OUNE TTWG OTO TTPONYOUUEVO TO POUTIOT €iXe OUBETEPO TTPOCAVATOAIOUS
TIpIv oTpiwel Oe€Id, dlaAéyoupe To cluster 1.

Av dev UTTAPXEl TTPONYOUMEVN €KTEAEON, OTTWG TT.X. OTNV TTEPITITWON TTOU EEKIVAEI TO
POUTTOT va EICEPXETAI OTO AUTTEAI DIGAEYOUE TO KEVTPIKO cluster

Cluster

| ' ™ Cluster 2

ZxAua 4-26. Mapdadelypa €161KAG TTEPITTTWONG TTOU £Xoupe TTOAAATTAG cluster.
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455 Tevik6g aAyopiBog Kivnong Tou pouTToT

O KwdIK&G Tou PouTTOT Aciroupyei oUPQwva Pe TO state machine TTou artreikovileTal oTo
2xAUa 4-27. ApXIKG aPéoWG PETA TNV €VEPYOTTOINON TOU POUTTOT, €AEYXETOI AV UTTAPXEI
Kdpta ypaikwv CUDA cuupath he Tnv €kdoon Tng PyTorch 1Tou xpnoiyoTroiital KabBwg Kal
£xel ouvdeBei N Zed Camera Kal €TTIKOIVWVEI CWOTA. EoOoov auToi ol €Aeyxol OAOKANpwBoUv
ETTITUXWG TO TTPOYPAUMO EICEPXETAI OTO KUPIO BpOXo eAéyxou. Kdbe Bripa oe autd Tov BpdXo
EEKIVAEI hE TNV KATaypa®r udia €ikdvag atmd TNV KAPEPA KAl TNV €i00d0 TG OTO UOVTEAO
MNXAVIKAG Jadnong. Av To TToO000TO Tou TTARBOUG Twy ACTTpwV pixel TTPOG TwV GUVOAIKO
apIBuo pixel otnv eikdva auTh ival peyaAUTEPO aTTo TNV TTAPAPETpo end_thres, To pouTTOT
ekTeAEl TNV ouvdptnon uTtoAoyiopoU péONG YPAMMAS KAl TTPAYMOTOTTOIED €AEyXO TNG
KateuBbuvong. AvTIBETWG av TO TTOooOoTO auTo PBpiokeTal KATw atrd 1o end_thres &ekivd Tnv
oladikaagia aAAaynig oeipdg, OTTwG TrepIypa@eTal otnv evotnta 4.5.6. MOAIG oAokAnpwOEei n
dladikaoia auTr] yivetal Eava eTTIoTPo@r] 0TOV KUPI0 Bpdxo eAéyxou. To TTARBOG Twyv AoTTpWV
pixels emAEXONKe oav KPITAPIO TEPUATIOUOU TNG OEIPAG TOU AUTTEAIOU KABwG 6Tav TO POUTTIOT
@Tavel 0TO TEAOG €ival TO POVODIKO onueio OTTou N KAPEPa apxidel va pnv BAETTEl apTTENIO
OoTTéTE Kal TO TTARBOG Twv AcTTpwyV pixel oTnv TuNUaToTToINUEVN €IKOva Ba gival TTOAU JIKPO.
2TIG OOKIUEG TTOU €yIvav OTO £pYAOTPIO TO TTooooTéd end_thres opioTnke TreipapaTiké 5%.

Completion of N maneuver

Execute I
maneuver

N
CUDA GPU & Zed camera *
initialization successful

Vision Control

\/

Q % of white pixels in segmented image < end_thres

% ot white pixels in
segmented image
>=end_thres

ZXAMA 4-27. ZXNMATIKA TTapdoTaon Tou state machine mrou ekteAei To pOUTTOT.

45.6 H diadikacia aAAayng ocipdg auTTeAIOU

MNa v aAkayni TnG o€Ipdg 1o POPTTOT eKTeEAEl pia kivnon oxfApatog M. OuciaoTikd POAIg
avayvwpioel 0TI €pTace o010 TEAOG TNG O€Ipdg Tou auTtreAiol, &ekiva Tnv dladikacia Tng
Kivnong autng n otroia eival tTpokaBopiopévr. MOAIG TNV TEAEIWOEI ETTIOTPEPEI OTNV
dladikaoia eAéyxou PEOW TNG TUNMOTOTIOINUEVNG E€IKOVAG OTTWG TTEPIYPAPETAl KAl OTNV
evotnta 4.5.5. H kivnon aut amoTteAeital amd TEoOePIG OIAOOXIKEG UETATOTTIOEIS KAl
TEPIOTPOPEG. Mo TNV akpIfr]  €KTEAEON Twv  TIEPIOTPOPWY  XPNOIUOTIOIEITAl  TO
EMTAXUVOIOUETPO TNG Zed. M0 ouyKeKpIPéva, TO POUTTOT TTEPIOTPEPETAI YUPW ATTO TOV EQUTO
TOU PEXPI N ATTOAUTN BIaPOPG TTPOCAVATOAICHOU yUpw aTtrd Tov Afova z TTOU ETTIOTPEQEI N
povdada IMU va ioouTal pe 90° poipeg.
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5.1 Zuptrepdopara

5.1.1 ZuumrepdopoTa TTPWTOU HEPOUG £pyaciag: AvATTUSn OUCTAMATOG €Aféyxou
Kivnong Baociopévo oe EtherCAT

2TOX0G TOU TTPWTOU PEPOUG TNG TTAPOUCAS DITTAWUATIKAG £pYaCiag ATav 0 oXedIAoUOS Kal N

uAoTToinon Tou vEou NAEKTPOVIKOU CUCTAUATOG TOU TETPATTOO0U POUTTOT Laelaps.

APXIKG €QAPUOOTNKAV ETTITUXWG VEEG, YIA TO EPYACTNPIO PAG, TEXVIKEG KOAANONG. AuTo
MOg eTTETPEWE TNV BIACUVOECN TOU TTIO EEEAIYUEVOU PIKPOEAEYKTH) F28388 e evOWNATWEVN
Hovada Ethercat, amrAoTroIlOvVTOG TV oM TOU NAEKTPOVIKOU CUCTAUATOS KAl AUEAVOVTAG TNV
aglommoTia Tou.

Ooov agpopd Tov €AeYKTA KIVvNTAPWY, N XPHon Tou véou Kal Ioxupotepou AZBDC20A8
MEIWVEI onuavTIKA Tnv TeavoeTnTa UuTTEPBEpuavong, evw TIPOOTEBNKE Kal N AgiToupyia
KaTaypdeng PEUPATOC YIA TNV AVTIMETWTTION TTPORANUATWY OTO PEAAOV.

Ev kaTakAgidl £ylvav OTOXEUMEVEG TTAPEUPATEIG OTO AON APKETA AEIOTTIOTO NAEKTPOVIKO
ouoTnpa Tou Laelaps, Ye atmwTePO OTOXO TA £TTITTESA ATTOBOONG KAI AEIOTTIOTIAG TTOU ATTAITE
£€va ouyxPOVo POUTIOT.

5.1.2 Zuumrepdopata deUTepou pépoug epyaciag: AAyopiOpog eAéyxou KateuBuvong
MEOW TUNHATOTTOINONG EIKOVAG VIO TETPATTOSN POUTTOT

2TOXO0G TOU DEUTEPOU PEPOUG TNG TTAPOUCAG DITTAWUATIKAG Epyaciag fTav o oXedIaouog Kal

uAoTroinon evég autdvouou CUCTAPATOG TTAOAYNONG VIO YEWPYIKA POPTIOT PE TNV Pordcia

VEUPWVIKWY SIKTUWV BaBidg padénong.

ApXIKG peAeTABNKE n diadikacia oxedlaopoU Kal ekTTaideuong €vog PovTéAou Babidg
paBnong. H amdédoon Tou poviédou DeeplabV3, pe ta mpoekTraideupéva Bdpn, Tavw OTIG
€IKOVEG TOU €pyacTnpiou ATAV EVIUTTWOIOKA KAl pag £€dwoe Mia €IkOva Twv I0XUPWV
OUVOTOTATWYV Kal TIG €UEAIGIAG TwV OUYXPOVWY POVTEAWV unxavikhg panong. MdaAioTa, pe
£va TTOAU PIKPO oUvoAo dedopévwv €IKOVaG, Kal e TRV BOABEI ATTAWYV TEXVIKWY ETTAUENONG,
TO MOVTEAO TTETUXE €CQIPETIKN OKPIBEIO OTOV XWPO TOU EPYAOTNEIOU, WOTE VA UOG ETTITPEWYEI
Va TTPAYUATOTTOINCOUHE ETTITUXWG EAEYXO TOU POPTIOT e BAon TNV £€0d0 Tou.

H xpAon Tng TEXVIKAG TUNUATOTTOINONG €IKOVAG ATTOdEIXTNKE 18AITEPA ATTOOOTIKI), KOBWG
N aglotroinon TG yia Tov €AeyX0o Kateubuvong Tou POUTTOT ATAV TTOAU ATTOTEAECUATIKA, XWPIG
va atraitouvTal TTOAUTTAOKEG TEXVIKEG yia TNV eEaywyn TG TTANPo@opiag.

AvauegiBoAa n Taxdtnta kol n amoédoon TNG UuAoTToinong Tng Trapolcag epyaciag
o@eiAeTal kal oTn yAwooa Python. H ammAdtnTa TNG oUVTAgNS TNG, KABwg Kal n Utrapén Tng
pMaBnuaTikAg BIBAIOBAKNG numpy Kal N Gyoyn cuvepyaaoiag TG e TNV BIBAIOBRKN PNXAVIKAG
pMaBnong PyTorch pog eméTpewe apyik@ va €QOpPUOOOUUE €UKOAO TOUG OTTAITOUNEVOUG
METOOXNMOTIOPOUG YIO TIG €IKOVEG €10000U Kal €§0dou oTo HovTéAo. EmmpdoBeta ol
duvaToTNTEG TTPAGEWY O€ TTivakeg TNG BIBAIOBNAKNG QUTAG YOG ETTETPEWAV EUKOAQ va EAYOUNE
TOAUTIMN TTANpo@opia atmmd Tnv TUNUOTOTTOINUEVN E€IKOVA  yId VA  TTPOYHATOTTOINCOUE
ETMTUXWG EAEYXO TNG KATEULBUVONG TOU POUTTOT.

Ev katakAegidl, n paydaia TexvoAoyikr TTpdod0g OTOV TOPED TNG KMNXAVIKAG PABnong Kai
IBIITEPWG OTNV OPACN UTTOAOYIOTWY, TNV KABIOTA éva TTOAU €AKUCTIKO £pyaAcio 1BiaiTepa o€
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£QAPUOYEG auTdvoung Kivnong poutrot. Ocov agopd Tnv TTAONYNON YEWPYIKWY POUTTIOT, OTO
TapeABdv, yia TNV autévoun Kivnon Toug atraitouvtav n XpAon oAU akpiwyv aiodntipwy
yIa TNV €TTITEUEN TTAPOUOoIOG atrodoong. H xprion unxavikng udénong, cival pia oAU TTpooITh
Kal aTTo00TIKA €TTIAOYN TTOU Bev aTTaITEl Xpron EWTIKWY aioBnTApwy, evw TTapdAAnAa civai
IDIAITEPA TTPOCAPHOCIUN, XWPEIG va attaITeital xprnon pIGIKG dia@opeTikoUu UAIKOU avaAdywg

TNV EQapUoyn.

5.2 MeAAovTiK] Epyacia

5.2.1 MeAAOVTIKI EPYOCia TTPWTOU HEPOUG pyaciag: AVATITUEN OUCTAHATOG EAEYXOU
Kivhong Baociopévo o€ EtherCAT
27O TTPWTO PEPOG TNG EPYATIag EYIVE O OXEDIOTUOG KAl N UAOTTOINCT TOU VEOU NAEKTPOVIKOU
OUCTAMATOG TOU TETPATTOOOU POUTTOT, aTTd TNV OKOTTIA KUpiwg Tou hardware. Puaikd €yivav
MEYGAa BrpaTa yia TNV PETOQOPA Kal Tou software oTo Kaivoupio nAEKTpovikKG GUOTNUQ,
EVTOUTOIG TTPETTEI VA YiVOUV APKETA AKOMN VIO VO £XOUUE €va OAOKANPWHEVO OTTOTEAEC Q.
Ooov agopd 10 firmware Tou MCU, Trpétrel va uAotroinBei n xprion tou CLA kai va
OOKIJOAOTOUV 01 eTITTPO0BETEG AsiToupyieg Auto Startup kai End-Stop 611w Trepiypa@ovTal
oTtnv gpyacia Tou Mamabeodwpou [15] . AkOua, TTPETTEI va EVOWPATWOOUV oI JETPAOEIS TOU
current monitoring, eKTEAWVTAG TNV AgIToupyia auTh) TTAPAAANAQ UE TNV EKTEAEON TOU EAEYXOU
TOU POUTTIOT KaI ATTOOTEAOVTOG TIC METPNOEIC PEow pNvUPATwyY Ethercat. T€hog, Trpémmel va
000¢i kal éu@acn oTn dlacPAAion TNG opBAG AsiToupyiag Tou AoyIOUIKOU, PE TRV UIOBETNON
QuoTNPWYV TTPOTUTTWYV avATITUENG KWOIKA, 6TTws To MISRA.

5.2.2 MeAAovTIK} gpyacia Oeutepou pépoug epyaoiag: AAyopiBuog eAéyyxou
KATEUBUVONG NECW TUNHUATOTTOINONG EIKOVAG VIO TETPATTOON POUTIOT

2710 OeUTEPO PEPOG TNG TTAPOUOCAG £pyaadia €yivav Ta apXIKA Brpara yia Tnv avamTuén evog

QuTOVOPOU CUCTANOTOG TTAOAYNONG VIO YEWPEYIKA POPTIOT e TNV BoRBeEId VEUPWVIKWY

OIKTUWV BaBidg padnong, pe TTOAU evBappuvTika atroteAéopata. MNMapoAa autd TTpéTrel yivouv

OPKETA BAMOTA AKOMN YIA TNV O&IOTTOINGN TOU CUCTANOTOG O€ TTPAYUATIKEG OUVOAKEG.

Apxikd, Ba TTpETTEl va XpnoIPoTToiNBei £vag €IOIKEUPEVOG UTTOAOYIOTAG YIO TNV EKTEAEDN
TOU WOVTEAOU WNXAVIKAG MABNONG TTAvw OTNV POUTTIOTIKN TTAAT@OpPa. Autd 6x1 pévo Ba
emTayxUvel TNV TaxUTNTa TOU OUOCTAMOTOG, OAAG Kal Ba peiwoel TRV OUVOAIKT KoTavaAwaon
IOXU0G, BeATiovovtag Ttnv autovouia. [lMapddeiyya TETOIOU OCUCTAPOTOG QTTOTEAEI ©
uttoAoyioTig Jetson Tng NVidia.

‘Emreira mpéTTel va yivouv SokIuég o€ TTpayuaTikd autréAia. H ektraideuon Tou poviéAou
MABNnonNg TTPETTEl va yivel TTdvw o€ autd. AkOua 1o TpayU €0a@Og TToU €XEl TO XWHO UTTOPEI
va @épel véeg BUOKOAIEG aTov £AeyX0 KaTeuBuvong. EmmpooBeta Adyw TnNG pHeyAAng €KTaong
TwV aptreAIV n diadikacia aAAayng oeipwyv Ba TTpETel avap@iBoAa va ouvodeuTei e KATTOI0
ovoTtnua GPS.

duoikd Ba TTPETTEl va yivel Kal KATTOIO UAOTTOINGN YIa TIG OKPIAVEG OEIPEG TWV QUTTEAIWY,
otTou Ogv €xoupe ekaTépwBev apttéAia Kai n dladikacia egaywyng Tng HEong ypauung Ba
gival KATTWG dIAPOPETIKH.

AkOua, n akpipela Tou povréAou paBnong ptropei va BeATiwBei kal pe xprion dedopuévwy
a1rd €IKOva BaBoug. H ouyKekpIpévn TEXVIKA €ival KATI TTOU €XEI EQAPUOOTEI atrd TTOAAOUG [2]
, [4] o€ TTapduoIEg e@apPoyES Kal agidel va e¢epeuvnBEi.
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TEéNOG, MOKPOTIPOBECHOG OTOXOG TOU €PyaOTnPiou Pag €ival n  avamruén evog
TETPATTOO0U POUTTOT yIa TNV Kivnon oTo autréAl. Puaoikd n e1TIAoyr TNG TTAPOUCOG POUTTOTIKAG
TTAATQOPPAG N oTToia ETITPETTEI Kivnon o€ KABE KateuBuvon, €ival 6,TI TTI0 KOVTA UTTAPXE! OTIG
OuvaToTNTES Kivnang evog TeTpATTodou pouTToT. MNapdAa autd cival KATI TTou aTraiTei 1I81aiTeEPN
MEAETN. 'Eva onpavTikG TTPWTO Priga, TTou B8a cuuBdaAAel 181aiTepa 0TV PMAKPOTIPOBeouN
avAaTTugn TOug CUCTAMATOG, gival N evowudTtwon Tou o€ TTepIBaAAov ROS. To ROS Ba pag
EMTPEYEI EUKOAD VA XPNOIKMOTTOINCOUME TO oUCTNUA €AEYXOU HEOW TNG TUNUATOTTOINMEVNG
EIKOVOG OE POUTTOT PE OIOPOPETIKEG APXITEKTOVIKEG, XWPIC va XpeldleTal va TPOTTOTTIOINCOUME
ToV BacikG aAyépiBuo. Etriong Ba emtayuvel 1ID1AiTEpa TNV AVATITUEN TOU POUTTOT KaBWG
O100€Tel EEEAIYUEVES AEITOUPYIES ETTIKOIVWVIAG Kal KATAYPAPS OEOOUEVWV.

- 64/86 -



[1]
[2]

(3]

[4]

[5]

[6]
[7]

(8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

BiAloypagia

Pytorch segmentation models

https://github.com/qubvel/segmentation _models.pytorch

Diego Aghi, Simone Cerrato, Vittorio Mazzia, Marcello Chiaberge "Deep Semantic
Segmentation at the Edge for Autonomous Navigation in Vineyard Rows”, IROS,
2021, https://arxiv.org/abs/2107.00700

Xia Li, Junhao Su, Zhenchao Yue, Fangtao Duan, “Adaptive Multi-ROI Agricultural
Robot Navigation Line Extraction Based on Image Semantic Segmentation”,

MDPI Sensors, Oct 2022,

https://www.mdpi.com/1424-8220/22/20/7707

Yan Song, Feiyang Xu, Qi Yao, Jialin Liu, Shuai Yang, “Navigation algorithm based
on semantic segmentation in wheat fields using an RGB-D camera”, Information
Processing in Agriculture, May 2022
https://www.sciencedirect.com/science/article/pii/S2214317322000488

Hao Peng, Jianxin Li, Yu He, Yaopeng Liu, Mengjiao Bao, Lihong Wang, Yangqiu
Song, Qiang Yang, “Large-Scale Hierarchical Text Classification with Recursively
Regularized Deep Graph-CNN”, WWW '18: Proceedings of the 2018 World Wide
Web Conference, April 2018, Pages 1063-1072,
https://doi.org/10.1145/3178876.3186005

Bolonakis, G., “Electronic system design and manufacturing of quadruped robot”,
NTUA diploma thesis, Athens, 2018

A Comprehensive Guide to Convolutional Neural Networks,
https://towardsdatascience.com/a-comprehensive-guide-to-convolutional-neural-
networks-the-eli5-way-3bd2b1164a53

Ganyu Deng, Jianwen Luo, Caiming Sun, Dongwei Pan, Longyao Peng, Ning Ding,
Aidong Zhang, “Vision-based Navigation for a Small-scale Quadruped Robot
Pegasus-Mini”, IEEE ROBIO, 2021

https://arxiv.org/pdf/2110.04426.pdf

Z. HongChao, G. HaiBo, D. ZongQuan, D. Liang and L. Zhen, "A review of heavy-
duty legged robots", Science China Technological Sciences, 2013.

Claudio Semini, Angelo Bratta, Michele Focchi, Matteo Gatti, Stefano Poni, Victor
Barasuol, “First Field Tests of a Legged Robot in a Vineyard”, Italian Conference on
Robotics and Intelligent Machines, 2021

Liang-Chieh Chen, Yukun Zhu, George Papandreou, Florian Schroff, Hartwig Adam,
“Encoder-Decoder with Atrous Separable Convolution for Semantic Image
Segmentation”, ECCV 2018

https://arxiv.org/pdf/1802.02611v3.pdf

NumPy Python Library, https://numpy.org/about/

OpenCV Library, https://opencv.org/about/

EpyaoTrpio autépaTtou EAEyxou CSL-EP http://csl-ep.mech.ntua.gr/
Papatheodorou A., “Design & implementation of a real-time distributed EtherCAT-
based motion control system for a multi-DoF quadruped robot”,

Diploma Thesis, School of Mechanical Engineering, NTUA, Athens, 2021

Stamatis Athiniotis, “Firmware design for microcontrollers on EtherCAT network for
quadruped robot motion control,” Diploma Thesis, School of Mechanical Engineering,
NTUA, Athens, 2018.

K. A. AonuakdtTouAog, «Zxedlaopog kal Kataokeur) HAEKTPIKWYV Kal HAEKTPOVIKWV
YmoouoTtnuaTtwy TeTpatrodou Pouttdty, Merarrruyiakn Epyacia EMI, ABrva, 2017.
M. Karamousadakis, “Real-time programming of EtherCAT master in ROS for a
quadruped robot,” Diploma Thesis, National Technical University of Athens, Athens,
2019.



https://github.com/qubvel/segmentation_models.pytorch
https://arxiv.org/abs/2107.00700
https://www.mdpi.com/1424-8220/22/20/7707
https://www.sciencedirect.com/science/article/pii/S2214317322000488
https://doi.org/10.1145/3178876.3186005
https://towardsdatascience.com/a-comprehensive-guide-to-convolutional-neural-networks-the-eli5-way-3bd2b1164a53
https://towardsdatascience.com/a-comprehensive-guide-to-convolutional-neural-networks-the-eli5-way-3bd2b1164a53
https://arxiv.org/pdf/2110.04426.pdf
https://arxiv.org/pdf/1802.02611v3.pdf
https://numpy.org/about/
https://opencv.org/about/
http://csl-ep.mech.ntua.gr/

6 BiBAloypagia

[19]
[20]
[21]

[22]
[23]

[24]
[25]

“Boston Dynamics Atlas,” Boston Dynamics. https://www.bostondynamics.com/atlas.
“Boston Dynamics Spot,” Boston Dynamics. https://www.bostondynamics.com/spot.
“Boston Dynamics Legacy Robots,” Boston Dynamics.
https://www.bostondynamics.com/legacy.

“ANYbotics ANYmal C,” ANYbotics. https://www.anybotics.com/anymal-legged-
robot/.

“Biomimetic Robotics Lab,” MIT MECHE. https://biomimetics.mit.edu.

“Agility Robotics DIGIT,” Agility Robotics. https://www.agilityrobotics.com/digit
Review: DeeplLabv3 — Atrous Convolution (Semantic Segmentation),
https://towardsdatascience.com/review-deeplabv3-atrous-convolution-semantic-
segmentation-6d818bfd1d74

- 66/86 -


https://www.agilityrobotics.com/digit
https://towardsdatascience.com/review-deeplabv3-atrous-convolution-semantic-segmentation-6d818bfd1d74
https://towardsdatascience.com/review-deeplabv3-atrous-convolution-semantic-segmentation-6d818bfd1d74

[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

Datasheets

AZBDC20A8, Analog Servo Drive

Texas Instruments F28388D control CARD, Realtime MCU, Information Guide
HEDS-5540, Absolute Encoder

SN75175, Quadruple Line Receiver

RMF44, Angular magnetic encoder module

2N7002, N-Channel Enhancement Mode Mosfet

6N137, VO2630, High Speed Optocoupler, Single and Dual, 10 MBd.
LM7805, 5V Voltage Regulator

MAX5035, High-Efficiency Switching requlator

MECHANIC NS38 138C 40g Lead-free High TEMP Solder Paste



https://www.a-m-c.com/product/azbdc20a8/
https://www.ti.com/lit/pdf/sprsp14
https://www.ti.com/lit/ug/spruil8b/spruil8b.pdf?ts=1686234096119
https://docs.broadcom.com/docs/AV02-0993EN
http://www.ti.com/lit/ds/symlink/sn75175.pdf
https://www.rls.si/eng/rmb28-rmf44-rmf58
https://www.diodes.com/assets/Datasheets/ds11303.pdf
https://www.vishay.com/docs/84732/6n137.pdf
https://www.sparkfun.com/datasheets/Components/LM7805.pdf
https://datasheets.maximintegrated.com/en/ds/MAX5035.pdf

8 Mapdaptnua A: KardAoyog ESaptnudtwyv TOU

Laelaps Il
Mivakag 8-1. AioTa e§apTnudTwy yia Tnv TAakéta erékraong F28388D Tou Laelaps Il
DESCRIPTION QUANTITY Designator Footprint
HSEC 120 pin 1 J1
HSEC 60 pin 1 J2
RJ-45 Connector Top mount 2 J3,J4
RJ-9 Connector Top mount 2 J6,J7
SN75175D IC 3 U1,U2,U3 SOIC-16
1200hm Resistor 9 R1,R2,R3,R4,R5,R6,R7,R8,R9 R0805
4.7uF capacitor 3 C1,C3,C5 C0603
0.1uF capacitor 3 C2,C4,C6 C0603
3.3k resitor 4 RD3,RD4,RD12,RD22 R0805
1.8K resitor 4 RD1,RD2,RD21,RD11 R0805
Molex 3 pin power connector 1 J5
2x5 female connector 3 SV1,5V2,SV3
LM7805 5V LDO Regulator 1 IC1

Mivakag 8-2. Aiota g§apTnUdTWV yId TNV

mAakéta Tou AZBDC20A8 motor

controller Tou

Laelaps Ill.

DESCRIPTION QUANTITY Designator Footprint
2N7002 N-Channel MOSFET 4 Q11,Q12,Q21,Q22 SOT23
1KQ Resistor 2 R14,R24 R0603
220Q Resistor 5 R1,R2,R3,R4,R5 R0603
100KQ Resistor 2 R11,R21 R0603
10KQ Resistor 1 R3 R0603
330Q Resistor 2 R15,R25 R0603
240Q Resistor 4 R10,R13,R20,R23 R0603
390Q Resistor 2 R12,R22 R0603
1uF Capacitor 2 C11,C13 C0805
100nF Capacitor 2 C12,C14 C0603
RED LED 5 LED1,LED2,LED3,LED4,LED5S R0603
2x5 female connector 1 Sv3
Molex 3 pin power connector 2 J1,J2
100V 100uF Capacitor 1 C1l




9 Mapdaptnua B: Kwdikag ektraidseuong HovréAou
HNXavikng padnong

H avdmruén tou kwdika éyive apxikd oe TrepiBaAAov Notebook, o cuykekpiyéva oTo
Jupyter Notebook, kaBwg eival 1o €UKOAN N TPOTTOTTOINGN ETTIUEPOUG UTTOAEITOUPYIWV TOU
KwWOIK&. ApxiCoupe eiodyovtag TIG atrapaitnTeg BiBAIoBrikeg, PyTorch, OpenCV, NumPy,
Albumentations, tgdm kaBwg¢ Kal KATTOIEG AEITOUPYIEG TOUG:

from collections import defaultdict
import copy

import random

import os

import shutil

from urllib.request import urlretrieve

import albumentations as A

import albumentations.augmentations.functional as F
from albumentations.pytorch import ToTensorV2
import cv2

import matplotlib.pyplot as plt

import numpy as np

from tqdm import tqdm

import torch

import torch.backends.cudnn as cudnn

import torch.nn as nn

import torch.optim

from torch.utils.data import Dataset, Dataloader

import torchvision.transforms as tf
import torchvision.models.segmentation
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21NV ouvéxela dlaBdagoups Ta dedopéva eKTTAIOEUONG KAl Ta aTTOONKEUOUNE OE AIOTEG.
‘ETrerma Tuxaiotroloupe Tnv oeipd Twv dedouévwy aTnv AioTa.

H Ttuyxaiommoinon Tng ocIpdg Twv O£dOPEVWYV €1I00D0U O€ £va VEUPWVIKO BIKTUO gival
onPavTIKA KaBwg uTtropei va BonBroel otnv amoTpoT TG PABnong Twv &edouévwy JE
OUYKEKPIYEVN O€IPd, TTOU PTTOPEI va odnynoel og utrepektraideuon (overfitting) oto ouvoAo
0edouévwy ekTTaideuong.

Oa xpnoiyotroloouPE TIG TTPWTEG X E€IKOVEG Yia eKTTaideuon (training set) kal TIg
uttohoitteg Y yia emkUpwon (validation set). Otav ekTTaideUoupe €va POVTEAO HNXAVIKAG
HABNoNG, XPNOoIUOTTOIOUNE £va OUVOAO deDdOUEVWYV VIO VA TO ekTTaIdEUCOUE (training set) kal
éva Ao oUvoho dedopévwy yia va 1o aglohoyriooupe (validation set). H diaipeon Twv
dedopuévwy o¢ training kai validation sets gival atmrapaitnTn yia Tnv agloAdéynon tng ammdédoong
TOou HovTéAOU pag kal Tnv atmmo@uyn Tou overfitting. To training set xpnoiyotroigital yia va
eKTTAIOEUTElI TO POVTEAO WNXOVIKAG WABNnong. AnAadr, 1o POVTEAO ekTTaIdEUETAI TTAVW OF
auTd Ta dedopéva Kal TTpocapudlel Ta Bapn Tou £TCI WOTE va UTTOPE va KAvel TIPORAEWEIC o€
véa dedopéva. To validation set xpnoipoTroigital yia va aglohoynBei n amrdédoon Tou JoviéAou
oe dedopéva TTou dev €Xouv xpnoidotroinBei yia Tnv ekTraideucr| Tou. ‘ETol, pymmopolue va
eAEYEOUPE €AV TO POVTEAO €XEl HABEI KAAG Ta XAPAKTNPIOTIKA Twy OeDOUEVWV KAl YTTOPED va
YEVIKEUOEI O€ VEQ DEDOEVQ.

Emiong opifoupe pia ouvaptnon (H €§0d6¢ Tng @aivetar oto ZxApa 9-1) yia v
aTTeIkOVION TOUG, yia va BeBaiwBolpe TTWG ival oTNV owaoTr open yia €icodo kal €060 aTo
MOVTEAO:

original_width = 2704
original_height = 2032

dataset_directory = os.path.join("./lab_pics")
root_directory = os.path.join(dataset directory)
images_directory = os.path.join(root _directory)
masks_directory = os.path.join(root_directory, "labels")

images_filenames = list(sorted(os.listdir(masks_directory)))
correct_images_filenames = [i for i in images_filenames if
cv2.imread(os.path.join(images_directory, i)) is not None]

random.seed(40)
random.shuffle(correct images filenames)

train_images_filenames = correct_images filenames[:60]
val_images_filenames = correct_images_filenames[60: ]
test_images_filenames = images_filenames[-10:]

print(len(train_images_filenames), len(val_images_filenames),
len(test_images filenames))

def display_image grid(images_filenames, images_directory, masks_directory,
predicted masks=None):
cols = 3 if predicted masks else 2
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rows = len(images_filenames)
figure, ax = plt.subplots(nrows=rows, ncols=cols, figsize=(10, 24))
for i, image_filename in enumerate(images_filenames):
image = cv2.imread(os.path.join(images_directory, image_filename))
image = cv2.cvtColor(image, cv2.COLOR_BGR2RGB)

mask = cv2.imread(os.path.join(masks_directory, image_filename),9)
ax[i, @].imshow(image)
ax[i, 1].imshow(mask, interpolation="nearest")

ax[i, @].set_title("Image")
ax[i, 1].set title("Ground truth mask™)

ax[i, 0].set_axis_off()
ax[i, 1].set_axis_off()

if predicted_masks:
predicted_mask = predicted_masks[i]
ax[i, 2].imshow(predicted mask, interpolation="nearest")
ax[i, 2].set_title("Predicted mask")
ax[i, 2].set_axis_off()
plt.tight layout()
plt.show()

Image Ground truth mask

Ground truth mask

ZxAua 9-1. ‘E§odog Tng ouvdptnong display _image().
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‘Emreira utroAoyiCoupe Tnv péon TiA Kal Tnv dlaoTropd Twv pixels o 6Ao 10 ogUvoAo
eKTTaidEUONG TWV €IKOVWY €I0000U. 2Tnv €mMOuevn Trapdypago Ba egnyrnioouue vyiaTi
XPEIACOVTAI AUTEG Ol TIMEG.

mean = np.array([0.,90.,0.])
stdTemp = np.array([0.,0.,0.])
std = np.array([0.,0.,0.])

numSamples = len(images_filenames)

for i,image_filename in enumerate(images_filenames):
im = cv2.imread(os.path.join(images_directory, image_filename))
im = cv2.cvtColor(im, cv2.COLOR_BGR2RGB)
im = im.astype(float) / 255.0

for j in range(3):
mean[j] += np.mean(im[:,:,3])

mean = (mean/numSamples)

print(mean) # [0.5359456 0.57724129 0.54770349]

for i,image_filename in enumerate(images_filenames):
im = cv2.imread(os.path.join(images _directory, image filename))
im = cv2.cvtColor(im, cv2.COLOR_BGR2RGB)
im = im.astype(float) / 255.
for j in range(3):
stdTemp[j] += ((im[:,:,3] - mean[j])**2).sum()/(im.shape[0]*im.shape[1l])

std = np.sqrt(stdTemp/numSamples)

print(std) #[0.23438126 0.23149222 0.26260811]

21NV ouvéxela opifoupe pia kKAdon officeDataset yia Ta dedopéva ektraideuong atrd 10
auTtréAl Tou epyaoTnpiou. H dnuioupyia Tng KAdong pag PBonBdsl woTe ave¢dptnta armmo Tnv
QPXIKI HOP®r TwV OEDOUEVWY EKTTAIDEUCNG VA ETTIOTPEPOVTAI OTO JOVTEAO O€ [ia Hop®r PE
Tnv oTtroia eival cupBatd. MNa Tapddelyya ptopei o€ KAtola kaivoupla dedopéva
ekTTaideuong va UTTApXEl OIAPOPETIKI AVTIOTOIXIO PETALU TWV OVOUATWYV APXEIWV EIKOVWV
elo6dou Kal €€O600U A va BEAEl KATTOIO BIOPOPETIKA TTPOETTEEEPYATIA N TUNUATOTTOINKEVN
eIkOva. Anuioupyouue AOITTOV yia KABE SIAQOPETIKT HOP@r) edOPEVWY EKTTAIdEUONG TNV BIKN
NG kAAdon. OAeg ol kKAdoelig aveCapTTwg TNG APXIKAG MOPPAG Twyv Oedouévwy 1A
ETTIOTPEPOUV GE HOPPI) TUUPBATA UE TO JOVTEAO.

A@ou éxouue opioel Tnv kKAGon officeDataset, dnuioupyoUue Ta avTIKEiMEVa TG KAAoNG
autng train_dataset kai validation_dataset tou TrepiAauBdvouv 1o dedouéva yia Tnv
ektTaideuan kal TNV agloAdynon tou poviélou avtioToixa. MNa 1a dUo autd oeT OedOUEVWV
OpiCOUPE KAl TOUG QVTIOTOIXOUG METAOXNMATIOPOUG train_transform kai val_transform
OTTWG TTEPIypA@ovTal 0To 0TO KePAAaio 4.3.4 péow TnG PBiBAI0BRkNg Albumentations. @a
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ETTAUEAOOUNE TTPOPAVWG HOVO Ta dedopéva  ekTTaideuong, OToTE OTO train_transform
opioupe HETAOXNUATIONOUG TIEPIOTPOPNG, METATOMIONG, COUM, QWTEIVOTNTAG/avTiBEoNS
KABwG Kal TIG AVTIOTOIXEG TIMEG TOUG TTAPANETPOTTOINONG. TEAOG, KAVOVIKOTTOIOUME TNV PEON
TIUA Kai TV dlacTTopd TWV pixel TNG KABe €IKOvag OTIC AVTIOTOIXES TIMEG TTOU UTTOAOYICAE yia
TO OUVOAO TwV OEDOPEVWV EKTTAIDEUONG.

H kavovikoTtroinon Ttwyv Oedopévwv €IKOVWY O €QAPUOYEC PNXAVIKAG PABnong eivai
ONPAvTIKA KABWG PEIVEI TNV SIAKUPAVON TwV BEOOPEVWY EIKOVAG KAl ETTITPETTEI GTO POVTEAO
VO OUYKEVTPWOEi o€ KOIVEG opOoIOTNTEG/DIapopéG ae OAO TO OUVOAO Oedouévwy, avti va
eTnpeacTei atrd TNV EAAEIYn opoloyévelag. Mropei Aoitdév va BonBAcel 0TV atToQuyr] Tou
overfitting. OuolaoTikd, N KavovikoTroinon UTTopei va eCouaAivel Ta dedouéva EIKOVAG Kal Va
MEIWOEI TIG OKPAIEG TIUEG, KATI TTOU PTTOPEi va BonBrioel otnv atro@uyr TnG UTTEPPBOAIKAG
TTPOCAPMOYNG TOU JOVTEAOU.

O peTraoxnuamioPog TOU  ouvolou Twv  Oedopévwv  afloAdynong  TTPOYAVWG
TTIPAYHMATOTIOIEI HOVO KAVOVIKOTTOINON oTa OeSOMEVA WE TIC iDIEC TIEG, XWPIC Kauia eTTaugnan.

class officeDataset(Dataset):
def _init (self, images_filenames, images_directory, masks_directory,
transform=None):
self.images_filenames = images_filenames
self.images_directory = images_directory
self.masks_directory = masks_directory
self.transform = transform

def _len_ (self):
return len(self.images filenames)

def _ getitem (self, idx):
image_filename = self.images_filenames[idx]
image = cv2.imread(os.path.join(self.images_directory,image_filename))
image = cv2.cvtColor(image, cv2.COLOR_BGR2RGB)
mask = cv2.imread(os.path.join(masks_directory, image_filename),9)
mask = mask.astype(float) / 255
mask[mask>9.5]=1.0
mask[mask<=0.5]=0
if self.transform is not None:
transformed = self.transform(image=image, mask=mask)
image = transformed["image"]
mask = transformed[ "mask"]
return image, mask

train_transform = A.Compose([A.Resize(600,600),
A.ShiftScaleRotate(shift_limit=0.2, scale limit=0.2,rotate_limit=30,p=0.5),
A.RGBShift(r_shift_limit=25,g shift_limit=25, b_shift_1limit=25, p=0.5),
A.RandomBrightnessContrast(brightness_1imit=0.3, contrast_limit=0.3, p=0.5),
A.Normalize(mean=(0.49698316, 0.51454199, 0.43739734),
std=(0.20042156,0.20729762, 0.30175445)),ToTensorv2(),])
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train_dataset = officeDataset(train_images_filenames, images_directory,
masks_directory, transform=train_transform,)

val_transform = A.Compose(

[A.Resize(600, 600), A.Normalize(mean=(0.49698316, 0.51454199, 0.43739734),
std=(0.20042156, ©0.20729762, ©.30175445)), ToTensorV2()]
)
val dataset = officeDataset(val_images_filenames, images_directory,
masks_directory, transform=val_transform,)

MNa Tnv oOTmKOoToiNon Twv METAOXNMOTIOHWY  Kal TV  empBepaiwon 6T
TIPAyHaTOTTOIOUVTAl CWOTA, opifoupe TNV ouvdapTtnon visualize_augmentations(). H ¢£086¢
™G @aivetal oto ZXAMa 4-7. H ouvdpTnon auth €TMOTPEPEl Wia eTTIAEypEVN €IKOva OTTWG
ETTNPEACETAI ATTO TOV KABE PETAOXNMOATIONO:

def visualize_augmentations(dataset, idx=0, samples=30):
dataset = copy.deepcopy(dataset)
dataset.transform = A.Compose([t for t in dataset.transform if not
isinstance(t, (A.Normalize, ToTensorV2))])
figure, ax = plt.subplots(nrows=samples, ncols=2, figsize=(10, 24))
for i in range(samples):
image, mask = dataset[idx]
ax[i, @].imshow(image)
ax[i, 1].imshow(mask, interpolation="nearest")
ax[i, 0].set_title("Augmented image")
ax[i, 1].set title("Augmented mask")
ax[i, 0].set_axis_off()
ax[i, 1].set_axis_off()
plt.tight layout()
plt.show()

visualize augmentations(train_dataset, idx=5)

‘Etreita opiCoupe éva TARBOG cuvaptiioewv Kal KAGOEwv yia Tnv eKmmaideuon Tou
MovTéhou. H kAdon MetricMonitor BonBd otnv TapakoAoubnon MPETPACEWY OTTWG N
akpiBela (accuracy) 1 n ouvaptnon kooTtoug (Loss function) katd TN diGpKela TNG
eKTTai®EUONG KaI TNG ETTIKUPWONG.
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class MetricMonitor:
def init (self, float precision=3):
self.float_precision = float_precision
self.reset()

def reset(self):
self.metrics = defaultdict(lambda: {"val": @, "count": @, "avg": 0})

def update(self, metric_name, val):
metric = self.metrics[metric_name]

metric["val"] += val
metric["count"] += 1
metric["avg"] = metric["val"] / metric["count"]

def _str_ (self):
return " | ".join(
[
"{metric_name}: {avg:.{float_precision}f}".format(
metric_name=metric_name, avg=metric["avg"],
float_precision=self.float_precision
)

for (metric_name, metric) in self.metrics.items()

]

OpIop6Gg oUVaPTACEWY YIA EKTTAIOEUOT KAl ETTIKUPWON:

def train(train_loader, model, criterion, optimizer, epoch, params):
metric_monitor = MetricMonitor()
model.train()
stream = tqdm(train_loader)
for i, (images, target) in enumerate(stream, start=1):
images = images.to(params["device"], non_blocking=True)
target = target.to(params["device"], non_blocking=True)
output = model(images)[ 'out']
loss = criterion(output, target.long())
metric_monitor.update("Loss", loss.item())
optimizer.zero_grad()
loss.backward()
optimizer.step()
stream.set_description(
"Epoch: {epoch}. Train. {metric_monitor}".format(epoch=epoch,
metric_monitor=metric_monitor)

)
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def validate(val loader, model, criterion, epoch, params):
metric_monitor = MetricMonitor()
model.eval()
stream = tqdm(val loader)
with torch.no_grad():
for i, (images, target) in enumerate(stream, start=1):
images = images.to(params["device"], non_blocking=True)
target = target.to(params["device"], non_blocking=True)
output = model(images)[ 'out']
loss = criterion(output, target.long())
metric_monitor.update("Loss", loss.item())
stream.set_description(
"Epoch: {epoch}. Validation. {metric_monitor}".format(epoch=epoch,
metric_monitor=metric_monitor)

)

def create_model(params):

model = torchvision.models.segmentation.deeplabv3_resnet50(pretrained=True)
# Load net

model.classifier[4] = torch.nn.Conv2d(256, 2, kernel_size=(1, 1), stride=(1,
1)) # Change final layer to 2 classes

model = model.to(params["device"])

return model

def train_and_validate(model, train_dataset, val_dataset, params):
train_loader = Dataloader(
train_dataset,
batch_size=params["batch_size"],
shuffle=True,
num_workers=params["num_workers"],
pin_memory=True,
)
val_loader = Dataloader(
val_dataset,
batch_size=params["batch_size"],
shuffle=False,
num_workers=params["num_workers"],
pin_memory=True,
)
criterion = torch.nn.CrossEntropylLoss().to(params["device"])
optimizer = torch.optim.Adam(model.parameters(), lr=params["1lr"])
for epoch in range(1, params["epochs"] + 1):
train(train_loader, model, criterion, optimizer, epoch, params)
validate(val_loader, model, criterion, epoch, params)
print("Saving Model" +str(epoch) + ".torch")
torch.save(model.state _dict(), str(epoch) + ".torch")
return model
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def predict(model, params, test_dataset, batch_size):
test_loader = Dataloader(
test_dataset, batch_size=batch_size, shuffle=False,
num_workers=params["num_workers"], pin_memory=True,
)
model.eval()
predictions = []
with torch.no_grad():
for images, (original_heights, original_widths) in test_loader:
images = images.to(params["device"], non_blocking=True)
output = model(images)[ 'out']
probabilities = torch.sigmoid(output)
predicted masks = (probabilities >= 0.5).float() * 1
predicted_masks = predicted_masks.cpu().numpy()
for predicted_mask, original_height, original_width in zip(
predicted_masks, original_heights.numpy(), original_widths.numpy()
):
predictions.append((predicted_mask, original_height, original_width))
return predictions
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TOU POUTTOT

H avamtuén tou kwdika éAeyxou Tou robot £yive oto Visual Studio Code atreuBeiag oe €va
apxeio Python (infer_zed.py). O kWwdIKag autdg ekTeAei TO state machine TTou Treplypdyape
oTo Ke@ahaio 4.5.5. ApyxiCoupe eicdyoviag TIC amapaitntes PIBAIOBNAKES yia  Tnv
TUNPATOTTOINCON TNG E€IKOVOG KOl €gaywyr Tng atraitouuevng TAnpogopiag: PyTorch,
OpenCV, NumPy kabwg kai Tnv BiBAI0BrAKn PyZed yia Tnv emkoivwvia pe Tnv Zed camera
Kl TOUG AIoONTAPES TNG:

import cv2

import torchvision.models.segmentation

import torch

import torchvision.transforms as tf

import matplotlib.pyplot as plt

import os

import numpy as np

from torch.utils.data import Dataset, Dataloader
import random

import albumentations as A

from albumentations.pytorch import ToTensorV2
import pyzed.sl as sl

import time

import sys

import math

import socket

‘Etreira opifovrtal d1d@opol TTapdueTpol. To TTpwTo Ceuydpl udp TTOPAPETPWY OpICEl TNV
d1evBuvon kail Tnv BUpa Tou pIkpoUTToAoyIoTr) Raspberry Pi oTov o1Toio 0TEAvOVTaIl OI EVTOAEG
KIVIO€IG Héow Tou TTpwTOkoAAou UDP. 'Emreira e tnv mapduetpo VELOCITY opiletal n
YPOAMMIKA TaxuTnTa Tou robot o€ otoiadnToTe Kivnon Kai av Kavel. H TTapaueTpog
analysis_size opiel T0 pé€yeBog TTOU YiveTal resize n eiIkdva TNG KAUEPAG TTPIV TNV €i00806 TNG
OTO MOVTEAO unxavikAg padnong. Mikpdtepo péyeBog odnyei o€ TayxUTepn €KTEAEON TOU
MovTEAOU pE KOOTOG XeIpoTePn akpiBeia. MNa analysis_size=480 trapatnerioaue TTOAU KAAR
OKpPIBEIO, OTOV XWPO TOU €PYOCTNPIOU PE TaXUTNTA EKTEAEONG TOU KUPIOU BPOXOU €AEyXOU
yUpw o1o 1.2Hz.

UDP_IP = "192.168.0.100"
UDP_PORT = 1234

#SPEED
VELOCITY = 3000

#IN VINEYARD PARAMETERS
#image size fed to CNN (smaller is faster, but loss on detail)
analysis size = 480
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#%threshold of deviation from center to begin steering
steer_sensitivity=7

#TURNING PARAMETERS
#tpercentage of white pixels to background to initiate rotation
end_thres=5

#for how much time to move forward during N maneuver
forward _interval=10
backward_interval=0

#for how much time to move side during N manuevre (depends on row spacing)
sideways_interval=10

#direction of rotation
ROT = False

#MODEL SETUP
#tpath of model
model name = "entire_model 7@samples.pt”

#for image transformations
model mean = (0.49698316, 0.51454199, ©.43739734)
model std = (0.20042156, 0.20729762, 0.30175445)

‘ETTeITa opiCoUpE TIG CUVAPTAOEIG YIA TNV ATTOOTOAN TTAKETWY UDP pE TIG EVTOAEG Kivnong
oto RPi 110U €Aéyxel TO pouttoT. H ouvdptnon send_speed &éxetal 3 TTAPAUETPOUG TNV
YPOAMMIKA TaxUTNTA WG TTPOG X KAl y KABwG Kal TNV ywviakA TaxUutnTa w. To robot poAig dob¢i
Mia Tétoia evioAn diatnpei I OO UEVES AUTEG TaXUTNTEG.

def print_udp(msg):
sock = socket.socket(socket.AF_INET, socket.SOCK_DGRAM)
sock.sendto(bytes(msg, "utf-8"), (UDP_IP, UDP_PORT))
sock.close()
print("UDP -> " + msg)

def send_speed(x,y,rot):
print_udp('ix' + str(x) + 'y' + str(y) + 'r' + str(int(rot)))

‘Emreira opioupe pia ouvdptnon yia Tnv JETATPOTIH TOU CUCTANATOG TTPOCAVATOAICHOU
atré TeETPadOvia (quaternions) oe ywvieg Euler. H ouvaptnon auti xpnoidoTrolgital KaBwg n
BIBAI0BAKN PyZed tTou &iafdlel Toug aioBnTAPES TNG Zed ETTIOTPEPEI TOV TTPOCAVATOANICHO
MOVO o€ TETPadOVIA.
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def euler_from_quaternion(w,x, y, z):

ysqr =y *y

t = +2.0 * (w * X +y * z)

tl = +1.0 - 2.0 * (x * X + ysqr)

X = np.degrees(np.arctan2(te, t1))

t2 = +2.0 * (w*y -z * x)

t2 = np.clip(t2, a_min=-1.0, a_max=1.0)
Y = np.degrees(np.arcsin(t2))

t3 = +2.0 * (w* z + x *y)

t4 = +41.0 - 2.0 * (ysqr + z * z)

Z = np.degrees(np.arctan2(t3, t4))

return X, Y, Z

TENOG opifoupe pia ouvapTNON TTOU PAG ETTITPETTEI VA EICAYOUNE OTO MOVTEAO PNXAVIKAG
HaBnong pia eikéva tnv opd avti yia éva batch. H ouvdptnon auth attAwg TTpooBETEl AAAN
Mia d1doTacr oTnv €IkOva e PéyeBog 1, HEow TNG €VTOANG unsqueeze (@), SNUIOUPYWVTAG

¢va batch pe pia povo eikéva.

#function for predicting single images
def predict_single(model, params, img):

test_transform = A.Compose(

[A.Resize(analysis_size, analysis_size), A.Normalize(mean=model_mean,
std=model_std), ToTensorvV2()])

img = test_transform(image=img)
img = img["image"]
img = img.unsqueeze(0)

model.eval()
predictions = []
with torch.no_grad():
img = img.to(params["device"], non_blocking=True)
output = model(img)[ 'out’]
probabilities = torch.sigmoid(output)
predicted masks = (probabilities >= 0.5).float() * 1
predicted_masks = predicted_masks.cpu().numpy()
return predicted_masks

O TapakdTw KWOIKAG QOPTWVEI TO HPOVTEAO UNXAVIKAG WABNONG, €vepyoTrolEl TNV
Agitoupyia NG Kapepag Zed oe avaluon 720p kal apXIKOTTOIEl SIAPOPEG PETABANTEG TTOU

XPNOILOTTOIOUVTaI OTOV KUPIO BPOXO TOU TTPOYPAHUUATOG
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#load neural model to gpu
device = torch.device('cuda')
Net = torch.load(model_name)
Net = Net.to(device)
Net.eval()

#ZED SETUP
# Create a ZED camera object
zed = sl.Camera()

# Set configuration parameters
input_type = sl.InputType()
init = sl.InitParameters(input_t=input_type)
init.camera_resolution = s1.RESOLUTION.HD720
# Open the camera
err = zed.open(init)
if err != sl.ERROR_CODE.SUCCESS :
print(repr(err))
zed.close()
exit(1)

# Set runtime parameters after opening the camera
runtime = sl.RuntimeParameters()
runtime.sensing mode = s1.SENSING_MODE.STANDARD

# Prepare new image size to retrieve half-resolution images
image_size = zed.get_camera_information().camera_resolution
image_size.width = image_size.width

image_size.height = image_size.height

# Declare your sl.Mat matrices
image zed = sl.Mat(image size.width, image size.height, s1.MAT_TYPE.U8 C4)

#sensor data
sensors_data = sl.SensorsData()

#fmaster switch for robot control
master=True

#variable for measuring FPS
prev_time = time.time()

#pixel count variable
pixel count=0

init_turn = False
init_turn_master = True
init_angle = 0
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AkoAouBei 0 KUpIOG BPOXOG Tou TTPOYPAUUATOG, TTou atroTeAsital atrd éva while loop.
OuolaoTikéd €dw ekTeAoUvVTaI OI AgiIToupyieg TTou TTepIypd@TnKav oTo state machine. Apxikd,
TO TTPOYPAUMG APXIKA €AEyxel av TTATABNKavV KATTola TTAAKTPA (, space, t Kal avrioToixa
TEPMOTICEI, EVEPYOTTOIEI/ATTEVEPYOTTOIEI TOV €AEYXO KATEUBUVONG, EVEPYOTTOIEI/ATTEVEPYOTTOIEI
TNV dladikacia aAAaynG oEIpAg auTTeEAIOU.

key =
while key != 115 :
if (key == 113): #press q to terminate udp session
print _udp('b")
print('q pressed - exiting..')
exit(1)

if (key == 32):
print('space pressed - toggling master')
if (master == True):
master = False
print_udp('b")
else:
master = True

if (key == 116):
print('t pressed - toggling turning function')

if (init_turn_master == True):
init_turn_master = False
else:

init_turn_master = True

‘ETreira karaypda@el Tnv €IKOVa atrd TNV KAPEPQA, YIiVETAl resize oTo PEYEBOG TTOU EXEI
oploTei Kal divetal WG €i0odo¢ OTO WOVTEAO HNXAVIKAG MHABNONG, &vw TTapAAAnAa
aTTeIkovieTal Kal 0€ éva TTapdbupo e emMTTPOCOETEG TTANPOPOPIEG OTOV TiTAO, OTTWG TNV
avdAuon, FPS. H teAikn €€060¢ atroOnkeueTal oTnv PeTaBAnTr img.

err = zed.grab(runtime)

if err == s1.ERROR_CODE.SUCCESS :
# Retrieve the left image, depth image in the half-resolution
zed.retrieve_image(image_zed, s1.VIEW.LEFT, s1.MEM.CPU, image_size)

# To recover data from sl.Mat to use it with opencv, use the get data()
method

# It returns a numpy array that can be used as a matrix with opencv

image ocv = image_zed.get _data()

cv2.imshow("In", cv2.resize(image_ocv, (840,540), interpolation =
cv2.INTER_AREA))

time_now=time.time()
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cv2.setWindowTitle("In", "In - RES=" + str(analysis_size) + " FPS=" +
str(round((1.9 / (time _now - prev_time)),2)) + " Fill%=" +
str(pixel_count/(840*540)*100.0))

prev_time=time_now

image_ocv=cv2.cvtColor(image_ocv, cv2.COLOR_BGR2RGB)

#predict classes with CNN
out = predict_single(Net, image_ocv)[0][1]

img = out.copy()
width=img.shape[1]
img = 1-img #flip 0 & 1

AkoAouBei n ouvdaptnon uttoAoyiopoU TNG MEONG YPOAMMAG TTou TTEPIypAYapE OTo
Kepdhaio 4.54. EOw Ba avaAlooupe TIWG €KTEAOUVTAI Ol UTTOAEITOUPYiEG TG
TTpoypappaTioTIKG. Na Tnv eipeong TNG OTAANG PE TA TTEPICOOTEPO AOTIPA piXels eAEYXOUME
01a00XIKG OAEG TIG OTAAEG KAl ATTOBNKEUOUE TO EYAAUTEPO TTANBOG TTOU £XOUNE BPEL.

#find widest column of image
max_col=0
for i in range(width):
c=np.count_nonzero(img[:,1i])
if (c>max_col): max_col=c

Me Bdaon autd Tov aplBus, dNUIOUPYOUUE TO KATWQAI ETTIAOYHG TwV VOIANECWY OTNAWV
wg¢ €va TToo00TO auToUu Tou apIBuou. MNa otroiadrTToTe OTHAN TToU £XEl TTARBOG AoTTpwV pixel
MIKPOTEPO aTTO aUTOV Tov apiBud, amobnkeloupe Tnv B€on TG otnv Aiota gap. Emerra
Bpiokoupe TNV péON ypapurn TTou gival To oToixeio diduecog (median) autig Tng AioTag.
TéNog uttoAoyiCoupe TNV TIMA TTOCOOTIAIOU COAAPATOG OTTWG TNV TTEPIYPAWAUE OTO KEQAAQIO
4.5.3 ka1 TNV atmodnkeUoupe oTnv YETaBANTA divergence.

#tselect all columns smaller than percent_thres*100% of widest column
percent_thres=0.1
threshold=max_col*percent_thres
gap = []
for i in range(img.shape[1]):
if (np.count_nonzero(img[:,i])<threshold):
gap.append(i)
gap= np.array(gap)
if (gap.any()):

mid = gap[int(gap.shape[0]/2)] # find mid
else:
mid = width/2

divergence=(mid-width/2)/(width/2)*100 # find divergence from center
(append /(width/2)*100 for percentage)
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To TTpOypaupa ETTEITA TTPETTEI VO aTTOQACicel TTolo Ba gival To €TTOUEVO State oTo state
machine OTwg TePIypAPeTal oTo KeEQAAaio 4.5.5. YTmoAoyiCel Aoimmév tnv TTARBOG Twv
aotpwv pixel péow NG ouvaptnong NumPy count_nonzero kal avaAdywg av Bpickovral
mTavw 1 KATw ammd To KATWQAI PeTapaivel kal oTnv avtioToixn Aciroupyia aAAalovrag Tnv

TIUAG TNG METABANTAG init_turn.

#tcheck if we have reached end
size = img.shape[0@]*img.shape[1]*(end_thres/100.0)
pixel count = np.count_nonzero(img)
if (pixel count < size):
init_turn = True

Av 1O TIpOYpaPUa HeToPei o€ vision control state, ekTeAei proportional control oTnv
ywviokh TaxutnTa w Tou robot Bdon Tou TOCOCOTOU GQAAUATOG TTOU EiXANE TTPONYOUNEVWIG
amoBnkevoel otnv peTaBAnT divergence, diatnpwvTtag OTABEP YPAUMIKA euTTPOOBIa
TaXUTNTA YETATOTTIONG X, OTTWG TTEPIYPAPETAI KAl OTO KEQYAAQIO 4.5.3.

if (master == True and init_turn == False):
print(divergence)
if (divergence>steer_sensitivity):
print('a")
send_speed(VELOCITY,9,divergence/100*VELOCITY)
if (divergence<-steer_sensitivity):
print('b")
send_speed(VELOCITY,Q,divergence/100*VELOCITY)
if (abs(divergence)<=steer_sensitivity):
send_speed(VELOCITY,0,0)

AVTIBETWG, av To TTPOYpaUMa YETABEI 0 maneuver execution state, ekTeAei TTpwTa pia
METATOTTION €UBEia WOTE va gival APKETA ATTOPNOKPUOUEVO ATTO TO QUTTEAI yIO va PTTOPE va
oTpiYel eKATEPWOEV TIPOG TNV €TTOUEVN OEIPAG, KATAYPAQPOVTAG Kal TOV apXIKO Tou
TTPOCAVATOAIONO HECW TOU ETTITAXUVOIOPETPOU TNG Zed.

print("INITIALISED TURNING SEQUENCE")
#get sensors
zed.get_sensors_data(sensors_data, sl.TIME_REFERENCE.CURRENT)
g = sensors_data.get _imu_data().get pose().get_orientation().get()
x_deg,y_deg, z_deg = euler_from_quaternion(q[@],q[1],q9[2],9[3])
init_angle = y_deg

#now we perform M turn

#move forward

print("MOVING FORWARD")
send_speed(VELOCITY,0,0)
time.sleep(forward_interval)
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10 MNapdaptnua I': Kwdikag eAéyxou kateubuvong Tou pOuTTOT

‘Emeita ekTeAEl pia mepioTpopry 90 poipwv yUpw atrd Tov €autd Tou uE Bdon TOv
TTPOCGAVATOAIOHO TOU ETTITAXUVOIOWETPOU.

#start rotating
print("STARTING FIRST ROTATION")

print("initial angle = " + str(init_angle))
if (ROT):

send_speed(9,0,VELOCITY)
else:

send_speed (0,0, -VELOCITY)

#rotate up to 90 degrees
total=90
prev_angle=init_angle

while (total»>9):
zed.grab(runtime)
zed.get sensors_data(sensors_data, sl.TIME_REFERENCE.CURRENT)
g = sensors_data.get_imu_data().get_pose().get_orientation().get()
x_deg,y deg, z deg = euler_ from_quaternion(q[9],q9[1]1,9[2]1,9[3])
if (int(y_deg) != int(prev_angle)):
diff = abs(int(y_deg)-int(prev_angle))
prev_angle = int(y_deg)
total=total-diff
print("current angle=" + str(int(y_deg)) + " total=" + str(total))
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10 MNapdaptnua I': Kwdikag eAéyxou kateubuvong Tou pOuTTOT

Mapopoiwg ekTeAEl pia PeTATOTTION €UBEia aAAG €TTEId TTAéov BpioKeTal KABETA OTO
autréAl Ba aAAagel oeipd. ‘Emera kdver ava pia trepiotpo@ry 90 poipwv  yia va
eUBUYPAUMIOTEl Pe TNV emTOpevn oeipd kal petaBaivel Eavd oto Vision Control state,
opifovrtag Tnv PeTaBANTA init_turn oe False. 'ETo1 av 10 pouTroT AOYyWw QVWHPOAIWY OTO
£00@og Oev £xel BpeBei akPIBWG OTO KEVTPO TNG OLIPAG 1 £XEl ATTOKAIVWY TTPOCAVOTONICHO
Ba euBuypaPUIoTE QUTOMATA KABWG PTTAIVEI OTO QUTTEA.

#move sideways
print("MOVING SIDEWAYS")
send_speed(VELOCITY,0,0)
time.sleep(sideways_interval)

#start second rotation

zed.get _sensors_data(sensors_data, sl.TIME_REFERENCE.CURRENT)

g = sensors_data.get_imu_data().get_pose().get_orientation().get()
x_deg,y deg, z deg = euler_ from_quaternion(q[9],q[1]1,9[2],9[3])
init_angle = y_deg

print("STARTING SECOND ROTATION")

print("initial angle = " + str(init_angle))
if (ROT):

send_speed(0,0,VELOCITY)
else:

send_speed (0,0, -VELOCITY)

#rotate up to 90 degrees
total=90
prev_angle=init_angle
while (total>9):
zed.grab(runtime)
zed.get _sensors_data(sensors data, sl.TIME_REFERENCE.CURRENT)
g=sensors_data.get_imu_data().get_pose().get_orientation().
get()
x_deg,y deg, z deg = euler_ from quaternion(q[@],q[1]1,9[2]1,9[3])
if (int(y_deg) != int(prev_angle)):
diff = abs(int(y_deg)-int(prev_angle))
prev_angle = int(y_deg)
total=total-diff
print("current angle=" + str(int(y_deg)) + " total=" + str(total))

#move backwards

print("MOVING BACKWARD")
send_speed(VELOCITY,0,0)
time.sleep(backward_interval)
init_turn=False

print("RE-ENTERING IMAGE CONTROL")
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