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Abstract

In this thesis we propose a solution to a multi-objective optimization problem for an
autonomous inspection task conducted in an outdoor environment, using a mobile robot.
A user selects certain elements that require inspection, and our programs based on this
input and the environment’s map information suggest the optimal sequence of waypoints
to be visited. The metrics we account for are both the time constraint of the total move-
ment, directly related to the total distance and energy consumed, and the maximization
of the visual and infrared data captured during the inspection. We thoroughly analyzed
related work found in the literature, proposed and implemented a methodology to ad-
dress the aforementioned challenge. To achieve this we transform the whole problem into
smaller ones and solve each one separately. This, firstly, involves an interesting point se-
lection task and a path planning one, both of which take place offline as pre-processing
steps. Then based on these data and the user’s input, we transform the extracted problem
into a Generalized Traveling Salesman Problem, and employ the GLNS Solver to solve it,
as it demonstrates superior overall performance compared to the other state of the art

approaches.

Keywords

Mobile robotics, Path planning, Autonomous inspection, Multi-objective optimization,
Generalized Traveling Salesman Problem (GTSP)






ITepiindn

Se aut th diplwmatik protenoume m-a I sh gia tna pr blhma beltistopo-hshc pol-
lapl ,n krithr-wn pou anaftretai se m-a ergas-a epije, rhshc stoige-wn exwteriko g, rou
me gr sh aut nomou kino menou tetr troqou romp t. 'Enac qr sthc epiltgei sugkekrimtna
stoige-a pou kr-ei gr simo na epijewrhjo n, kai ta progr mmat mac me th seir touc b sei
the epilog ¢ aut ¢ kai plhrofori,n gia to q rth tou perib Ilontoc auto , pou e-ai ap
prin gnwsttc, protenoun th btltisth akolouj-a ap shme-a pou pripei na episkefte- to ro-
mp t gia na fLrei se ptrac me btltisto tr po thn proanaferje-sa ergas-a. Oi metriktc pou
lamb noume up yin enai t so o sunolik ¢ qr noc thc knhshc, pou tgei mesh susqgttish
me th sunolik ap stash kai entrgeia pou ja katanalwje- telik,c, kaj ,c kai h sunolik
optik kai uptrujrh plhrofor-a pou ja sulleqje-. Anal same diexodik sqetik trga thc
bibliograf-ac kai sgedi same kai ulopoi same m-a mtjodo gia to skop aut . S mfwna me
aut , metatrtpoume to pr blhma se mikr tera kai I noume to k je tna xeqwrist . Aut apo-
telo ntai argik , ap m-a diadikas-a e reshc pijan,n shme-wn endiaftrontoc pou apotelo n
kaltc eikonolhptiktc jtseic kai m-a diergas-a sqed-ashc monopati, n, ta opo-a dienergo ntai
proparaskeuastik gia th suntgeia. Akolo jwc, b sei aut,n twn dedomtnwn Kkai thc epi-
log c tou qr sth, metatrtpoume to pr blhma se Genikeumtno Pr blhma Plan diou Pwlht
kai to 1 noume grhsimopoi,ntac ton GLNS Solver, pou parousi zei tic kal terec epid seic
sugkritik me touc up loipouc state of the art 1 tec.

Ltxeic Kleidi

Kinht romp t, Alg rijmoi sged-ashc monopati,n, Aut nomh epije, rhsh, Polukrithria-
k beltistopo-hsh, Genikeumtno Pr blhma Plan diou Pwlht
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Ektetamenh Perblhyh

1. Eisagwg

Wc kinht” rompit orBzontai ta rompit pou den égoun stajer b"sh kai éqoun th duna-
tithta na metakinoOntai eleOjera se di*fora perib’llonta.

Priblhma beltistopoPhshc légetai éna priblhma gia to opobo kanebc kalebtai na d,sei
thn kalOterh IOsh metaxO poll,n pijan,n I0sewn.

H ergasba mac anaféretai se éna mikri autinomo tetr'trogqo kinhti rompit, gia to opobo
kaloOmaste na anaptOxoume algorbjmouc gia na epilOsoume éna priblhma beltistopoPhshc
anaforik™ me mba ergasba epije,rhshc se kentra uyhl ¢ t"shc tou ADMHE (Anexrthtoc
Diageirist ¢ Metafor’c Hlektrik ¢ Enérgeiac) sta plabsia tou progrrmmatoc ENORASH.

H diadikasba kai h méjodoc pou proteBnoume ebnai pio genik kai mporeb na epektajeb profan,c
kai se “llec efarmogéc.

To priblhma égei we ex c. Up“rqoun difora stoigePa, hlektrologik™ sthn paroOsa
f’sh, ta opoPa jéloume na epijewr soume me autinomo tripo sto exwteriki auti perib~llon
pou kinebtai to rompit, ipwc fabnetai kai sthn Eikina 1. H epije,rhsh pragmatopoiebtai
trab,ntac fwtografbec se orati f'sma, all” kai uperOjrec. 'Eqoume sth di‘jes mac
éna q’rth pou apeikonbzei thn topologik anapar’stash tou exwterikoO pedbou, debgnei gia
par"deigma thn kibsh se kaje shmebo kai “llec plhroforbec pou katal goun sthn kathgo-
riopobhsh k’je kelioO wc prosb™simou mh. O iroc kelD anaféretai se mia perioq mikr
gOrw api éna kartesiani shmebo tou g.rou. Epipléon, égqoume sth di'jes mac q’rtec pou
parousi“zoun thn optik plhroforba, dhlad to piso kal” blepei k'je kelb ton k'je pijani
stigo.

Figure 1. To rompit pou égoume sth di"jesh mac sto exwteriki periblion tou
Kéntrou Uyhl ¢ T"shc (KUT) thc Pall nhc. Fabnontai pPsw kai merik™ pijan”
stoigePa proc epije,rhsh, p'nw stouc antbstoigoc st louc.
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'Enac gr sthc loipin, ja epilegei merik™ stoigeba ta opoba jewreb iti jeloun epije,rhsh.

Oi algirijmoD mac kaloOntai na protebnoun th beéltisth allhlougba api shmeba sto g,ro
auti pou to rompit ja prépei autinoma na akolouj sei, prokeiménou na férei se pérac thn
apostol epije rhshc me beéltisto tripo. Wc beéltisto sthn paroOsa efarmog , orDzoume ton
tripo pou megistopoieb thn optik plhroforba, en, sugqgrinwc elagistopoieb to sunoliki
kistoc metbashc metaxO twn shmebwn aut,n. Profan,c gia thn epije,rhsh k'je stoigePou
up“rgoun poll” pijan” axiilloga shmeba api ta opoba mporeb na gbnei h epilog gia th sullog
twn dedomenwn.

H meéjodoc pou anaptOxame kai ulopoi same gwrbzei to priblhma se upo-probl mata
ta opoPa me th seir” touc IOnontai me beéltisto dunati tripo. Endeiktik”, ta kOria upo-
probl mata thc diadikasbac ebnai h exagwg twn pijan,n shmebwn epbskeyhc gia thn epi-
je.rhsh K'je stoigebou. H proepexergasba twn dedoménwn me gr sh algorbjmwn gia ton
upologismi tou kistouc met'bashc metaxO aut,n. Téloc, b sei twn parap™nw plhrofori,n
kai thn epilog tou gr sth, h exagwg tou beéltistou pl'nou wc IOsh.

Sta epimena kef'laia parousi'zontai kat™ seir”, perilhptik™ apoteléesmata api th die-
xodik bibliografik éreuna pou pragmatopoi same, h proséggis mac gia th IOsh tou pro-
bl matoc, kaj,c kai sumper’smata kai prot’seic gia mellontik éreuna epb tou jématoc.

2. Sqgetik 'Ereuna

Oi algirijmoi sgedPashc monopati .n path planning) apoteloOn éna meg’lo ereunhtiki
komm’ti sta plabsia thc rompotik c. AsgoloOntai me thn eOresh suntomiterwn monopati,n
metaxO enic argikoO shmebou kai enic shmebou stiqou se éna perib’llon. KaloOntai na apa-
nt soun, apofeOgontac pijan~ empidia kai sugqgrinwc beltistopoi, ntac di"forec metrikéc,
ipwc o grinoc thc kbnhshc ta sunolik™ metra, metrikec asf’leiac (kbnhsh arket™ makri”
api empidia gia par"deigma), kai “llec metrikec pou sgetbzontai me thn ek’stote efarmog .
Polléc tegnikéc se aut thn kateOjunsh égoun anaptugjeD. Endeleq,c parousi“zetai polO
uliki stic ergasbec [7, 8, 9, 10]. 'Oloi oi suggrafebc twn parap™nw epishmabnoun th dusko-
[Da twn problhm™twn aut,n kai diapist,noun iti kurbwc exart,ntai api par"gontec ipwc
oi diast™seic tou ¢,rou thc ek’stote anaz thshc kai periorismob stouc upologistikoOc mac
pirouc. Gia th megistopobhsh twn apotelesm™wn, gbnontai kpoieade-o s. Gia to skopi
auti, oi méjodoi qwrbzontai se dOo meg’lec kathgorDemline & o ine . Oi algirijmoi pou
anaférontai sthn pr,th kathgorba sqedi"zoun monop~tia "zwntan™, thn ra thc kbnhshc dh-
lad , opite lamb™noun upiyh kai dunamikoOc periorismoQOc ipwc kinoOmena empidia. Autob
pou an koun sth deQterh kathgorba sgedi"zoun tic diadromeéc api prin, €qoun sunep,c kai
perissitero grino gia diexodikiterh anlush, all” anaferontai se statik™ perib’llonta.

To parap™nw priblhma mporeb na antimetwpisteD me di*forouc tripouc, énac api au-
toOc ebnai me algirijmouc anaz thshc se grifo pou éqei prokOyei bsei thc topologik ¢
anapar’stashc tou g,rou ston opobo anaferimaste [11]. Qr simoi tétoio algirijmoi pa-
rousi“zontai akoloOjwc.

O algirijmoc tou Dijkstra, ePnai énac algirijmoc anaz thshc grifou pou epilQei to
priblhma tou suntomiterou monopatioQ gia opoiond pote kateujunimeno ( mh) gr'fo me
mh-arnhtik™ b°rh stic akméc [12]. Xekin™ api enan kimbo phg kai exereun” epanalhptik™
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A

touc geitonikoOc kimbouc, enhmer,nontac thn suntomiterh apistash proc k’je kimbo meqri

na episkefjeb ilouc touc kimbouc. Mporeb epbshc na grhsimopoihjeb gia thn eOresh twn
suntomiterwn monopati_n api @nan kimbo proc @nan mino kimbo proorismoQ, diakiptontac
ton algirijmo milic kajoristeb to suntomitero monop™ti proc ton kimbo autin.

O algirijmoc A* ebnai €nac algirijmoc pou grhsimopoiebtai gia thn anaz thsh béltistwn
monopati n kai th di"sqgish grifwn. Xekin,ntac api énan arqiki kimbo kai gnwrbzontac
poioc ebnai o kimboc stigoc, se énan gr'fo me brh, epidi kei na brei to béltisto monopti
metaxO aut,n. Gia to to skopi auti qgrhsimopoieD énan euretiki mhqganismi, euristik sun’r-
thsh, pou k’je for™ problepei thn apistash api ton tréqonta kimbo ston kimbo stigo. O
A* lamb™nei upiyh tiso to pragmatiki kistoc tou monopatioO api thn argik kat'stash
wc ton tregonta kimbo iso kai to ektim,meno kistoc gia thn epbteuxh tou stiqou api autin
ton kimbo, b’sei thc euristik ¢ sun“rthshc pou égei epilegjeD. Oi apof'seic lamb nontai
b“sei tou parap™nw ajrobsmatoc. 'Etsi, o algirijmoc epilégei me éxupno tripo touc kim-
bouc pou prépei na exereun sei, odhg,ntac se éna beéltisto monop™ti me mikritero teliki
upologistiki firto, kaj,c periorDzetai/kateujOnetai arket” h anaz thsh. Oi Peter Hart,
Nils Nilsson kai Bertram Raphael tou Stanford Research Institute dhmosbeusan pr toi ton
algirijmo to 1968 [13].

Ta probl mata pou lIéme iti an koun sthn kI'sh NP, apoteloOn mba kathgorba upologi-
stik_n problhm™twn gia ta opoPa oi IOseic touc mporoOn na epalhjeutoOn se poluwnumiki
grino. Wstiso, h eOresh miac IOshc mporeD na ePnai shmantik™ pio polOplokh algorijmik™.
'Eqoun I"bei meg’lh prosoq kai éqgei gbnei arket éreuna ligw thc idiabterhc fOshc touc.

'Ena api ta pio gnwst™ probl mata pou an koun sthn parap™nw kiI"sh, ebnai to priblh-
ma, gnwsti kai wc Priblhma tou Planidiou Pwlht . To priblhma auti jétei
thn akiloujh er,thsh: "Lamb™nontac upiyh mia IDsta api pileic kai tic apost’seic metaxO
k’je zeOgouc aut,n, poia ePnai h suntomiterh, dhlad béltisth, diadrom pou episképtetai
K'je pilh kai telik™ epistrefei thn pilh proéleushc; Brbskei meglh praktik efarmog
se di"forec katast’seic, api to sqediasmi diadrom,n gia pwlhtéec, méqri thn kataskeu
upologistik,n tsipc, akima kai krustallografba aktbnwn Q [14].

Gia éna summetriki tétoio priblhma me pileicn to pl joc, éukola apodeiknOetai iti
up’rqoun (n-1)!/2 pijanéc diadroméc. Opite giav = 10, up’rgoun perissiterec api 10
diadromeéc, noOmero apagoreutiki gia exantlhtikéc |Oseic.

H an“gkh gia an"ptuxh proseggistik,n algorbjmwn gia thn epblush tou ebnai profa-
nc. Endeiktik® anaféroume merikéc mejidouc sthn kateOjunsh autn. H meéjodoc tou
plhsiésterou gebtonaqtbzei me polO katanohti, apli tripo thn diadrom . Xekin,ntac api
mba tugaba pilh, se k’je st"dio gbnetai epilog tou plhsiésterou gebtona pou den apoteleb
méloc thc diadrom c, kai telik™ epistréfei ston kimbo pou xekbnhse h diadikasba. Profan,c,
epidegetai meg-lec belti,seic. H méjodoc2-opt, xekin“ei me mba dh up'rqousa diadrom
anex’rthta me to pwc qgtbsthke aut. Epanalhptik™ antikajist™ dOo sundésmouc me dOo
“llouc pou odhgoOn se kalOterh telik sunolik diadrom . H diadikasPa termatbzetai itan
den up’rgei “lIh tétoia allag pou na odhgeb se beltbwsh. H Eikina 2 debgnei akrib,c mba
tetoia allag .

Mba genbkeush tou skeptikoO pou parousi“sthke parap™nw, od ghse touin-Kernighan
sthn an"ptuxh dikoO touc algorbjmou, to 1971. Efarmizontac mia seir” suneq,n belti,se-



Ektetaménh Perblhyh

Figure 2. 2-opt kbnhsh

wn sthn argik [Osh pou protePnetai, o algirijmic touc prospajeP na brei th béltisth
diadrom gia to priblhma tou periodeOontoc pwiht . Gia na gbnei auti eis"getai o orismic
the opt kbnhshc. To skeptiki basbzetai sta ex ¢ [6]: 'Estw T o tréeqwn perbpatoc. Sthn
K'je epan’lhyh, o algirijmoc prospajeD na brei dOo sOnola sundésmwnX = fxq; X, g

kai Y = fyi;:5y,0, tetoia ste, an oi sOndesmoi tou Q diagrafoOn api to T kai anti-
katastajoOn api touc sundésmouc tou U, to apotélesma ePnai énac kalOteroc perBpatoc.
Par"deigma mba& opt kbnhshc parousbazetai sthn Eikina 3. Poll” krit ria parousi“zo-

ntai sthn ergasPa touc gia to poioi sOndesmoi mporoOn na an koun sto k’je sOnolo. Gia
par"deigma, prépei oi sOndemaqiy; na moir"zontai to éna “kro touc, ta sOnola na mhn
egoun koin™ stoigeba kai “lla parimoia (parousi“zontai sugkentrwtik™ sto kef'laio 2.2).
Epbshc anaférjhkan se krit ria gia th beltbwsh apodotikithtac, grhsimopoi,ntac eureti-
koOc mhganismoOc, ipwc o periorismic thc anaz thshe stouc 5 kontiniterouc gebtonec tou
k'je kimbou, o termatismic thc ilhc diadikasPac an o néoc perbpatoc éqei Bdio kistoc me
ton prongoOmeno. Mlelsgaunéfere merikéc belti seic ston parap™nw algirijmo, belti-
.hontac tic parap™nw eurustikéc, pou od ghsan ston algirijmo LKH . Eis"gontac thn
a-metrik , od ghse se kalOtera sOnola pijan,n geitinwn belti nontac arket™ to kinsept

thc euretik ¢ geitnbashc. Analutik perigraf aut,n gbnetai sto kef'laio 2.2.

Figure 3. 3-opt kbnhsh

Mba llh polO gnwst meéjodoc epPlushc tou Probl matoc Planidiou Pwiht ePnai aut
thc Prosomoiwmenhc Anipthshc O algirijmoc parousi“zetai améswc parak’tw. Xekin“ei
api éna proteinimeno tour/monop™ti san 10sh kai ipwc kai prin diadogik™ to belti,nei
basizimenoc sto  opt skeptiki. H diafor” éggutai sto gegonic iti apodeéqgetai kai [Oseic
geiriterec |Oseic se k’poiec epanal yeic bsei thc pijanithtac  exp w , h opoba
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basbzetai sth prosomoPwsh thc anipthshc enic ulikoO. H par'metrag pou parousizetai,
anaféretai sth jermokrasBa tou ulikoO, en, h sun’rthsh f pou metrei to piso kal ePnai
h ek’stote 1Osh.

Algorithm 1: Simulated Annealing [15]

1. procedure SimulatedAnnealing  (istart » Co, Lo)
2 INITIALIZE( istart, Co, Lo);

3 k 0

4 [ i start ;

5: while stopcriterion = FALSE do
6 for | 1to Ly do

7 GENERATE(j from S));
8 if f(j) f(i) then

9: b

10: else

11: if exp w > random[0; 1) then
12: i

13: end if

14: end if

15: end for

16: k k+1;

17: CALCULATE_LENGTH( Ly);

18: CALCULATE_CONTROL( ¢);

19: end while
20: end procedure

H Genbkeush tou Probl matoc Planidiou Pwiht (GTSP) ebnai mba e-
péktash tou basikoO probl matoc pou suzht jhke prin. BrBskei meg’lh praktik efarmog
kai up“rgei arket bibliografba ligw thc idiabterhc fOshc kai duskolbac pou parousi“zei.
Se auti to priblhma to sOnolo twn kimbwn gwrbzetai se gkroupc/sust’dec. H er thsh
pou jétei to priblhma ebnai, antbstoiga me prin, "poia ebnai h béltisth, mikriterou sunoli-
koO kistouc diadrom pou prépei na akoloujhjeD ste na episkefteD kaneBc toul'giston
éna kimbo api k’je gkroup api ta proanaferjénta;". H ekdoq autoO tou probl matoc
thn epbskeyh gia akrib,c mbac for'c se k'je gkroup, anaféretai wcEquality Generalized
Traveling Salesman Problem (E-GTSP)

Sto shmebo auti égine endeleq c bibliografik éreuna, sgetik™ me tic di*foretikec u-
prqousec proseggbseic epBlushc, kaj,c kai poiec api autec éqoun tic kalOterec epidiseic.
Up“rgoun pollec proseggbseic, endeiktik™ anaférontai oi akribebc algirijmoi-exact algo-
rithms, oi opoPoi imwc parousi"zoun meg’lo upologistiki kistoc, méjodoi metasghmatismoO
tou probl matoc, algirijmoi mebwshc, gnwstob kai weeduction algorithms, proseggistikob
algirijmoi all” kai euretikob, pou k"noun gr sh euristik,n mejidwn kai parousizoun ta
kalOtera sunolik™ apotelésmata.

'Eqoun dhmiourghjeb di“fora sOnola dedoménwn, par’llhla me thn an”ptuxh thc éreunac
ston tomeéa auti, ta opoPa aposkopoOn gia thn axiolighsh twn di*forwn 10sewn. Argi-
k", h biblioj kh me dedoménaGTSP_LIB , h opoPa qtbzei ta gkroupc b’sei thc eggOthtac
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Figure 4. GTSP par“deiga gia 6 gkroupc kai 23 su-
nolik™ kimbouc [1]

twn kimbwn. Dialégei m = dn=5e kéntra, ipou n o sunolikic arijmic twn kimbwn, kai
epanalhptik™ omadopoieb touc upiloipouc kimbouc sta gkroupc tou plhsiésterou kéntrou.
‘Alla tetoia sOnola dedoménwn parousi“zontai stic biblioj kec BAF_LIB , MOM_LIB kai
LARGE_LIB .

Mba sugkritik axiolighsh twn state of the art mejidwn parousi“zetai sthn ergasba [2].
Oi tésseric kalOterec méjodoi thn paroOsa stigm sth bibliografba fabnetai pwc ePnai:

~ O mimhtikic algirijmoc pou parousi“zetai sthn ergasba twn Gutin & Karapetyan
[16],

H 10sh basismeénh stonLin-Kernighan-Helsgaun (LKH) algirijmo, gnwst kai wc
GLKH [1],

H 1Osh "anaz thshc meg’lhc geitoni’c”, gnwst kai we G-LNS [17] kai

"~ H IOsh epanalambanimenhc topik ¢ anaz thsh¢basic iterated local search)[18]

Figure 5. Sunoptik™ apotelésmata thc sOgkrishc twn kalOterwn mejidwn [2]

Ta apotelésmata thc sOgkris ¢ touc parousi"zontai arket™ sunoptik” sta graf mata
thc Eikinac 5. Ta sumper’smata aut ¢ thc an’lushc ePnai pwc IGLKH [Osh parousi“zei
ta kalOtera apotelésmata gia GTSP_LIB , en, akoloujeDb elafr,.c pPsw thc h GLNS, h
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opoPa de, sta upiloipa sOnola dedoménwn parousi“zei suntriptik uperoq metaxO kai twn
tess rwn.

O GLKH solver, metatrépei to genikeumeno priblhma planidiou pwiht , sto klassiki
aploOstero priblhma planidiou pwiht , kai to epilOei me th me&jodo LKH pou perigr-fhke
prohgoumeénwc. Gia na pragmatopobhsei th metatrop aut basbzetai sto ergo [19], to opobo
protePnei ta ex c. 'EstwV % kai c®to néo sOnolo koruf n kai ta néa kisth gia to gr'fo
antbstoiga. O algirijmoc thc metatrop c perigr-fetai wc ex c:

~ To VOtautbzetai me td/.

MetaxO kimbwn Bdiac sust'dac dhmiourgePb énan aujabreto kateujunimeno kOklo me
Kisth cfj? =0, giak'je vi, Vvj, ipou o kimbocy; diadegetai tonv; ston proanaferjenta
kOklo.

E'n vi, v; an koun se diaforetikec sust"dec/gkroupc, orDzeici(j) = ¢4 + M, ipou vy
o kimboc pou diadégetai torv; ston kOklo , kai M mPa meg’lh stajer”. Arkeb h tim
tou M na ebnai megalOterh api to “jroisma twm megalOterwn kistwn met bashc.

" Allic, orbzei ¢ =2M.

H metatrop aut leitourgeD kaj,c to beéltisto monop™ti gia th IOsh tou TSP pro-
bl matoc, milic sunant sei énan kimbo k™poiac sust’dac, ameswc episképtetai kai ilouc
touc upiloipouc, protoO episkefijeD epimeno gkroup api shmeba. H metatrop aut den ePnai
kat'llhih gia ilouc touc diajésimouc IOtec, par' ila aut” o LKH mporeb na efarmosteb
qwrBc probl mata ipwc apodeiknOetai sto [1].

O GLNS solver, pou b’sei thc prongoOmenhc an’lushc parousizei ta kalOtera sunolik™
apotelésmata, parousi“sthke to 2017 api touc Smith & Imeson [17]. LeitourgeD gOrw api
to skeptiki tou adaptive large neighborhood search (ALNS)sta ellhnik™ prosarmostik
anaz thsh meg’Ihc geitoni“c. Xekin“ei ipwc kai prin me mPa proteinimenh |Osh kai epanalh-
ptik™ afaireb kai prosjétei sundesmouc mésw euristik,n sunart sewn meqgri na ft'sei se
mbPa sunj kh termatismoO. K'poia b'rh sgetbzontai me autéc tic euristikéc eisagwg ¢ kai
diagraf c, gi' auti kai inoma prosarmostik anaz thsh. Perissiterec plhroforbec gi' au-
tec mporeb kanebc na dei sto antbstoiqo kef'laio thc ergasbac mac, kai akima pio analutik”
sthn arqgik ergasba [17] Yeudok,dikac gia ton algirijmo akoloujeb.

H epilog tou arijmoO twn koruf.n pou ja afairejoOn ebnai tugaba, kai prokOptei omoi-
imorfa api to eOroc 1 éwc Npax. Basisméno se éna krit rio prosomoiwmeénhc anipthshc
(gramm 16 tou algorbjmou) apodéqetai aporrbptei thn tropopoihmenh diadrofgey, . Ar-
qiki krit rio termatismoO apoteleP h mh beltbwsh thc I0shc met” api orisménec epanal yeic
tou algorbjmou. En sunegeba, merikéc epanekinn seic thc diadikasPac pragmatopoiOntai, me
thn kalOterh k’je stigm 10sh, me mikriterh jermokrasBec prosomobwshc anipthshc imwec.
Met™ api merik™ b mata mh beltbwshc thc 10shc, p7li, stamat’ei kai aut h diadikasPa.

3. H suneisfor” mac

Gia thn epBlush tou probl matoc beltistopoPhshc pollapl,n krithrbwn pou kaloOma-
ste na epilOsoume, kai to opobPo parousi“sthke prohgouménwc, proteBnoume to qwrismi tou
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Algorithm 2: GLNS(G, Py) [17]

1: Input: A GTSP instance (G;Py). . G: Graph, Py: patrtition of vertices V into sets
2: Output: A GTSP tour on G.

3: for i =1 to num __trials do

4: T initial _tour(G;Py)

S Thest;i T

6: repeat

7 Select a removal heuristicR and insertion heuristic| using the selection weights

8: Select the number of vertices to remove,N;, uniformly randomly from
f1; 5 Nmax0

9 Create a copy of T called Tnew

10: RemoveN; vertices from Tpey USINg R

11 For each of the N, sets not visited by Thew, Using | insert a new vertex into
Tnew

12: Locally re-optimize Tpew

13: if W(Thew) <W (Tpest:i) then

14: Tbest;i Thew

15: end if

16: if accept(Thew, T) then

17: T  Thew

18: Record improvement made byR and |

19: end if

20: until stop criterion is met

21: Update selection weights based on improvements of each heuristic over trial
22: end for

23: return tour Tpesti that attains min; W(Tpest:i)
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probl matoc se epb merouc upoprobl mata kai thn epblush aut.n me to béltisto dunati
tripo.

Argik”, gr simo ebnai na parousi"soume ta dedoména pou éqoume sth di‘jes mac gia th
met' épeita an”lush pou ja diex"goume. Met™ api mbPa bilta tou rompit ston exwteriki g,ro
tou Kéntrou Uyhl ¢ T"shc, me thlegeirismi autoO, pragmatopoi jhke h legimenh sullog
dedoménwn. Api aut n proékuyan ta ex c. Q’rtec topologik ¢ anapar“stashc tou q,rou,
dhlad me plhroforbec tou uy matoc se kje shmebo, thc tragOthtac tou ed fouc kai “llwn
antbstoiqgwn parametrwn. H Eikina 6 parousi“zei éna q’rth, me to gr,ma na upodhl_ nei thn
plhroforBa uy,matoc. Na shmeiwjeb iti h plhroforba aut anaféretai mino sth diadrom
pou ektelésthke h kbnhsh tou rompit sth proanaferjebsa kbnhsh sullog ¢ dedoménwn tou.
Up'rgei kai h antbstoigh anapar’stash me epéktash gia ilo to g°rth, all” me k“poio
megalOtero sf'lma.

Figure 6. Q’rthc anap’rastashc tou uy matoc se
k'je shmebo thc diadrmom ¢ pou akoloOjhse to rompit
gia th sullog dedoménwn. To gr,ma upodeiknOei tic
timéc autéc. 'Oso kinoOmaste proc ta dexi” p gainoume
se uyhliterec timéc.

Api tic parap™nw plhroforDec me kat'llhlh an’lush prokOptoun q’rtec prosbasimith-
tac/batithtac, ipwc thc Eikinac 7. Aut th for™ parajétoume thn ékdosh oliklhrou tou
q’rth. Sthn paroOsa f'sh h plhroforDa aut ePnai duadik , dhlad ePnai prosb’simo éna
kelD igi. Par'ila aut” h IOsh mac lamb™nei upiyh th mellontik epéktash gia suneqgéc
f'sma tim, n prosbasimithtac b"sei thc eukolbac duskolbac antbstoiga thc prisbashc.
Epipléon, égoume sth di‘jesh mac q'rtec pou anaparistoOn kisth oratithtac. Piso
kal” dhlad blépei to k'je kel tou disdi"stou kartesianoO g,rou, ton k’je pijani stiqo
proc epije,rhsh. Par"deigma endeiktiki ebnai auti thc Eikinac 8. Me kikkino fabnontai oi
kaléc periogéc en, iso plhsi“zei to kbtrino, h plhroforba pou lamb“noume api ta antbstoiga
keli~ geirotereQei.

AnaptOxame loipin kai ulopoi same mianejodologPa gia th IOsh tou probl matoc
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Figure 7. Q’rthc anap’rastashc thc prosbasimith-
tac ilou tou exwterikoO g.rou, gnwstic kai me ton iro
traversability map.

Figure 8. Q’rthc anap“rastashc thc optik ¢ plhro-
forbac, gia eéna stoigebo stiqo. Sta agglik”™ anaferima-
ste sto q'rth wc  visibility map.
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b"sei twn dedoménwn pou parousi“sthkan parap™nw. H IOsh mac basbzetai se dOo diadika-
sbec. H mba pragmatopoiebtai mba for™ kai proparaskeuzei plhroforbec gia argitera. H
deOterh pragmatopoiebtai k'je for~ an’loga me tic apait seic tou gr sth. Leptoméreiec
mporeb kanebc na dei sto di"gramma thc Eikinac 3.8, tou antbstoiqou kefalabou.

H pr.th f°sh anaféretai se dOo basik™ st’dia. 1. Ton upologismi ilwn twn pijan,n
shmebwn endiaferontoc gia K'je stiqo epije,rhshc (ilec tic kaléc eikonolhptikéc jéseic
dhlad ). 2. Ton upologismi apost’sewn metaxO ilwn aut,n.

Giaton upologismi ilwn twn pijan,n shmebwn endiaférontoc gia k'je stiqo epije,rh-
shc, ergazimaste wc ex c. K'je stoigePo analOetai xeqwrist™ b™sei thc optik ¢ plhrofo-
rbac pou eégoume sth di"jes mac. 'Ena gkroup api shmeba/keli® ex"getai san apotelésma
gia ton k'je stigo. Gia na prokOyei auti argik™ jetoume se k’je kel tim Bsh me to
méso iro twn tim,n se mPa aktbna mikr all” ikanopoihtik trigOrw tou. Auti pragmato-
poebtai prokeiménou ta shmeba endiaférontoc na anaférontai se mba kal perioq kai igi se
memonomeéna shmeba, pou endeqgoménwc nha up'rgoun metepeita duskolbec stic | yeic. Akolo-
Ojwe, diatréqoume ila ta keli” kai qrhsimopoi,ntac ton algirijmo introsort thc standard
library biblioj khc thc gl,ssac  C, ta sort'roume. Sgedi"same kai ulopoi same énan “plh-
sto algirijmo gia thn epilog twn shmePwn aut,n, o opoPoc douleQei wc ex c. Argik
epiléegoume to kelD me to kalOtero skor/éndeixh oratithtac (met” th diadikasPa me touc
meésouc irouc periog,n). AkoloOjwe, epilégoume to améswc epimeno kalOtero to opobo
égei mba ikanopoihtik apistash (pg. 1 métro) aktbna makri~ api ila ta prongoOmena. H
diadikasPa epanalamb’netai éwc itou den up“rqoun “lla shmeba kalOtera api éneeshold
kai makrQOtera api ta prohgoOmena b’sei twn parap™nw prodiagraf n.

Sthn Eikina 9 exhgebtai me th bo jeia skarif matoc, h anagkaiithta kai to pwc ja ePnai oi
legimenec sust™dec se éna upojetiki par"deigma. Sthn Eikina 10, “llwste, parousi“zetai
éna pragmatiki par"deigma sust"dac shmebwn gia éna shmebo-stiqo.

Figure 9. Epexhghmatik eikina Figure 10. 'Ena apotélesma sust'dac.
gia thn anagkaiithta twn gkroupc/su- Fabnetai api ta kbtrina koutkia, p'nw sto
st’™dwn. Me Q apeikonbzontai ta kal” sh- g’rth oratithtac pou epexhg jhke proh-
meba oratithtac gia ton k'je stiqo. goumenwc.

Sto shmebo auti, en, égoun exagjeD ila ta pijan~ shmeba endiaférontoc, epijumoOme
na upologbsoume ilec tic metaxO touc apostseito ine) . H kOria apabthsh sthn paroOsa
f"sh ebnai o kalOteroc dunatic upologismic ilwn twn apost’sewn aut,n, me to mikritero
dunati sf'lma dhlad , kaj,c oi plhroforbec pou ja prokOyoun ja grhsimopoioOntai su-
négeia sto mellon. Gia na epiteugjeb auti, krbjhke orj h epilog tou algorbjmou A*, me
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euristik sun’rthsh thn euklPdeia apistash (pou odhgeD se béltistec IOseic, kaj.c ePnai
p°nta mikriterh Bsh me thn pragmatik apistash wc to stiqo), kai h epanalhptik efar-
mog autoO meégri exantl sewc ilwn twn pijan.n zeug.n api shmeba. Apotelésma thc ilhc
diadikasbac ebnai h exagwg enic pbnaka me dedoména apostsewn.

'Otan o gr sthc tou progr'mmatic mac epiléxei ta stoigePa pou jélei na epijewrhjoOn
autimata api to kinoOmeno rompit, mia seir” api drseic lamb™noun q.,ra. B"sei twn
shmebwn endiaférontoc kai tou pPnaka apost’sewn pou éqoun paragjeD api ta prohgoOmena
b mata, dhmiourgoOme to kat’llhlo arqgePo gia thn epPlush tou Genikeuménou Probl matoc
Planidiou Pwiht ~ GTSP. To en ligw argebo, egei form’t ipwc fabnetai parak™tw.

Listing 1. GTSP File Format for Solvers
NAME: GTSP_format_explanation

TYPE: GTSP
DIMENSION: 6
GTSP_SETS: 3

EDGE_WEIGHT TYPE: EXPLICIT
EDGE WEIGHT_FORMAT: FULL_MATRIX
EDGE_WEIGHT SECTION

0 200 2310 6052 404 10912
240 0 2166 5895 634 10719
2326 2195 0 3900 2724 8801
6195 6031 3978 0 6599 4888
434 639 2723 6457 0 11356
10869 10598 8697 4725 11217 0
GTSP_SET_SECTION

113=1

2 245=1

3 6=1

EOF

'Opwc fabnetai parap™nw dhl nontai ta kisth met"bashc api k'je shmebo endiaférontoc
se K'je “llo. K'tw orbzontai oi sust'dec. Sto parin par"deigma, éqoume 3 sust'dec, h
1h apotelebtai api ta shmeba up' arijmin 1 kai 3, h 2h ap2,4,53, en, h 3h mino api to 60
kat™ seir” shmebo.

Auti to form™t diab”zetai api ta diajésima progr'mmata epblushc GTSP problhm™twn,
kai epistréfoun thn allhlougba api shmeba gia béltisth dunat 10sh tou genikeuménou
probl matoc planidiou pwiht .

Sto shmebo auti dokim“same touc 2 kalOterosolver, GLKH & GLNS, ipwc parousi-
“sthkan api th sqetik bibliografik éreuna. Ligw thc genikiterhc uperoq c tou GLNS,
sth sugkritik axiolighs touc, ipwc parousi“zetai kai sthn Eikina 5, aut tan kai h u-
lopoPhsh pou telik ¢ epilégjhke. AxPzei na shmeiwjeb pwc h proanaferjebBsa sOgkrish égei
ektelesteb se polO meg ladatasets problhm™twn eidik™ sgediasménha gi' auti to skopi.
Ta mikr” se igko dedoména pou égoume sta plabsia aut c thc diplwmatik ¢ parousi"zoun
parimoia epPdosh kai gia touc dOo IOtec, kaj,c p"nta brBskoun th béltisth allhlougba Kkai
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se polO parimoio grino. Gi' auti krBnetai “skoph h exagwg sumperasm’twn kat' autin ton
tripo.

Pragmatopoi jhke poiotikic éleggoc twn apotelesm™twn mac, o opoboc bo jhse polO
kat™ thn an"ptuxh tou k. dika se diirjwsh laj,n kai sthn telik epibebabwsh iti h ilh h
diadikasPa douleOei ipwc periméname. H Eikina 11, parousi“zei éna par"deigma beltisthc
proteinimenhc allhlougbac all” kai thc diadrom ¢ pou protebnei alobal planner. 'Eqei
pragmatopoihjeBin ation sto q’rth gOrw api empidia kai genikitera mh prosb”sima sh-
meba, ,ste to rompit na odhgebtai mésa api pio asfalebc geitoniec shmebwn. Me kbtrino
parousi“zontai ta shmeba endiaferontoc, en, me thn prsinh gramm h diadrom pou prote-
Pnetai. Aocal planner sth sunégeia basizimenoc se auti to sképtiko ja axiopoi sei touc
kat'llhlouc algorbjmouc, ,ste mino me ebsodo ta shmeba (suntetagmenec) kai thn kat’lih-

Ih allhlougba aut,n, kai igi thn pr'sinh gramm , na ektelései th sunolik kbnhsh gia thn
ergasba epije,rhshc.

Figure 11. Par"deigma apoteléesmatoc miac béltisthc diadrom ¢ gia thn epije-
,rhsh 4 stoigebwn.

Gia thnulopobhshtwn parap™nw grhsimopoi jhkan oi ex c tegnologbec. Arqik’, gl,s-
sa programmatismo@++ ste na éqoume thn kalOterh dunat apidosh. Axiopoi jhke to
ROS framework kai bohjhtik f'nhke h qr sh merik ,n sunart sewn api tic biblioj kec
gridmap, costmap, navfn kurbwc sth diagebrish twn deodménwn tou g'rth. Oi ulopoi seic
twn GTSP Solvers, GLKH & GLNS, ebnai diajesimec eurewc sto diadbktuo kai enswmat,jh-
kan me ton kat’lihlo tripo. Teloc, axiopoi jhke to ergaleBPo  RViz ROS gia thn optikopo-
Phsh ilwn twn apotelésmatwn, pou eBbdame kai sthn parap™nw an”lush. Pragmatopoi jhke
ekten ¢ poiotik an’lush twn apotelesm™wn, h opobPa parousi“zetai sto antbstoiqo ke-
f'laio, epibebai,nontac thn orj leitourgba thc IOshc pou protePnoume.
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4. Sumper'smata kai mellontik éreuna

Sumperasmatik”, ulopoi jnhke mPa mejodoc gia th IOsh énoc probl matoc beltistopo-
Bhshc pollapl,n krithrDwn gia thn epijéwrhsh stoigebwn me efarmog se Kéntra Uyhl ¢
T"shc. Kommtia api thn proteinimenh IOsh mporoOn na epektajoOn kai na efarmostoOn
se plhj,ra “llwn efarmog,n kai problhm™wn, api sen’ria anaz thshc kai di"swshc, se
rompotikéc kataskeuec kai sugkoll seic, méqri sgedbash oloklhrwménwn kuklwm™twn, all®
akima kai efarmogéc se tourismi kai epbskeyeic axiojéatwn.

Ennoebtai pwc to érgo mac epidégetai epekt’seic kai parousi“zei meg’lo endiaféron h
kateOjunsh aut . Endeiktik™ protePnoume thn éreuna kai an"ptuxh enic kalOterou algorbj-
mou, api ton “plhsto algirijmo pou ulopoi jhke, gia thn exagwg shmebwn endiaférontoc.
EpijumoOme th megistopobhsh tou arijmoO twn pijan,n shmebwn, pou par’lihla égei to
béltisto sunoliki méso iro api skorc oratithtac. Meg~lo ereunhtiki endiaféron “liw-
ste parousi'zei, h an"ptuxh antBstoighc IOshc gia sunergazimeno gkroup api rompit. H
an”ptuxh mPac tétoiac I0shc ja bohj sei polO se epijewr seic megalOterec kiPmakac kai se
ektenéstera kai pio perbploka perib”llonta.






Chapter

Introduction

1.1 Basic De nitions

Mobile robotics is a sub eld of robotics that is concerned with the design, construction
and operation of robots that are not xed in a certain physical location, but have the capa-
bility to move around in various environments. Mobile robots, unlike industrial ones that
typically operate within con ned spaces, can navigate through dynamic and often unpre-
dictable surroundings. These robots are usually equipped with onboard sensors, actuators
and proper computer programs/intelligence in order to perceive their environment, make
decisions and adapt autonomously to changing conditions.

Inspection, within the context of robotics, refers to the examination, assessment and
generally surveillance of objects, structures or even whole environments using robotic sys-
tems. Robotic inspection serves di erent purposes across industries including infrastruc-
ture maintenance, environmental monitoring and security surveillance. Robots equipped
with proper sensors can navigate autonomously and perform the inspection e ciently and
accurately in a repeated fashion or in hazardous/hard-to-reach locations.

Path planning, also known as motion planning, is a computational problem of nding a
sequence of valid con gurations from which a robot can navigate from a current position to
a speci ed goal within an environment. The objective, most of the times, is for the robot
to reach its destination safely and e ciently; minimizing the risk of possible collisions
(or minimizing/maximizing other metrics), while at the same time optimizing its route to
conserve energy and time.

An optimization problem, in mathematics, engineering, computer science and eco-
nomics, is the problem of nding the best solution from all feasible solutions. The Travel-
ing Salesman Problem (TSP) is one classic optimization problem which asks the question:
"Given a list of cities and the distances between them, what is the shortest possible route
that visits each city exactly once and returns to the original city?" This problem extends
to di erent scenarios and will be later more thoroughly discussed in our study.

1.2 Problem

The problem we tackle is as follows. There is a set of dierent items we want to
inspect, by taking photos (both RGB and infrared), in an outdoor environment. We
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