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IEVADS

P&édgjo desmit gadu laika daudzrobotu sistému izp&tes nozare ir kluvusi par
vienu no aktualiem virzieniem robotika un daudzi pétnieki ir pievérsusies tai.
Pirmie p&tijumi tika versti uz daudzrobotu sistému funkcionalo principu izstradi un
nodros§ingja pamatu turpmakiem pé&tijumiem. Lielaka dala p&tijumu daudzrobotu
sist€ému virziena ir versti uz gatava risinajuma izstradi konkrétam uzdevumam. Ir
pieejamas daudzas vadibas arhitektiiras, sakaru stratégijas un citi risinajumi kas
tiek pielietoti daudzrobotu sisteémas. Pretstata ir relativi maz formalo metozu un
analitisko risinajumu, kuri atbalstitu l€émumu piegemsanu robotu sistému
projektesanas stadija.

Neskatoties uz lielaku sarezgitibu daudzrobotu sistému projekt€Sana un
izstrade, tam ir vairakas priekSrocibas salidzindjuma ar viena robota sisttmam.
Daudzrobotu sist€ému prieksrocibas ietver sadus aspektus un pielietojuma Tpatnibas:

v’ sisttmas droSums un bojajumpiecietiba ir panakta ar elementu papildus
redundanci;



v uzdevumu izpilde, kuri ir arpus viena robotu sp&am, pieméram lielu un
smagu objektu parvietoSana, sarezgito struktiru montaza;

v uzdevumu izpilde, kurus nav ekonomiski izdevigi realizét izmantojot vienu
daudzfunkcionalu robotu;

v’ atra uzdevumu izpilde daudzkartiga paralélisma dgl, kas ir raksturigs
daudzrobotu sist€émam.

SalidzinoSi maz ir izpetitas daudzrobotu sisteémas, kas sastav no
heterogéniem robotiem. Tajas vismaz viens sistémas vienums atskiras no pargjiem
ar ta mehaniskas, uztverSanas vai skaitloSanas aparatiiras, vai icksgjas vadibas
arhitektiiras risinajumu. Heterogénam daudzrobotu sisttmam potenciali ir
raksturigs paaugstinats droSuma Iimenis un tas ir sp&jigas nodrosinat uzticamu un
elastigu uzdevuma risinajumu.

Daudzrobotu sisteémas lietotajam, kas ir implement&ta noteikta uzdevuma
izpildei, viens no svarigakiem raditajiem ir sist€mas izmaksas. Robotu klasu skaits,
ka arT klasu funkciju specifikacija un katras klases eksemplaru skaits sistéma ir
parametri, kurus ir iesp&jams mainit optimizgjot sist€mas izmaksas. Praksé minétie
parametri parasti ir noteikti iepriekS un tadejadi optimizacijas potencials netiek
novertéts. Ka rezultata daudzrobotu sisteémas kliist nepievilcigas lietotajam. Tam
trikst skaidra izmaksu poziciju aprékina un parametru modificéSanas ietekmes
prognozes.

Promocijas darbs attiecas uz daudzrobotu sistému raksturigo pazimju
formalu noteikS§anu un ir veltits daudzrobotu sistému dazadu parametru
optimizacijai, kas lauj atrast visefektivako sistémas konfiguraciju, sp&jigu izpildit
defingto uzdevumu.

Promocijas darba mérkis un uzdevumi

Promocijas darba mérkis ir uzlabot heterogéno daudzrobotu sistému
specifikacijas izstradi projekt€Sanas stadija analizgjot pilnu risinajumu telpu nevis
parskatot tikai dalu no iesp&jamiem risinajumiem.

Darba mérka sasniegSanai ir izvirziti vairaki uzdevumi:

1. analizet specifikacijas izstrades metodes, kas ir pielietojamas heterogénam
daudzrobotu sistémam;

2. definét specifikacijas optimiz€Sanas uzdevumu un ta risinajuma konceptu
heterogénam daudzrobotu sistémam;

3. izstradat procediiru optimalas heterogénas daudzrobotu sist€mas
specifikacijas meklesanai pilna risinajumu telpa;

4. izstradat heterogéno daudzrobotu sistému uzdevuma uzdosanas tehniku un
ta dekompozicijas paneémienu;

5. analizét iespgjamo risindjumu telpas izmeru specifikacijas optimizeSanas
uzdevumam;

6. implementét un praktiski parbaudit heiristiskas mekléSanas metodi
daudzrobotu sisteémas specifikacijas pirmas kartas noveértésanai;



7. analizét iesp&u izmantot imitacijas tehnikas daudzrobotu sistemas
specifikacijas otras kartas novertésanai.

Pétijuma metodes

Darba ietvaros tika izstradata speciala programmatira risinajuma telpas
analizes daudzrobotu sistému specifikacijas optimizacijas uzdevumam. Tas ietver
modulus sistémas uzdevuma, komponenSu un to TpaSibu uzdoSanai, risinagjumu
kandidatu gener&Sanai, nepilnigo kombinaciju filtréSanai un kopgja iesp&amo
risingjumu  skaita noteikSanai. Programmatiira ir izstradata izmantojot Java
programmatiiras izstrades platformu.

Specialas kombinatoriskas analizes metodes tika izmantotas risinajuma
telpas novertéSanai. Daudzrobotu sisteémas specifikacijas kandidatu pirmas kartas
novértésana ir implement&ta izmantojot genétisko algoritmu, kura kodols ir balstits
uz JGAP pakotnes. Praktiskie eksperimenti tika izpilditi uz atveletas skaitloSanas
aparatiiras (IBM 3850).

Uz imitacijas modeliem balstita daudzrobotu sist€mas specifikacijas
novertésana ir realiz€ta izmantojot iekartu interfeisu un robotu vadibas tikla serveri
Player un robotu populacijas imitacijas pakotni Stage.

Pétijuma tezes

v’ Nav piedavatas formalas metodes heterogéno daudzrobotu sistému
specifikacijas izstradei.

v" Komponen$u primitivu Iimena ievieSana lauj formali aprakstit daudzrobotu
sistémas uzdevumu.

v Daudzrobotu sistému specifikacijas izstrades uzdevuma risinajuma telpas
izmers pieaug nelineari atkariba no komponensu skaita.

v/ Ir iespgams izstradat visu risindjumu telpu aptveroSu heterogeno
daudzrobotu sistému specifikacijas optimizésanas procediiru.

Zinatniskais jauninajums un praktiska vertiba

v Heterogénas daudzrobotu sistémas specifikacijas optimizé$anas uzdevuma
risinajums tiek definéts izmantojot detaliz€tus primitivus, kas ietver
komponentes un agentus.

v' Visu risingjumu telpu aptvero§d heterogéno daudzrobotu sistemu
specifikacijas optimizéSanas procediira nosaka darbplismu no biznesa
prasibu specifikacijas 11dz ieteicamai daudzrobotu sistémas specifikacijai.

v’ lzstradatas formulas daudzrobotu sistemu specifikacijas risindjumu telpas
izm@ra noteikSanai.

v' Uz genétiska algoritma balstita heiristiska mekléSana ir adaptéta
daudzrobotu sistemas specifikacijas optimizésanas uzdevumam pielagojot
genétiska att€lojuma, atbilstibas funkcijas un evoliicijas procesa realizaciju.
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v Daudzrobotu sistémas vadibas karkasa realizacija ir balstita uz signalu
apstrades imitacijas vide.

Izstradata specifikacijas optimizgSanas procediira nodroSina biznesa prasibu
formalu analizi un piedava karkasu optimalas heterogénas daudzrobotu sist€mas
konfiguracijas meklesanai. Optimalas specifikacijas merkis ir piesaistit piemerotus
agentus un palielinat to komponen$u izmanto$anu industrialajiem uzdevumiem.
Tas palielina produkcijas sisteémas efektivitati, kas savukart samazina sist€mas
uzturé$anas izmaksas un palielina uznéméja pelnu.

Autors redz iespgju izmantot aparatiiras Itment realizéto robotizgto sistemu
specifikacijas optimizéSanas procediiras noskanosanai.

Praktiska zales plauanas agenta aparatliras realizacija ir uzsakta autora
vadita magistra darba ietvaros. Tiek veikti lauku eksperimenti ar autonoma zales
plavgja darba prototipu, kas ir aprikots ar stiréSanas un GPS sistemam.

Darba struktiira un apjoms

Promocijas darbs ir uzrakstits anglu valoda, satur anotaciju, ievadu, 6
nodalas, secinajumus, literatiiras sarakstu un 4 pielikumus, taja skaita 8 tabulas, 39
att€lus, 17 formulas, kopa 194 lapaspuses. Darba izmantoti 247 literatiiras avoti.

1. DAUDZROBOTU SISTEMAS SPECIFIKACIJAS
IZSTRADES PROBLEMAS NOSTADNE

Pedgja gadu desmita daudzrobotu sistému izp&tes virziens ir kluvis par
vienu no aktualakiem robotikas nozar€. Pirmie pétjjumi bija veltiti daudzrobotu
sistému darbibas pamatprincipu izstradei (Balch, Parker, 2002; Parker et al., 2005)
un nodro$inaja metodisko pamatu turpmakiem pé&tfjumiem.

Petijumi daudzrobotu sist€ému virziena ir atpalikus$i salidzinajuma ar viena
robota sisttmam. Galvenokart tas ir saistits ar aparatiiras un programmatiiras
risinajumu trukumiem, kuri bija raksturigi ieprieksgjiem gadiem. Pat viena robota
uzturéSanai bija nepiecieSami ieveérojami lidzekli un laiks. Ar laiku robotu sist€mas
kluva uzticamakas un pieejamakas, pieverSot pétnieku interesi sisttmam, kas
demonstrgja vairaku mobilo autonomo robotu kooperativo uzvedibu.

1990-to gadu vida vairaku robotu vadibas virziens saka strauji attistities.
ledvesmoti ar socialo insektu fenomenu, pétnieki fokus€jas uz vairaku robotu
kooperativas vadibas algoritmiem (Beni, Wang, 1993; Kube, Zhang, 1993). Mobilo
robotu grupas tika uzbtivétas ar mérki izzinat tadus aspektus ka grupas arhitektira,
resursu konflikti, kooperacijas principi, apmaciba un citus (Cao et al., 1997).

Neskatoties uz lielaku projektéSanas un izstrades sarezgitibu, daudzrobotu
sistémam ir raksturigas vairakas prieksrocibas. Autonomo robotu grupas ir sp&jigas



izpildit uzdevumus, kuri var but sarezgiti, nevélami, vai pat neiesp&ami
atseviSkiem robotiem. Var minét $adus pielietojuma piemérus (Bekey, 2005):

v/ attala zondéSana bistamajas vidés, kuras viena robota bojajums nedrikst
novest pie visa uzdevuma neveiksmes;

v’ uzdevumu izpilde, kuri ir arpus viena robota sp&am, pieméram, lielu un
smagu objektu parvietosana, sarezgito struktiiru montaza,

v’ atraka uzdevumu izpilde, kuru veicina daudzrobotu sisttmam raksturigais
paral€lisms;

v’ sarezgito uzdevumu izpilde ir izdevigaka izmantojot vienkarSu un
specializéto iekartu grupu, salidzinot ar viena daudzfunkcionala robota
izmantoSanu;

v’ izklied&ta zondésana izmantojot liclas vienkar$o un 1&to robotu grupas.
Vairums pétjjumu daudzrobotu sist€ému virziena ir versti uz praktiska

risindjuma izstradi konkrétam uzdevumam. Ir pieejamas vairakas vadibas
arhitektliras, sazipas stratégijas, resursu planoSanas pieejas un citi algoritmi
lietosanai daudzrobotu sistémas (Burgard et al., 2005; Nouyan et al., 2009; Rybski
et al., 2007). Pretstata ir relativi maz formalo modelu un analitisko risingjumu, kas
apraksta notieku problemu (Gerkey, 2003). Lidz ar to netiek veikta daudzrobotu
sisteémas ekonomiska labuma un strukturala projektgjuma analize.

Uzdevuma realizacija izmantojot heterogéno daudzrobotu sist€ému var
samazinat tas izmantoSanas izmaksas, palielinot atsevisku komponensu
izmantoanas laiku. Saja gadifjuma iespgjamo risindjumu telpa daudzkartigi
paplasinas jaunas parametru dimensijas dél — robotu tipi — kas tiek izmantoti
sistémas specifikacijas izstradeé. Tapéc biezi tikai dazi intuitivi risinajumi tiek
analiz&t un labakais no tiem tiek uzskatits par optimalo. Autora mérkis ir atrast
optimumu pilna risinajumu telpa pielietojot specifikacijas formalizaciju,
sasniedzamibas analizi un skaitloSanas jaudu. Izmantojot piedavato procediiru
optimums tiek atrasts pilna risinajumu telpa noveérSot suboptimalo risinajumu
izmantoSanu. Optimizacijas procediira ir sadalita astonos secigos solos.

2. DAUDZROBOTU SISTEMAS SPECIFIKACIJAS
OPTIMIZACIJAS PROCEDURA

Robotu sist€mas specifikdacija ir parametru kopa kas unikali un pilnigi
apraksta sisttmu. Dazadas specifikacijas tiek iegiitas mainot sist€mas parametrus.
Sistemas specifikaciju var izmantot vienotai formalajai analizei, jo ta nosaka visus
butiskus sistémas parametrus. Heterogéno daudzrobotu sist€ému konteksta
specifikacija nosaka robotu tipus (klases) un to eksemplaru skaitu sistema.

Promocijas darba ietvaros optimizacijas uzdevums ir vérsts uz labakas
specifikacijas atrasanu daudzrobotu sisteémai, maksimiz&jot mérka funkciju. Tas
nozimé optimala risindjumu mekléSanu pilna iesp&amo risingjumu telpa.



Heterogénam daudzrobotu sisttmam iesp&jamo risinajumu kopa ietver visas robotu
tipu un to eksemplaru skaita kombinacijas.

Optimizacijas process paredz optimizdcijas kritériju, parametru un
ierobezojumu defin€Sanu. Autors izmanto ipasuma kopéjas izmaksas ka universalu
kriteriju specifikacijas optimiz&Sanas metodes demonstracijai. Optimizacijas
parametrs ir pati specifikacija. Optimizacijas ierobezojumus, galvenokart, defing
lietotajs atbilstosi paredz&tam sisteémas izmantosanas Tpatnibam.

Specifikacijas optimizé$anas konceptualais (Komasilovs, Stalidzans, 2011)
modelis ir balstits uz dekompozicijas pieejas. Notiek robotu sist€emas uzdevuma
dekompozicija komponensu saraksta, tadejadi defingjot prasibas formalaja veida.
Komponentes nosaka sisttmas funkciju abstraktas definicijas nenoradot to
realizacijas 1patnibas.

Komponentes tiek grupétas agentos, kuri atbilst sistémas funkcionaliem
vienibam. Disertacijas ietvaros par agentiem tiek uzskatiti mobilie roboti
(piem@ram, transportetajs, ieckravgjs) vai stacionaras vienibas (pieméram,
komunikacijas vieniba, noliktava).

Visbeidzot agentu kopa tiek izvéléta veidojot risingjumu. P&c bitibas,
risindjums atbilst heterogénas daudzrobotu sist€émas specifikacijai un tas nosaka
agentu tipus un to eksemplaru skaitu kas tiek izmantots uzdevuma izpildei.
Konceptuala modela grafiskais attélojums ir paradits 1. att.

Komponente <> Agents <> Risinajums
S1 )
.
-
O O (( ))
&) =
-
C3. C4 o=
Al=Cl+C2 S1=2xA1+A2+A3
A2=Cl+C3
A3=C4

1. att. Risinajuma konceptualais modelis

Optimizdcijas procediira nosaka darbibu secibu kuras ir nepiecieSamas
optimalas (vai tuvas tai) vértibas atraSanai. Promocijas darba ietvaros tiek
piedavata formala pieeja heterogéno daudzrobotu sisttmu funkcionalo un
strukturalo parametru (tas specifikacijas) analizei, ka arT izmaksu optimiz€Sanai,
nemto vera lietotaja defingto kriteriju un sist€émas izmantosanas Ipatnibas.
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Izstradata procedira piedava karkasu heterogénas daudzrobotu sistemas
labakas specifikacijas mekléSanai. Procediras mérkis ir atrast optimalo risinajumu
pilna risinajumu telpa un piedavat metodes neoptimalo risinajumu atzaru
nover$anai agrinas optimizacijas posmos.

Procedaras darbplisma (sk. 2. att) defineé 8 secigus solus un var but
izpildita iterativi (Komasilovs, Stalidzans, 2012).

1. solis. Pasttitajs (lietotajs) defing daudzrobotu sistémas biznesa prasibas.

2. solis. Tiek veikta uzdevuma dekompozicija komponentgs, tiek izvel&ti
optimizacijas kriterijs, parametri un ierobezojumi.

3.solis. Risinajumu telpa tiek analiz€ta ar mérki novertét iesp&amo
risinajumu skaitu.

4. solis. Ja risinajumu skaits ir parak liels lai novertét tos visus, tad seko
5. solis, pretgja gadijuma 6. solis.

5. solis. Heiristiskie algoritmi tiek izmantoti parmekl&jamas risinajumu
telpas samazinaSanai un dazu piemerotako risinajumu kandidatu izvelei.

6. solis. Preciza risinagjumu kandidatu novert€Sana izmantojot imitacijas
model]us.

7.solis. Optimizacijas procesa rezultati tiek analiz&ti ar mérki izzinat
atSkiribas starp 5. un 6. solos novértéto piemérotibu.

8. solis. Piemérotibas modeli tiek pieskanoti ja at§kiribas nav piepemamas
un procedira tiek izpildita atkartoti.
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1. Biznesa prasibu specifikacija

'

r » 2. Uzdevuma dekompozicija un saderibas analize

v

3. Risinajumu telpas analize

/\
4. Novertet visus
risindjumus?

> 5. Uz heiristiskam metodém balstita novertésana

v

6. Uz imitacijas modeliem balstita novertésana e

v

7. Optimizacijas rezultatu analize

o

8. Pienemami
rezultati?

‘,/ ) Procediiras ;\\‘
\ beigas /

2. att. Specifikacijas optimizé$anas procediira

3. UZDEVUMA DEKOMPOZICIJA UN RISINAJUMU
TELPAS IZSTRADE

Pirmais procediiras solis nosaka biznesa prasibu specifikaciju robotu
sisttmai. Tiek definets uzdevums, kas ietver apakSuzdevumus un sist€mas
izmantosanas Tpatnibas. Sis solis atbilst biznesa prasibu specifikacijas posmam
sist€émas analizes procesa.
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Otrais procediras solis ir paredzets ieprieksgja soli iegiito sist€mas prasibu
formaliz€Sanai un sagatavosSanai (dekompozicijai) nakamajos solos veicamajai
optimize&sanai.

Specifikacijas optimizéSanas procediira izmanto speciali izstradatu
komponensu klasifikacijas modeli kas atbalsta uzdevuma prasibu dekompoziciju.
Modelis ir iedvesmots no biologisko sugu klasifikacijas pieejas un tam ir kokveida
struktiira, kas parasti ir kompaktaka salidzinot ar sarakstiem. Tapat, kokveida
struktiira ir viegli paplasinama, pievienojot jaunus atzarus.

Piedavatais komponensu klasifikacijas modelis paredz, ka katrs ta elements
ir taksons, kas apraksta noteiktu komponenti (funkcionalitati). Komponensu
detalizacijas Iimenis palielinas virzoties dzilak kokveida struktiira. Koka saknes
elementi defin€ komponensu kategorijas un logiskas grupas, dzilakie koka elementi
(atzari) atbilst noteiktiem robotu sistémas komponentem.

Komponentes lauj noradit tikai strukturalas uzdevuma ipasibas. Tomer
uzdevuma dinamiskie raksturojumi paliek nenoteikti, un atsevisku komponensu
izmantosSanas pasibas uzdevuma konteksta nav skaidras.

Papildus komponensu jeédzienam tiek defin€ts apaksSuzdevuma koncepts.
Tas nosaka vienkarSus uzdevumus, Kurus robotu sistéma var neparprotami izpildit.
Tadejadi promocijas darba ietvaros uzdevums robotu sistémai tiek uzdots
izmantojot nepiecie$amo komponensu sarakstu un apakSuzdevumu kopu, kas
nosaka sistémas uzvedibu.

Tiek veikta iterativa saderibas ierobeZojumu analize ar mérki atmest
sakotngji neracionalos risingjumu kandidatus. Tas palidz samazinat nakamajos
procediiras solos apstradato risinagjumu kandidatu skaitu, kas kopuma paatrina tas
izpildi.

4. IESPEJAMO RISINAJUMU TELPAS ANALIZE

Tresais piedavatas specifikacijas optimizéSanas procediiras solis atbilst
risindgjumu telpas analizes, kas tiek piemérota ieprieksgja soli izstradatai uzdevuma
formalajai definicijai. ST sola mérkis ir izzinat specifikacijas optimiz&$anas
problémas sarezgitibu un paredz&t iesp&jamo risinajumu skaitu. Analizes rezultati
tiek izmantoti nakamajos solos piemérotako noveérté$anas panémienu izvélei.

P&c konceptuala modela risinajums tiek veidots no agentiem, kuri savukart
tiek veidoti no komponentém. Unikalo agentu skaits, kurus ir iespgjams kombinét
no uzdotam komponentem, atbilst visu iespgjamo komponensu kombinaciju
skaitam (1).
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s !
f(n)=zm=2n—1 1)
k=1

n —uzdevuma definéto komponensu skaits;

f(n) - unikalo agentu kopgjais skaits.

Pieméroto risinajumu skaits atbilst iesp&jamo agentu kombinaciju skaitam
un tiek aprékinats 1idziga veida (2).

kur

fm £(n)!
= _Jw =22"-1_1_ 2
g ZE—l TG ) =1 r(n) =2 1-r(n) &)
kur
n —uzdevuma definéto komponensu skaits;

g(m) - risingjumu skaits;

f(n) - unikalo agentu skaits (1);

r(n) - kombinaciju skaits, kuras neatbilst risinajuma definicijai.

Funkcija r(n) norada tadu kombinaciju skaitu, kuras nevar uzskatit par
risindgjumu triikkstoSo komponensu dél. Speciala autora izstradata CoMBot-Gen
programmatiira tika izmantota funkcijas vertibu eksperimentalai noteikSanai.

Tika noteikts gandriz dubulti eksponencials risinadjumu skaita pieaugums
atkariba no uzdoto komponensu skaita (sk. 3. att.).

40
" /
0 /

; /

5 /

0 ' T T T T T )

Risinajumu skaits, 10g10(g(n))

Komponensu skaits, n

3. att. Risinajumu skaita funkcija attélota uz logaritmiskas skalas
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5. PIRMAS KARTAS NOVERTESANA IZMANTOJOT
HEIRISTISKAS METODES

Piektais procediiras solis ir paredz&ts pirmas kartas risinagjumu kandidatu
novertéSanai izmantojot heiristiskas metodes. P&c specifikacijas optimiz&Sanas
procediiras $is solis nav obligats un ir sapratigi to izlaist, ja ir iesp&ama visu
iespgjamo risindgjumu preciza novertéSanai. Promocijas darba ietvaros ka
heiristiskas mekléSanas metodes piemérs tick izmantots genétiskais algoritms
(Eiben, Smith, 2003).

Risinajumu telpas genétiskais att€lojums nosaka tadu datu struktaru, kas ir
piemérota datorizétai apstradei un taja pat laika ir sp&jiga kod@t risinajuma
kandidatu. Autors izmanto veselo skaitlu génus noteikta agentu tipa eksemplaru
skaita kod&$anai risinajuma (sk. 4. att.).

. Agentutips A | Agentutips B | Agentu tips C

S 7 eksemplari 3 eksemplari 0 eksemplari S

N
e neizmantots
_ géna vertiba . .
gens agentu tips
N J
o
hromosoma

4. att. Risinajumu telpas genétiskais attélojums

Gengétiska algoritma piemérotibas funkcija atbilst skaitliskam raditajam, kas
tieck piemérots katram risinajuma kandidatam populacija. Piem@rotibas funkcija
nosaka atseviSka individa sniegumu attieciba pret pasreiz&jo optimumu, tadejadi
individi tiek salidzinati sava starpa. Autors izmanto ipauma kopgjas izmaksas ka
pamata krit€riju risingjuma kandidatu novertesanai.

Tiek izdalitas divas ipasuma kop€jo izmaksu pozicijas (Komasilovs,
2012a): 1) investiciju izmaksas un 2) operacionalas izmaksas.

Investiciju izmaksu jédziens attiecas uz izdevumiem, kas ir nepiecieSami lai
izveidot robotu sist€mu noteiktam uzdevumam. Tas definé izmaksu pozicijas kuras
rodas daudzrobotu sistémas projektéSanas, izstrades un izveérSanas laika, bet
neietver izmaksas kuras attiecas uz sistémas darbibu (sk. 5. att.).

Operacionalo izmaksu jédziens attiecas uz izdevumiem kas rodas noteikta
uzdevuma izpildes laika. Daudzrobotu sist€émas operacionalas izmaksas ir liela
mera atkarigas no sist€émas pielietojuma Tpatnibam. Saskana ar autora piep€mumu
operacionalas izmaksas ietver tadas pozicijas, ka energijas, uzturéSanas un
neparedzétas izmaksas (sk. 6. att).
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Sistémas

A tipa agentu
projektesana

5. att. Investiciju izmaksu modela grafiskais attélojums

Sisteémas darba
laiks

A

Agenta darba
laiks

6. att. Operacionalo izmaksu modela grafiskais attélojums

Specidla autora izstradata GAMBot-Eva programmatira tika izmantota
daudzrobotu sistému specifikacijas pirmas kartas novértéSanai. Programmatiira
16



piedava funkcionalitati, kas atbalsta optimizeSanas procediiras 5. sola izpildi un
realiz€ heiristisko mekleéSanu plasa risinajumu telpa. Programmatira balstas uz
JGAP — Java Genetic Algorithms and Genetic Programming Package (Meffert et
al., 2012) genétiskas skaitlosanas bibliotekas. MySQL datubaze un tas klienta puses
JDBC draiveri tiek izmantoti patstavigas datu glabatuves funkcionalitates
realiz€8anai. Programmatiiras pirmkods ir pieejams publiska projekta vietné
(Komasilovs, 2012b).

Programmatiira atbalsta asinhrono vairaku genétiska algoritma populaciju
apstradi uz izdalita skaitloSanas servera. Sist€mas arhitektiira ietver $adus
konceptus (sk. 7. att.):

v’ skaitloSanas modulis, kas izpilda genétisko algoritmu un vada ta populacijas
evoliciju;

v’ prezentacijas modulis, kas nodro$ina lietotaja saskarni skaitloSanas rezultatu
izgiiSanai;

v’ glabatuves modulis, kas nodro§ina datu pastavigo glabasanu un datu
apmainu starp ieprieksgjiem diviem moduliem.

Prezentacijas
modulis

Glabatuves
modulis

Skait]osanas
moduli

7. att. GAMBot-Eva programmatiiras arhitektira

6. OTRAS KARTAS NOVERTESANA IZMANTOJOT
IMITACIJAS MODELUS

Pedgjais specifikacijas optimizeéSanas procediras skait]oSanas posms
(6. solis) atbilst daudzrobotu sistémas specifikacijas kandidatu neliela skaita
novertéSanu izmantojot imitacijas modelus. Galvenais §T sola mérkis ir atdarinat
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vidi tuvu realas dzives situacijai un izm&ginat risindjuma kandidatus taja.
Imitacijas vide ir paredz&ta realas robotu sist€mas izstrades aizvietoSanai testéSanas
stadija.

Imitacijas vides konfiguracija paredz test€jamas daudzrobotu sist€mas visu
agentu modelu izstradi, ka ari paSas vides (apkartgjas pasaules) modela izstradi.
Autors izmanto Player/Stage programmatiiras kompleksu ka imitacijas pakotni, kas
ir The Player Project ictveros izstradata atklata pirmkoda programmatiira un tiek
plasi pielietota daudzrobotu sistému un izkliedétas zondésanas pétijumos (Gerkey
et al., 2003).

IzvEletai imitacijas programmatirai ir elastiga un paplasinama arhitektira,
ta izmanto vienkarSus uz modelu primitiviem balstitos konfiguracijas konceptus,
un atbalsta zema limena pieeju pie imiteétam iekartam.

Imitéto agentu vadibas sisteémas izstrades atbalstam autors ir izveidojis
specialo SiMBot-Ctr karkasu. Tas ir abstrakts 1iks uz aizvietoSanas arhitekttras
balstito vadibas sisteému izstradei (sk. 8. att.). Karkass lauj atri un vienkarsi buvet
vadibas sist€mas izmantojot visparinatas un abstraktas klases. Tapat tas piedava
vairaku biezak lietoto robotu uzvedibas scenariju parametrizétu implementaciju.
Vadibas sisteéma tiek biiveta no lietoSanai gataviem blokiem, tadejadi atbalstot atru
prototipu izveidi.

<interfeiss> | <interfeiss>
als Mezgls Uzvediba

<interfeiss>
Si

<abstrakts>

keSatminu
Aizlieguma
mezgls
AizvietoSanas
mezgls

8. att. SiMBot-Ctr karkasa konceptualais modelis

Nemot vera pasa imitacijas modela izstrades izmaksas ir javeic pieprasitas
uz imitacijas modela balstitdas novértéSanas precizitates analizi. Vadibas karkasa
realizéta reaktiva robotu vadibas sist€mas arhitektira demonstré pienemamu
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veiktsp&ju. Tomer ir identificéta sistémas Itmena intelektualas planosanas
nepiecieSamiba.

Detaliz&ta imitacijas modela izstrade un imitéto agentu intelektualas vadibas
sisttmas implement&Sana neietilpts disertacijas ietvaros veiktajos petjjumos.

Autors redz iespgju izmantot aparatiiras Ilimeni implement&to robotu sistému
specifikacijas optimizé$anas procediiras noskanoSanai. Zales plauSanas agenta
praktiska aparatiiras izstrade ir uzsakta autora vaditaja magistra darba ietvaros.
Tiek veikti lauku eksperimenti ar autonoma zales plavéja darba prototipu, kas ir
aprikots ar stiréSanas un GPS sisttmam.

SECINAJUMI

Galvenie darba rezultati

Ir izstradata procediira heterogénas daudzrobotu sistémas specifikacijas visu
risinagjumu telpu aptverosai optimizésanai. Darba uzdevumi ir veiksmigi izpilditi.

1. Ir analizétas specifikacijas izstrades metodes, kas ir pielietojamas
heterogenam daudzrobotu sistemam.

Aktualakie daudzrobotu sistému izpétes virzieni tika apskatiti analizes
ietvaros. Autors secindja, ka lielaka dala musdienu petijumu ir vérsti uz konkréta
uzdevuma risindjuma izstradi un pieskanosanu. Taja pat laika ir relativi maz
pétijumu, kuri ir versti uz formalo un universalo metozu izstradi daudzrobotu
sisttmam.

Autors konstat€ja ka daudzrobotu sisttmu augsta Itmena projektejums
netieck nekada veida apstiprinats, bet pretstata tiek balstits uz pétijuma laika
pieejamam iekartam. Tadejadi autors izvirzija specifikacijas izstades problemu ka
neatrisinatu aspektu daudzrobotu sistému konteksta.

2. Ir definéts heterogénas daudzrobotu sistemas specifikacijas optimizacijas
uzdevums un risinajuma koncepts.

Definicijas ietver sevi optimizacijas uzdevuma krit€riju, ierobezojumus un
parametrus. Autors izmanto kopgjas Tpasuma izmaksas ka integralu optimizacijas
kriteriju praktiskiem eksperimentiem, nemot vera robotu sist€mas izmantoSanas
Tpatnibas.

Ieprieks minéta optimizacijas uzdevuma risinajuma koncepts ir balstits uz
trim butiskiem jédzieniem: risinajums, agents un komponente. Risindjums tiek
definéts agentu kopas veida. Agents atbilst sist€émas vienibai, mobilajam robotam
vai stacionarai iekartai. Agenti tieck bavéti no komponentem - sist€mas
nedalamiem primitiviem, kuri defin€ noteiktu funkcionalitati bez tas
implementacijas detalam.

19



3. Ir izstradata procedura optimalas heterogénas daudzrobotu sistemas
specifikacijas mekléesanai pilna risindajumu telpa.

Procediirai ir iterativs raksturs un ta sastdv no astoniem secigiem soliem.
Vispirms tiek definetas biznesa prasibas, tad notiek to dekompozicija risinajuma
konceptos. P&c tam tiek veikta risindgjuma telpas analize un tiek pielietoti dazadas
risinajumu kandidatu novertésanas metodes. Visbeidzot, optimizacijas rezultati tiek
analiz€ti, un, ja tas ir nepiecieSams, uzdevuma nostadne tiek precizéta un tiek
uzsakta jauna procediras iteracija.

4. Ir izstradata heterogeno daudzrobotu sistemu uzdevuma uzdoSanas tehnika
un ta dekompozicijas panémiens.
P&c specifikacijas optimizeSanas procediiras koncepta daudzrobotu sistémas
uzdevums tiek defin€ts izmantojot komponentes, kuras ir nepiecieSamas uzdevuma
izpildei. Ir definéti komponensu klasifikacijas un Ipasibu uzdoSanas principi.

5. Ir analizéts iespéjamo risinajumu telpas izmers specifikacijas optimizesanas
uzdevumam.

Tika izstradatas specialas metodes unikdlo agentu tipu un to iesp&jamo
kombinaciju skaita noteikS$anai. Izstradata CoMBot-Gen programmatiira lauj veikt
agentu kombinaciju analizi un atmest nederigas kombinacijas. Ir noteikts gandriz
dubulti eksponencials risinajumu skaita pieaugums atkariba no uzdoto komponensu
skaita.

6. Heiristiskas meklesanas metode tika implementéta un eksperimentali
parbaudita daudzrobotu sistému specifikdcijas pirmds kartas novértésanai.
Ir izstradata modulara GAMBot-Eva programmatiira uz genétiska algoritma
balstitai heiristiskai mekl€$anai. Programmatiira tiek izmantota ka universals riks
risindjumu  kandidatu pirmas kartas noveértéSanai. Gengtiska algoritma
implementacija ietver genétiska att€lojuma un piemérotibas funkcijas izstradi, kas
noverté sistémas ipaSuma kop€jas izmaksas. Ir veiksmigi veikti praktiskie
eksperimenti risingjumu kandidatu pirmas kartas novertéSanas etapa dazadu
aspektu test€Sanai.

7. Ir analizéta iespéja izmantot imitacijas tehnikas daudzrobotu sistemas
specifikdcijas otras kartas novértésanai.

Praktiskie eksperimenti ar izstradato SiMBot-Ctr vadibas sistémas karkasu
apstiprina iesp&u izmantot imitacijas tehnikas precizai risinajumu kandidatu
novértésanai. Tomér ir svarigi novertét nepiecieSamo imitacijas modela
detalizacijas pakapi, jo paSa modela izstrade un imitacijas eksperimenti ir sarezgiti
un laika ietilpigi.
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Secinajumi un attistibas perspektivas

Daudzrobotu sisttmu formala analize un dazadu funkciju izmantoSanas
prognozésana netika izpétita daudzrobotu sistému pétijumu virziena. Pareizi
projekteta daudzrobotu sisteéma pieprasa mazakas investicijas no tas pasiititaja un
taja pat laika ir spgjiga nodrosinat veiktsp&ju un droSumu, kas ir nepiecieSams
veiksmigai uzdevuma izpildei.

Ir piedavata procediira daudzrobotu sisteémas specifikacijas optimiz&Sanai.
Ta nosaka darbpliismu optimizéSanas uzdevuma atrisinasanai un ietver sevi tadus
posmus ka biznesa prasibu specifikacija, uzdevuma dekompozicija komponentgs,
risinajuma telpas analize, risinajuma kandidatu novertésanu izmantojot heiristiskos
algoritmus un imitacijas modelus.

Analitiska iespgjamo agentu kombinaciju skaita novértéSana specifikacijas
optimizé$anas problémai atklaj gandriz dubulti eksponencialu atkaribu no uzdoto
komponensu skaita.

Autors saredz vairakas nakotnes attistibas perspektivas, kuras uzlabotu
piedavato specifikacijas optimizé$anas procediiru:

v’ uzlabot komponensu un to ipasibu uzdo$anas modeli, kas lautu elastigaku to
investicijas un operacionalo izmaksu uzdosanu;

v’ izstradat ipaSuma kop€jo izmaksu novértésanas modeli, kas butu balstits uz
modernam ekonomiskas planoSanas metodém;

v’ palielinat izstradatds programmatlras parametrizéSanas pakapi, kas
paplasinatu tas izmantoS$anas iespgjas;

v’ izstradat universalu konceptu robotu sistémas globala uzdevuma
apakSuzdevumu defingSanai, kas padaritu optimizéSanas procediiras
implementaciju universalaku;

v’ papildinat optimizéSanas procediiru ar soli, kas biitu balstits uz atra un
tuvinata imitacijas modela;

v’ paplainat imitéto daudzrobotu sistému vadibas karkasa funkcionalitati ar
operacionalas planoSanas moduliem;

v padarit optimizacijas procesu un tia programmatiiras implementaciju
interaktivu un nepartrauktu, ka ari dot lielaku parvaldibu par optimizacijas
procesa un ta rezultata Tpatnibam,;

v/ analizét iesp&ju izmantot piedavato specifikacijas optimiz&sanas procediiru
citas nozar€s izplatot tas pieeju, ka ari, otradi, ieglit zinaSanas un metodes
no citam nozarém.
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INTRODUCTION

During the last decade multi-robot systems research field has become one of
the most actual directions in the robotics and many researchers have focused on it.
Early researches laid the foundation of the multi-robot system functional principles
and therefore provided a solid base for the following investigations. Most of the
researches in multi-robot systems field have a trend to focus on the development of
working solution for a particular task. For now there are available a lot of different
control architectures, communication strategies and other approaches developed to
be used in multi-robot system. From the other side there are relatively few formal
models and analytical solutions that support decision making during design stage.

Despite increased complexity in design and development of multi-robot
systems, it has various advantages over single-robot systems. The list of
advantages of multi-robot systems includes aspects and applications as follows:

25



v" robustness or fault tolerance of the system which is achieved by additional
redundancy;

v' tasks which are beyond the limits of single robot like moving the large and
heavy objects, assembly of complex structures;

v' tasks which are too complex to be cost effective to perform by single multi-
purpose rohot;

v' rapid task execution due to massive parallelism in multi-robot system.

Relatively less explored are the multi-robot systems that are composed from
heterogeneous robots, which means that at least one member of such system differs
from others by mechanical, sensing or processing hardware, or by internal control
architecture. Heterogeneous multi-robot systems potentially have larger fault
tolerance degree and are capable for redundant solutions of a problem, as well as
more versatility in performing complex tasks.

For a user of multi-robot system implemented to perform certain task one of
the major indicators are the costs of the system. The number of robot classes, as
well as the specification of functions of each class and the number of instances of
each class in the system are the parameters of the system that could be adjusted in
order to optimize the costs of the system. In practice mentioned parameters are
usually predefined and optimization potential is not assessed. As a result multi-
robot system becomes unattractive for the customer because of lack of clear
calculations in all positions of costs and predictable results of adjusting the
parameters of system.

The thesis refers to the formal identification and quantification of the
characteristics of multi-robot systems and it is devoted to the approach of
optimization of various parameters of multi-robot systems to reach the most
efficient set-up of system for a particular task assigning necessary functionality to
instances of robot classes.

Goal and objectives of the thesis

The goal of the thesis is to improve the specification development for
heterogeneous multi-robot systems during design stage by analyzing the full
solution domain instead of testing only a part of possible solutions.

In order to achieve the goal of the thesis the list of objectives were defined
as follows:

1. perform analysis of specification development methods applied for
heterogeneous multi-robot systems;

2. define specification optimization task and its solution concept for
heterogeneous multi-robot systems;

3. develop the procedure for finding optimal specification of heterogeneous
multi-robot system in full solution domain;

4. develop mission definition technique and its decomposition approach for
heterogeneous multi-robot systems;
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5. perform the analysis of the size of feasible solution domain of the
specification optimization task;

6. implement and experimentally test heuristic search algorithm for initial
evaluation of specifications of multi-robot system;

7. analyze possibility to use simulation techniques for fine evaluation of
specification of multi-robot system.

Research methods

Custom software is developed for analysis of solution domain of
specification optimization task for multi-robot systems. This includes modules for
defining the missions, components and their properties, for generating solution
candidates, for filtering incomplete combinations and for estimating the total
number of possible solutions. The software is developed using Java programming
language.

Custom methods of combinatorial analysis are applied to assess the solution
domain of the problem. Initial evaluation of specification candidates of multi-robot
system is implemented using genetic algorithm, the kernel for genetic processing is
provided by JGAP framework. Practical experiments are executed on dedicated
processing hardware available in university (IBM 3850).

Simulation based evaluation of specification of multi-robot system is
implemented using Player device interface and network server for robot control (a
hardware abstraction layer for robotic devices) and Stage simulation package for
population of mobile robots.

Theses

v' There is a lack of formal methods for the development of optimal
specification of heterogeneous multi-robot systems.

v" Introduced level of the component primitives allows formal mission
definition for the multi-robot systems.

v The size of the solution domain of the specification development problem
for heterogeneous multi-robot systems depending on the number of
components grows nonlinearly.

v It is possible to develop full solution domain scale specification
optimization procedure for heterogeneous multi-robot systems.

Scientific novelty and practical value

v’ Specification optimization task for a heterogeneous multi-robot system is
defined using detailed concepts for the solution including component and
agent primitives.

v" Full solution domain covering heterogeneous multi-robot system
specification optimization procedure is developed defining the workflow
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from the business requirements specification to the preferred specification
of the multi-robot system.

v" Formulas for determination of the number of solutions in the specification
domain of multi-robot system are developed.

v Genetic algorithm based heuristic search is adapted for the specification
optimization task adapting techniques for implementation of the genetic
representation, the fitness function and the evolution processing.

v" Signal based processing is implemented within the framework for control of
multi-robot system in the simulated environment.

The developed specification optimization procedure enables formal analysis
of the business requirements and provides a framework for finding the optimal
setup of the heterogeneous multi-robot system. Optimal specification aims to apply
appropriate agents and the increase utilization of their components in industrial
applications. That leads to the increased efficiency of the production system, which
in turn lowers the maintenance costs of the system and increases industrialist’s
income.

The author sees the possibility to use the robotic system implemented using
a real hardware for fine tuning of the specification optimization procedure.

Practical hardware implementation of grass mowing agents is started within
the master’s thesis supervised by the author. Field experiments with the he working
prototype of autonomous grass mower with steering and GPS system are running.

PhD thesis structure and volume

The PhD thesis is written in English containing abstract, introduction, 6
chapters, conclusions, bibliography and 4 annexes, including 8 tables, 39 pictures,
17 formulas, 194 pages in total. 247 literature sources were used.

1. DEFINING THE PROBLEM OF SPECIFICATION
SELECTION FOR MULTI-ROBOT SYSTEM

During the last decade multi-robot systems research field become one of the
most actual directions in the robotics and many researchers have focused on it.
Early researches laid the foundation of the multi-robot system functional principles
(Balch, Parker, 2002; Parker et al., 2005) and therefore provided a solid base for
the following investigations.

Research on multiple mobile robots has lagged behind research on single
robots. Major reason for it is that for many years robot hardware and software was
very unreliable and required huge amount of effort to keep single robot working.
Over time, robotic systems have become more available and much cheaper. There
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has been increased research interest in systems composed of multiple autonomous
mobile robots exhibiting cooperative behavior.

In the mid-1990s multiple robot control direction began to change quickly.
Researchers inspired by the phenomena of social insects focused on development
of various algorithms for cooperative control of multiple robots (Beni, Wang,
1993; Kube, Zhang, 1993). Groups of mobile robots were constructed, with an aim
to study such issues as group architecture, resource conflict, origin of cooperation,
learning, and geometric problems (Cao et al., 1997).

Despite increased complexity in design and development of multi-robot
systems, they have various advantages over single-robot systems. Groups of
autonomous robots are able to perform tasks that may be difficult, undesirable, or
impossible for single robot. Some of them are as follows (Bekey, 2005):

v’ explorations in hazardous environments where failure of one robot should
not lead to failure of the entire mission and where redundancy may increase
the fault tolerance of the colony;

v' tasks beyond the limits of single robots, like cooperative lifting or pushing
large and heavy objects or assembly of complex structures;

v' tasks that can be completed more rapidly by multiple robots than possible is
for a single robot due to massive parallelism in multi-robot system;

v' complex tasks that may be less expensive with a group of specialized,
simpler vehicles that with single, multipurpose robot;

v highly distributed sensing, in which large colonies of simple and
inexpensive robots are used as mobile, communicating sensors.

Most of the researches in multi-robot systems field had a trend to focus on
the development of working solution for a particular task. For now there are
available control architectures, communication strategies or approaches developed
to use in multi-robot system (Burgard et al., 2005; Nouyan et al., 2009; Rybski et
al., 2007). From the other side there are relatively few formal models and
analytical solutions that describe specific type of problem (Gerkey, 2003). Because
of aforementioned assumptions the analysis of economic benefit and/or structural
design of a multi-robot system are not performed.

Mission implementation using heterogeneous robot group can reduce costs
by increasing utilization of particular components of robotic system. In this case
the space of possible solutions expand dramatically due to new dimension of
parameters — types of robots — added to the scope of choice of robot specification
and their number in a homogenous group. Therefore often just several intuitive
solutions are analyzed and the best of them is considered as optimal. The author
aims to search the optimum in the full space of solutions applying formalization of
the specification, feasibility analysis and computational power. Through proposed
procedure optimum is found in full solution domain eliminating application of
suboptimal solutions. The optimization procedure is divided in eight consecutive
steps.
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2. PROCEDURE FOR OPTIMIZATION OF SPECIFICATION
OF MULTI-ROBOT SYSTEM

A specification of robotic system is a set of parameters that uniquely specify
the system. Different specifications are obtained varying parameters of the system.
Since a specification is a set of all relevant parameters of the system, it could be
used to formally analyze the system as a single entity.

In the scope of heterogeneous multi-robot systems the specification defines
types of robots (classes) as well as a number of instances of each class of robots in
the system.

Within the scope of the thesis the optimization task is aimed to find best
specification of a multi-robot system maximizing an objective function. This
means the searching for an optimal solution in a full space of possible solutions.
For a heterogeneous multi-robot system possible solutions include all combinations
of robot types and number of their instances.

An optimization process implies that optimization criterion, parameters and
constraints are defined. The author uses the total costs of ownership as a universal
criterion for demonstrating specification optimization method. Parameter of the
optimization is specification itself. Optimization constraints are primarily defined
by user according to expected application peculiarities of the system.

The conceptual model (Komasilovs, Stalidzans, 2011) of specification
optimization is based on decomposition approach. The mission for the robotic
system is decomposed into the list of components, thereby defining the
requirements in the formal manner. Component stands for an abstract definition of
ability (function) of the system without an explicit specification of its realization.

Next, components are grouped together in order to form agents. In general,
an agent is a functional unit of the system. Within the thesis agents are considered
to be mobile robots (e.g. transporter, observer) or stationary units (e.g.
communication unit, warehouse).

Finally a set of agents is selected to form a solution. Solution is a
specification of heterogeneous multi-robot system, it defines types of agents
(classes) and a number of their instances used to carry out a mission. Graphical
representation of the conceptual model is shown on figure 1.
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Figure 1. Conceptual model of solution

Optimization procedure stands for the sequence of actions which are needed
to find the optima or close to that value. A formal approach is proposed within the
thesis, which is used for analysis of the functional and structural parameters of
heterogeneous multi-robot system (its specification), as well as for the optimization
of its costs taking into account customer’s criteria and peculiarities of the multi-
robot system.

The developed procedure provides a framework for finding best
specification of the heterogeneous multi-robot system. It aims to optimal solution
searching in full solution domain and provides methods to eliminate non-optimal
solution domain branches on early stages of optimization.

Figure 2 shows basic flowchart of the specification optimization procedure
(Komasilovs, Stalidzans, 2012). It consists of 8 consecutive steps and can be
executed iteratively.

Step 1. The business requirements for multi-robot system are defined by
customer (user).

Step 2. Mission definition is decomposed into components, optimization
criteria, adjustable parameters and constraints are selected.

Step 3. Solution domain is analyzed in order to assess the total number of
possible solutions.

Step 4. If the number of solutions is too high to evaluate all of them, then
proceed to the step 5. Otherwise one should go towards step 6.

Step 5. Heuristic algorithms are used to narrow the scope of considerable
options to the bunch of fittest solution candidates.

Step 6. Fine evaluation is performed using simulations in order to select
optimal solution for particular mission.
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Step 7. The results of the optimization process are analyzed to find out the
differences between forecasted fitness in step 5 and step 6.

Step 8. If the differences are not acceptable then parameters of initial
evaluation is tuned to meet the requirements (step 5) or the different decomposition
of the mission is applied and the procedure is executed again.

1. Business requirements specification

v

» 2. Mission decomposition and compatibility analysis

v

3. Solution space analysis

N

7 ~
4. Evaluate all
solutions? Yes

No

—_—,— e — ——————— oy

> 5. Initial evaluation using heuristic methods

v

6. Simulation based evaluation <

v

7. Analysis of optimization results

- ~__
8. Acceptable results?

‘/  Endof
\_ procedure

Figure 2. Specification optimization procedure
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32



3. MISSION DECOMPOSITION AND SOLUTION DOMAIN
DEVELOPMENT

The first step of the procedure stands for specification of business
requirements for the robotic system. The mission is defined, which includes tasks
and usage peculiarities of the system. This step corresponds to business
requirements specification stage of the system analysis process.

The second step of the specification optimization procedure is aimed to
formalization of system requirements obtained from previous step and preparing
them (decomposing the mission) for consecutive optimization performed in next
steps.

The specification optimization procedure wuses custom component
classification approach for supporting decomposition of the mission requirements.
It is inspired by biological classification of species and follows tree structure. Trees
are usually more compact in comparison to the lists. Also, tree structure is easily
extendable by adding new branches.

Proposed component classification implies that each element of
classification tree is a taxon, which describes certain component (functionality).
The level of details of particular component increases going deeper through the
tree. Root elements of the tree define categories and logical groups of components,
deeper elements of tree (branches) are the specific components of robot system.

Components allow specifying only structural features of the mission.
However dynamic features of the mission remain undefined and the application of
certain component within the context for the mission is unclear.

In addition to the list of components, the concept of the tasks is defined.
They stand for simple independent missions, which can be univocally performed
by robotic system. Thereby the mission for the robotic systems considered within
the thesis is defined using the list of components as well as the list of tasks, which
define behavior of the system.

The iterative analysis of compatibility constraints is performed to eliminate
initially irrational solution candidates. This allows decreasing the number of
processed solution candidates during the next steps of the procedure, which leads
to faster processing in general.

4. ANALYSIS OF DOMAIN OF FEASIBLE SOLUTIONS

The third step of proposed specification optimization procedure stands for
solution domain analysis, which is applied on formal definition of the mission
developed within previous step of the procedure. The main goal of this step is to
recognize the complexity of the specification optimization problem and predict the
number of feasible solutions. The results of the analysis are used for selecting
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appropriate optimization and evaluation approach for subsequent steps of the
proposed procedure.

According to conceptual model of the solution is formed from agents, which
in turn are composed from components. The number of agents which are possible
to combine from defined components is equal to the number of all possible
combination of the components (1).

n

n!
f(n):;k!(n!—k!)zz -1 @)
where
n — number of defined components for the mission;

f(n) - total number of unique agents.
The number of valid solutions corresponds to the combinations of the
agents and is obtained using similar approach (2).

SN0
= ; — = 2"-1 — — 2
gn) 2, TG =1 r(n) =2 1—r(n) )
where
n — number of defined components for the mission;

g(m) —number of solutions;

f(m) —number of unique agents (1);

r(n) —number of combinations, which are not solutions.

The function r(n) represents the number of combinations, which cannot be
considered as solutions because of missing components. Special software
CoMBot-Gen was developed by the author in order to experimentally obtain its
value.

Near double exponential growth of number of solutions as a function of the
number of defined component is found (see figure 3).
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Figure 3. Number of solutions plotted on logarithmical axis
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5. INITIAL EVALUATION USING HEURISTIC METHODS

The fifths step of proposed specification optimization procedure stands for
initial evaluation of solution candidates using heuristic methods. According to the
procedure this step is optional and it is reasonable to skip it if an analysis of all the
number of solution candidates is feasible. A genetic algorithm is utilized within the
thesis as a heuristic search method (Eiben, Smith, 2003).

Genetic representation of solution domain for genetic algorithm stands for
development of such data structure, which is suitable for computational processing
and at the same time capable to encode solution candidate. The author uses integer
type of genes in order to encode number of instances of particular agent within the
solution (see figure 4).

Agent type A Agent type B Agent type C

S 7 instances 3 instances 0 instances S
N -
' value of gene unused
gene 9 agent type
N J
N
chromosome

Figure 4. Genetic representation of solution domain

Fitness function for genetic algorithm stands for a numeric figure of merit,
which is applied to each solution candidate within the genotype. The fitness value
expresses the performance of an individual with regard to the current optimum so
that different individuals can be compared. The author uses the estimation of the
total costs of ownership (TCO) as a core criterion for evaluation of solution
candidates. Two positions of TCO are distinguished (Komasilovs, 2012a):
1) investment costs and 2) operating costs.

Investment costs concept stands for such spending which is required to
create a robotic system for particular mission. Investment costs defines all
expenses required to design, implement and deploy multi-robot system from the
scratch into production environment and do not include expenses related to the
operation of the system (see figure 5).

Operating costs concept stand for the expenses which are needed to perform
particular mission. Operating costs of the multi-robot system is highly dependent
on application peculiarities of the system. According to assumption the operating
costs include such positions as energy, maintenance and eventual replacement
expenses (see figure 6).
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Figure 5. Graphical representation of investment costs estimation model
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Figure 6. Graphical representation of operating costs estimation model

Specialized software GAMBot-Eva was developed by the author within the
current research for initial evaluation of specifications of multi-robot system. The
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software provides functionality which supports execution of 5" step of the
proposed procedure and performs heuristic search in wide solution domain. The
software uses JGAP — Java Genetic Algorithms and Genetic Programming
Package (Meffert et al., 2012) as a kernel for genetic processing. MySQL database
and its client side JDBC drivers are used for persistence storage facilities. Software
source code is available on public project site (Komasilovs, 2012b).

The software is designed in a way to allow asynchronous processing of
multiple populations of genetic algorithm on the dedicated computing server. The
architectural design of the system includes three concepts as follows (see figure 7):

v’ processing module, which executes genetic algorithm and manages
evolution of its population;

v’ presentation module, which provides an user interface for viewing
processing results;

v’ storage module, which ensures persistent data storage and exchange
between first two modules.

Presentation
module

Storage
module

Processing
modules

Figure 7. Architecture of GAMBot-Eva software

6. SIMULATION BASED EVALUATION

The final computational phase (step 6) of the specification optimization
procedure stands for simulation based evaluation of small number of multi-robot
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specification solution candidates. The main goal of this step is to reproduce an
environment close to real-world situation and to test selected solution candidates in
it. The simulated environment is intended to avoid the development of a real
robotic system for tests.

The setup of the simulation environment implies development of models for
all agents of the considered multi-robot system as well as a model for the
environment of the mission. The author has used Player/Stage software bundle as a
simulation package, which is an open-source software set developed within The
Player Project is widely used for multi-robot and distributed sensor research
(Gerkey et al., 2003).

The simulation software has highly flexible and extendable architecture,
uses simple configuration based on model primitives, and provides low-level
access to simulated devices.

In order to support the development of control system for simulated agents
the author has created special framework SiMBot-Ctr. In general the framework is
an abstract tool for creating control systems based on subsumption architecture
(see figure 8). The framework allows quick and easy setup of a control system
using generic and abstract classes. Also it provides parameterized implementations
of most common behaviors of robots. A control system is constructed from ready
to use blocks, thereby supporting quick prototyping.

<interface> <interface> <interface>
Signal Node - | Behavior

<abstract> j

Cached Behavior

Inhibition
Node

Q
Subsumption

Figure 8. Conceptual design of SiMBot-Ctr framework

The rationality of the requested fidelity of the simulation based evaluation
should be analyzed taking into account that development of the model itself is an
expensive and complex process. The reactive architecture of the robot control
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system implemented within the framework demonstrates acceptable performance.
However, a need for the additional system-wide intelligent planning is identified.

Development of highly detailed simulated environment as well as
implementation of intellectual control system for simulated agents is considered as
out of the scope of the thesis.

The author sees the possibility to use the robotic system implemented using
a real hardware for fine tuning of the specification optimization procedure.
Practical hardware implementation of grass mowing agents is started within the
master’s thesis supervised by the author. Field experiments with the working
prototype of autonomous grass mower with steering and GPS system are running.

CONCLUSIONS

Major results of the thesis

A procedure for optimization of a specification of heterogeneous multi-
robot system within the full solution domain is developed. The objectives of the
thesis are fulfilled.

1. There is performed an analysis of specification development methods
applied for heterogeneous multi-robot systems.

During the analysis actual research directions in the field of multi-robot
systems were considered. The author revealed that most of modern investigations
are aimed to development and fine tuning of working solution for particular task.
However there are almost no researches focused on formal and universal method
development for multi-robot systems.

The author found that high level design of multi-robot systems is not proved
by any examination but instead is based on the facilities available during the
research. Thereby, the author raised specification development problem as
unsolved aspect of multi-robot system.

2. Optimization task and solution concept of specification of heterogeneous
multi-robot system is defined.

The definition includes criterion, constraints and parameters for the
optimization. The author has selected the total costs of ownership as the integral
optimization criterion for practical experiments, taking into account application
peculiarities of robotic systems.

The concept of solution for aforementioned optimization task was defined
using three major terms: solution, agent, and component. The solution is defined as
a set of agents. The agent is the unit of the system, either, mobile robot or
stationary device. Agents are composed from the components, the indivisible
concepts of the system which define particular functionality but not its
implementation.
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3. The procedure for finding optimal specification of heterogeneous multi-
robot system in full solution domain is developed.
The procedure has iterative nature and consists of eight consecutive steps.
First the business requirements are defined, which are then decomposed into the
concepts of the solution. Next, the solution domain is analyzed and various
evaluation methods are applied to solution candidates. Finally, the optimization
results are analyzed and, if it is required, the definition of the mission is refined
starting another iteration of the procedure.

4. Mission definition technique for heterogeneous multi-robot systems and the
approach for decomposition of the mission are developed.

According to the proposed concept of the specification optimization
procedure the mission for multi-robot system is defined using the list of
components, required for the accomplishing the mission. Classification principles
for components, their structural and dynamic properties are defined.

5. The size of feasible solution domain of the specification optimization task is
analyzed.

Special methods are developed to find the number of unique agents and the
number of their possible combinations. The custom CoMBot-Gen software was
developed to perform analysis of agent combinations and eliminate invalid
combinations. Near double exponential growth of number of solutions as a
function of the number of defined component is found.

6. Heuristic search algorithm for initial evaluation of specifications of multi-
robot system is implemented and experimentally tested.

Modular software GAMBot-Eva for genetic algorithm based heuristic search
is developed. The software is used as a universal tool for the initial evaluation of
the solution candidates. Implementation of the genetic algorithm includes
development of the genetic representation of the solution domain, development of
the fitness function used to estimate the total costs of ownership. Successful
practical experiments are performed to test various aspects of the initial evaluation
of solution candidates.

7. Possibility to use simulation techniques for fine evaluation of specification
of multi-robot system is analyzed.

Practical experiments with the developed SiMBot-Ctr framework confirm
the possibility for detailed evaluation by simulation techniques. It is important to
assess the necessary level of details of the model because the development of the
model and the simulation experiments are complicated and time consuming.
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Conclusions and development prospects

Formal analysis and prediction of utilization of various functions of the
multi-robot system are not being investigated within the multi-robot research
domain. Properly designed multi-robot system requires fewer investments from a
customer and at the same time it is capable to provide performance and fault
tolerance required for completing the mission defined for the system.

The procedure is proposed for the optimization of the specification of multi-
robot system. It defines a workflow for resolving the optimization task and
includes business requirement specification, mission decomposition into
components, solution domain analysis, solution candidate evaluation using
heuristic algorithms and simulated models.

Analytical estimation of the number of feasible combinations of the agents
reveal near double exponential growth of number of solutions as a function of the
number of defined component for the specification optimization task.

There are improvements for proposed specification optimization procedure
which are recommended for implementation but at the same time are out of scope
of the thesis. The author recognizes following development prospects:

v" to improve the model of components and their properties in order to allow
more flexible definition of their investment and operating expenses;

v’ to implement the estimation model for the total costs of ownership using
modern estimation and planning methods defined in the field of economics;

v’ to increase parameterization degree of the developed optimization software
thus expanding application possibility;

v" to developed universal concept for defining tasks of the mission for robotic
system thereby making implementation of the optimization procedure more
versatile;

v" to introduce an additional fast simulation step to the optimization procedure
alongside with final evaluation step;

v" to extend the framework for the control of the simulated multi-robot system
allowing operational planning facilities;

v’ to make the optimization process in general and its software implementation
more interactive and continuous allowing greater control over optimization
peculiarities and the final result;

v' to analyze the application of proposed specification optimization procedure
in the other areas to spread the approach and, vise-versa, to get knowledge
and methods from external areas.
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