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MO DAU

Truéc khi xuat hién hé robot, cach goi ngén gon cua hé théng da robot, thuat
toan tim kiém, nhu Dijkstra, A*, RRT... duoc dung trong hoach dinh duong di véi vi
du kinh dién 13 tim 15i giai cho bai toan nguoi ban hang (TPS). Thuét toan tim kiém
giai phap duong di tdi wu trong mot tap hop nhiéu dap an dung ciia bai toan. Tinh xac
dinh ctia méi truong 1a diém dic trung co ban cta loai thuat toan tim kiém nay; nhiing
yéu td bat dinh duoc gia thiét bo qua hodc can duogc xé4c dinh trudce khi thye thi thuat
toan. Moi trudng tim kiém c6 thé duoc biéu dién dudi dang do thi nat hodc doan
thang, so dd chia ludi hodc phan ving kiéu so dd Voronoi, udi tam giac Delaunay.

Vao nam 1985, Khatib da gi6i thiéu phuong phéap trudng thé ning nhan tao
(APF), xac dinh hanh trinh di chuyén cta canh tay robot tir diém bat dau t6i diém
dich va c6 kha ning tranh dugc vat can [1]. Phuong phap dé xuat mot truong thé ning
"a0", trong d6 robot chiu tac dong dong thdi boi luc hap dan cua dich dén va lyc day
tir cac vat can. Thé nang tong hop tac dong dé hudng robot di chuyén dén dich. APF
da nhanh chong dugc tng dung sang 16p bai toan hoach dinh duong di cho robot di
dong. Robot cai dat thuat toan hoat dong véi diéu kién d3 x4c dinh vi tri vat can nhung
c6 thé mo rong kha nang 1am viéc ngay ca khi vi tri vat can chua biét bang cach trang
bi thém cam bién phat hién vat can.

Khi xuat hién hé thong da robot, nhiéu phan tir robot hoat dong trong cing
khong gian, duoc phan cong tac vu khac nhau, c6 vi tri xuat va va vi tri dich dén khéc
nhau; su khac biét duoc "khuéch dai" cung voi quy mo cua h¢ théng. Khi do, nghién
ctru vé giai phap hoach dinh duong di can c6 dinh huéng phu hop hon véi kiéu ddi
tugng nhu vay. Nhitng van dé can giai quyét bao gdom:

- Tim kiém dudng di t6i wu cho timg phan tir, xét trong tuong tac véi nhiing
phan tir khac; ham muc tiéu t6i uu vé d6 dai quing duong di chuyén hoic két hop véi
chi tiéu khéac nhu thoi gian, nang lugng;

- Tranh vat can 1a bat budc, bao g@)m tranh va cham gitra cac phr:in tlr robot;



- Tinh chét bat dinh ctia méi truong lam viéc, tdn tai nhiéu loai vt can chua
nhan biét/da nhan biét cling nhu tinh/ddng;

- Kién truc két hop gitta tap trung va phi tap trung 13 sy lwa chon phu hop voi
hé théng c6 quy mo 16n.

Hé théng da robot van hanh trong méi truong cé di¢n tich 16n, tdn tai nhiéu loai
vat can tac dong dén viéc hoach dinh duong di cua céc phﬁn tu; déy la nhiing doi
tugng khong mong mudn. Néu dira theo tiéu chi vé vi tri thi vat can dugc phan thanh
hai loai:

- Vat can tinh: ¢6 vi trf gitr ¢6 dinh trong khong gian, nhu hon da, ban, ghé...;

- Vit can dong: c6 kha nang thay ddi vi tri trong khong gian, nhu con nguoi,
phuong tién khac di chuyén trong khu vuc cé robot dang hoat dong,...

Néu dya theo tiéu chi vé kha ning nhan biét ciia robot thi vat can dugc phan thanh
hai loai:

- V&t can chua nhén biét (bét dinh): ¢6 vi tri chua duoc biét trude do;

- Vit can da duoc nhan biét, c6 vi tri dd duge biét dén tir trude thong qua thong
tin luu trir vé toa do cta vat can. Ban than céc robot doéng vai tro nhu nhiing vat can
dong va dugc nhan biét trong hoach dinh duong di.

Dién tich hoat dong 16n ciing nhu bién dong lién tuc trong moi truong van hanh
da dat ra van dé dam bao "nhan thirc" cia mdi phan tir robot. Chung phai ty thu thap
dir liéu moi trudng tir cac cam bién tich hop trong robot nhung dong thoi can thém
thong tin chia sé tir cac phén tu khac. Do do, yéu cau toi vu toan cuc ddi véi hoach
dinh duong di, theo mot ham muc tiéu cu thé, can duogc giai quyét dong thoi véi viee
ra quyét dinh ing ph6 v6i nhitng bién d6i cuc bd tic thoi tai mdi robot. Bén canh do,
khéi lugng dir lidu xir Iy gia ting nhanh chéng cung véi d6 16n cua dién tich hoat
dong, quy mo cua hé théng, muc d6 bién doi ctia moi truong trong qua trinh van hanh.

Mot trong nhitng dinh huéng nghién ciru méi cho nhiing van dé da dé cap ¢ trén
12 nhém cac phuong phap dya trén tri tué tap thé. Trong do, 1oi giai t6i uvu hodc gan

t6i wu cho hé thong nhiéu ddi tugng c6 nhidu myc tiéu dua trén mot tap hop tri thong



minh ctia timg c4 nhan. Trong d6, Bonabeau dinh nghia "tri tué tap thé" 1a bat ky nd
luc nao nham thiét ké thuat toan hodc giai phap giai quyét van dé theo cach phan tan
ldy cam htng tir hanh vi tp thé cta bay con tring co tip tinh xa hoi hodc cac xa hoi
dong vat khac [2]. Mot vai phuong phép tri tué tap thé da duge dé xuat trong khoang
30 nam trd lai day nhu: ti vu bdy dan phan tir (PSO), ti uu hda cac ham phi tuyén
lién tyuc [3]; toi wu dan kién (ACO), mo phong hanh vi hinh thinh duong di ctia kién,
vao nim 1991 [4]; tdi wu by ong (ABC), mé phong cac hanh vi kiém an ctia ong mat,
vao nam 2005 [5]; t6i wu co dai (IWO), 1dy cam htng tir viéc phat trién cua co dai,
vao nam 2006 [6]; toi wu bdy chau chiu (GOA) vao ndm 2017 [7].

Trong bdi canh do, nghién ctru sinh da thyc hién ludn an voi dé tai "Nghién ciru
thudt todn t6i wu bay ong trong hoach dinh dwong di va phdan cum déng cho hé robot".
Pham vi nghién ctru tap trung vao hé théng da robot véi kién tric diéu khién tap trung,
hoach dinh duong di va phan cum céc phﬁn tir robot. HE théng da robot dugc xem xét
bao gdm tap hop nhiéu phan tir co cau tao twong ty nhau, hoat dong cua chiing duoc
quan 1y, giam sat tir tram diéu khién trung tdm. Cu thé:

- Mbi phﬁn tor robot dugc phan cong tac mdt tac vu, cd vi tri bat dau va vi tri
dich dén cu thé. Cac tac vu doc 1ap véi nhau, twong Gng véi cac vi tri bat dau va cac
vi tri dich dén khéc nhau.

- Hoach dinh dudng di duogc thyc thi & tram diéu khién trung tdm dé xac dinh
dugc hanh trinh di chuyén cho timg phan tir va truyén dit liéu hanh trinh xuéng timg
phan tir robot.

- Phén tir robot thyc thi chirc nang diéu khién cuc bo nhu: 6n dinh tdc do, bam
theo quy dao, tw dong phat hién va tranh vat can...

- Trong qua trinh hoat dong, cac phan tir robot chia sé thong tin vé trang thai
hoat dong, dit liéu van hanh (vi tri, huéng di chuyén, toc d9...) v6i tram diéu khién
trung tam. Nguoc lai, dit li€u van hanh cua hé théng dugce tram diéu khién trung tam

giri xudng cac phan tr dé cung cap thong tin hd trg cho diéu khién cuc bo.



Nghién ctu sinh da tap trung vao hai muc dich nghién ctu: (1) hoach dinh
duong di dua trén thuat toan ABC, dam bao dugc tdi uu toan cuc déng thoi duy tri
nang lyc tim kiém dé ung pho véi nhitng bién d6i cuc bd; (2) Giai phap phan ving
dé hd trg quan 1y hé théng da robot; phan chia robot thanh nhitng nhém nho, chia sé
dir lidu doc 1ap theo timg nhom dé giam khdi luong dit liéu van hanh cta hé thong
can trao d6i. Trong d6, myc tiéu cu thé dong thoi ciing 13 dong gop chinh cia luan an
la:

i. Cai tién thuat toan ABC truyén thong véi cdt 18 1a toi wru cau tric thong qua
co ché co dan st dung cip toan tir d6i ngiu Co va Dan, dé xuat duoc thudt toan
ElasticABC trong hoach dinh duong di cho hé thong da robot;

ii. Tich hop chién luoc khoi tao phong doan dya trén toan tir Dan vao trong
thuat toan ElasticABC, thay thé cho hinh thirc khoi tao ngdu nhién trong thuét toan
ABC truyén thong.

iii. Tich hop dugc k¥ thuat xur Iy chuyén dung (DeZigzagPath) vao trong thuat

toan ElasticABC, dé xtr Iy hién twong gap khic cuc bd thudng gip trong hanh trinh
duogc tim kiém, hoan thién chét luong duong di thuc té.
Su két hop cua diém i va ii 1am cho ElasticABC dat duoc kha ning cin bang giita
kham pha va khai thac, dap tmg muc dich nghién ciru thir nhat. Cac duong di cia
robot thich nghi mét cach c6 hi€u qua véi dd phirc tap cia méi truong thong qua viée
diéu chinh c6 chon loc sé luong diém trung gian. Ngoai ra, ca ba diém i, ii va iii déu
1a d6ng gép méi clia nghién ciru vé thuat toan ElasticABC.

iv. Dua theo cach tiép can phan cum mém, str dung phan phdi hdn hop Gauss
dé mo hinh hoa su phan b phan tir robot theo xac suat cin ctr theo dit lidu dau vao
1a tap hop cac diém giao cat hanh trinh, dé xuat dugc phuong phap phan cum dong
(DCM) chép nhéan sy chdong 1an linh hoat vé khong gian giita cdc cum cho hé thong
da robot.

v. P& xuét tham s6 chi phi &, 1am chi s6 danh gia dai dién cho d6 phirc tap quan

ly va mirc d6 tiéu thy tai nguyén cuia timg cum, két hgp véi ham muyc tiéu binh phuong



tdi thiéu fobj> hoat dong nhu mot "bo loc" dé lua chon duoc cdu hinh phan cum co sb
luong phan tir robot timg cum can bang trong DCM.

Su két hop gitra diém iv va v 1am cho DCM c¢6 kha ning phan chia hé théng da robot
thanh cac cum nho hon ¢6 s6 lugng phan tir can bang, dap img muyc dich nghién ctru
thr hai: giam khéi luong dit liéu van hanh cta hé thong can trao doi thong qua chia
sé doc 1ap theo timg cum dong thoi duy tri dugc sy can bang giita cic cum. Ngoai ra,
diém v 1a dong gdp méi clia nghién ctru nay.

vi. Bé xuat duoc hai giai phap k¥ thuat xac dinh trang thai chuyén dong cing
v6i diéu chinh hudng phat hién vat can cho cac phan tir trong hé thong da robot; giai
phap da 1an luot duoc cap bang doc quyén giai phap hitu ich sb 3615 va bang doc
quyén sang ché sb 48666.

Khong ké phén mé dau va két luan, noi dung cua luan an duoc td chirc g@)m 04
chuong:

- Chuong 1 trinh bay t6ng quan vé nhiing chi dé nghién ctru c6 lién quan, tir
gidi thiéu vé robot di dong nhu Ia doi tuong co dién tir dén hé théng da robot va hoach
dinh duong di cing véi phan ving. Khao sat cong trinh nghién ctru vé timg chu dé
cung cap thong tin toan dién va twong dbi day di vé tinh hinh nghién ctru trong linh
vuc ¢ lién quan, déc biét 1a hoach dinh duong di, tap trung vao nhém phuong phap
tri tué tap thé, va phuong phap phan cum. Dya trén danh gia nhiing han ché hién hiru,
nghién ctru sinh dé xuat dinh hudng nghién ctru méi dé dat dugc hai myc tiéu nghién
ctru d dit ra vé hoach dinh duong di dua trén t6i vu bay ong va phan cum mém. Pay
1a co s& can ban dé nghién ciru sinh trién khai cac ndi dung nghién ciru tiép theo,
duoc trinh bay trong Chuong 2 va Chuong 3.

- Chuong 2 tap trung phat trién giai phap hoach dinh duong di cho hé thong da
robot bang cach dé xuat bién thé ElasticABC véi co ché téi wu cau tric két hop khai
tao phong doan, tim kiém dudng di thich nghi theo diéu kién méi truong. ElasticABC
khac phuc han ché ciia thuat toan t6i wu bay ong truyén thdng. Ky thuat xir Iy hau ky
DeZigzagPath cling dugc dé xuét tich hop dé loai bo hién tuong gép khuc cuc bo.



Céc khung thuat toan co ban cta ElasticABC duoc xay dung dé 1am co s cho giai
doan thtr nghiém tiép theo.

- Chuong 3 tap trung vao nghién ctru gidi phap phan cum duya trén mé hinh hon
hop Gauss va thuat toan EM; dé xuat phuong phap phan cum dong (DCM) véi co
ché can bang tai thong qua tham sb chi phi va st dung ham muc tiéu toan phuong.
DCM duoc st dung nham tim kiém cdu hinh phan cum can bang. Cac khung thuat
toan co ban ciia DCM da duoc xay dung dé 1am co so cho giai doan thir nghiém tiép
theo.

- Chuong 4 trinh bay chi tiét vé kiém ching thuat toan ElasticABC va phuong
phap DCM théng qua chuong trinh mé phong sb trén mdy tinh va thyc thi trén nhiéu
kich ban da dang. ElasticABC thur nghi€ém cho hé robot ¢6 10 phﬁn tu, danh gié hoat
dong trong nhirg ciu hinh vat can khac nhau, ciing nhu dugc so sanh véi thuat toan
ABC truyén thong. Tiép theo, thir nghiém DCM tién hanh véi hé robot co téi da 50
phan tir, danh gi4 hoat dong ciing nhur ddc diém phan tan khong gian thong qua nhiing
c4u hinh diém giao cit hanh trinh khac nhau. Cac phan tich va danh gia vé két qua
thtr nghi¢m da chi ra dugc hi¢u qua hoat dong va chét lugng duong di thuc té cua
ElasticABC ciing nhu chét luong phan cum ctia DCM.

Cudi cung, luan an d3 tong hop Danh muc cac cong trinh khoa hoc ¢6 lién quan
tryc tiép dén pham vi nghién ctru ciia luan 4n va nhimg két qua nghién ctru khac ma
nghién ctru sinh da dat dugc thudc linh vuc cé li€n quan trong giai doan thuc hién

luan an.



Chuong 1. TONG QUAN

Trong nhiing thap ky gan day, sy phat trién cua robot di dong da thic day su
dich chuyén tir tng dung don 1é sang hé thdng da robot phirc tap (MRS - multi-robot
systems, multi-robots). Ching d3 va dang trd thanh xu hudng chii dao trong nhiéu
linh vuc nhu hau can, nong nghi¢p cong ngh¢ cao va tim kiém ctru nan. Viée diéu
phéi s6 luong 16n phan tir robot di chuyén an toan va hiéu qua trong cting mét khong
gian 1am viéc dd dit ra thach thirc 16n vé mat thuat toan va k¥ thuat; can giai phap
hoach dinh dudng di hiéu qua véi hé thong da robot cung véi giai phap phan ving
hodc phan cum khi quy mo vé sb lugng tang 1én, hd trg cho hoat dong quan ly hé
thong. Chuong nay gidi thidu tim hiéu tong quan vé chu dé lién quan dén ddi tugng
nghién ctru: hé théng da robot, hoach dinh duong di, phan cum. Noi dung cuia chuong
duogc ciu trac dé cung cdp cai nhin toan dién tir khai niém co ban dén phuong phap
giai quyét van dé cu thé, trong d6 bao gdm hai phan trong tim. Thir nht 1 khao sat,
phan tich va so sanh cac nhom phuong phap hoach dinh duong di, tir thuat toan co
dién cho dén phuong phap tri tué nhan tao hodc phuong phap tri tué tap thé/mo phong
sinh hoc, dic biét tap trung vao phuong phap t6i uvu by ong. Thir hai 1a khao sat va
phan tich cac phuong phap phan cum "cting" hi¢én co, tr cac ky thuat phan vung
khong gian kinh dién dén dén cac thuat toan dua trén dir liéu. Cubi cung, thong qua
viéc danh gia thach thirc va khoang trong trong cac nghién ciru hién c6, phan cudi
chuong dé xuat dinh huéng nghién ciru cu thé nham giai quyét bai toan di chuyén

cho hé théng da robot trong méi trudng phtic tap.
1.1 Giéi thiéu chung
1.1.1 Robot di dong va hé thong da robot

Ky nguyén robot di dong dugc hinh thanh cing v6i su xuat hién ctia cap robot
di dong hinh con rua Elsie va Elmer (1948-1949) cung véi robot Shakey (1966-1972).
Elsie va Elmer c6 kha nang ty tim duong dén nguén sang, tranh vat can, va tu tim vé

tram sac khi pin yéu; minh chimg cho nhiing hanh vi thong minh c6 thé duoc tao ra



tir nhitng cau tric don gian. Trong khi d6, Shakey tich hop camera, cam bién va cham
va két nbi véi mot may tinh 16n, c6 thé phan tich méi truong, 1ap ké hoach di chuyén
qua nhiéu budc dé thyc hién nhiém vu phirc tap nhu day khdi hop. Ngay nay, robot
di dong dugc coi nhu mot hé thng co dién tir c6 phan ting chit ché voi bon phan hé
chinh: co khi, truyén dong, nhan thuc va diéu khién.

Khung ciu tric 14 thanh phan chinh ctia phan hé co khi, khong chi dong vai tro
bao vé céc thiét bi lép dat bén trong ma con quyét dinh trong luong, quan tinh va hi¢u
suét nang luong cua toan hé théng. Theo khia canh co hoc, robot di dong dugc xem
xét nhu mot hé nhiéu vat chiu cac rang budc hinh hoc va dong hoc khét khe trong
khong gian gi6i han, phén tich vi tri diém trong tdm, mé-men quan tinh va sy phan
bo tai trong. Su phat trién cua vat liéu moi da cung cép thém lua chon dé giam khdi
luong co khi nhung van ting cudng dugc dic tinh co hoc ciia thanh phan co khi. Bén
canh d6, phan hé truyén dong gan lién v6i kha nang di chuyén ctia robot va van dé
t6i wu hiéu suat va diéu khién chinh xac. Nghién ctru lién quan 1a sy két hop gitta mo
hinh toan hoc vé dong hoc, dong luc hoc, phuong trinh rang budc vé vi tri, van tdc;
c6 su lién hé chit ché véi nhan thic va diéu khién.

Hé thdng diéu khién can cac tham sé dugc cung cap bdi mé hinh co hoc nhur
ma tran quan tinh, hé s6 ma sat va cac rang budc non-holonomic dé tinh toan chinh
xé4c luc hodc mod-men xodn can thiét tai cac banh xe. M6 hinh phan anh chinh xéc dac
diém két cau vat 1y cho phép vong diéu chinh 6n dinh véi sai s6 quy dao thap, dong
thoi dam bao robot van hanh trong giéi han bén va an toan. Khi mé rong quy mé sang
hé théng da robot, mdi lién hé duoc phat trién thanh bai toan toi wu da muc tiéu, viée
hoach dinh dudng di can bang duoc hoat dong cua timg ca thé trong tong hop chung
ctia ca hé thong. Vi du nhu dudng di cta timg robot 1a ngan nhét va khéng dugc va
cham véi vat can.

Trong cong trinh ctiia Rubio va cdng su, robot di dong dugc dinh nghia boi kha
nang di chuyén ty trj va c6 du sy thong minh dé phan tng va dua ra quyét dinh dua
trén nhan thirc vé moi trudng. Nhom tac gia chi ra bdn nguyén tic co ban ciia robot

di dong: van dong, nhan thirc, tri gidc va diéu hudng va viéc phan loai dua theo moi



truong hoat dong: dat, nudc, khong khi [8]. Trong mot danh gia khac, Darmanin va
Bugeja di chi ra rang nghién ctru giai doan dau tap trung vao sau linh vuc tng dung
chinh: giam sat va tim kiém ctru nan, di chuyén theo bay dan, di chuyén theo doi hinh
va thAm hiém, hoat dong hop tac, nhdém co cAu tao khong déng nhat, thi diu dbi khéng
[9]. M6t s cong trinh nghién ctru vao cudi nhitng nam 1980 di dit nén méng va gop
phan hinh thanh khai niém "da robot", hé thong da robot bao gdm nhiéu phan tir robot
di dong; tap trung vao k¥ thuat diéu khién, phdi hop va giao tiép dé gitp cac phan tir
robot phdi hop 1am viéc [10].

Trong cac bao co thudng nién ciia Lién doan robot qudc té (IFR) nhitng nim
gan day, s6 liéu thong ké vé thi trudng robot di cho thdy mirc do phat trién nhanh va
manh mé cua robot di dong trong nam linh vuc: hau can/kho van, lam sach chuyén
nghiép, y t&/cham soc strc khoé, nong nghiép. Bang 1.1 1 s6 liéu ctia cac bao cdo cia
giai doan 2021 - 2024 cho c4c ndm tir 2020 dén 2023. Xét vé nganh va linh vuec, thi
truong chinh cta robot dich vu chuyén nghiép dang cha yéu tap trung chu yéu vao
noi c6 nhu cau nang cao hiéu qua va ning suét thong qua viéc sir dung robot cho cac

tac vu lap di 1ap lai, hoat dong lién tuc 24/7 trong khi ludn duy tri d6 tin cdy va chinh

Xac cao.
Bang 1.1: S6 liéu thong ké giai doan 2020 dén 2023
Linh vuc chinh 2020 2021 2022 2023
Logistic va van chuyén 44k 49,5k 86k 113k
Dich vu khéach hang (khach 15k 20k 24,5k 54,4k

san, nha hang)

Nong nghiép 7k 7k 8k 20k
Lau don chuyén nghiép 34k 12,6k 6,9k 12k
Y té va cham soc strc khoé 18k 14,8k 9,3k 6,2k




Linh vuc chinh 2020 2021 2022 2023

Tong so' 131,8k 121k 158k 205k

Mot s6 khao sat gan day cho thay sy quan tim nghién ctru khac vé hé thong da
robot. Hé théng da robot hoat dong theo mo6 hinh tri tu¢ béy dan, Swarm Robotics,
dua trén phuong phéap diéu khién cong tac, cé cau tao tuong dbi don gian, hoat dong
theo cach phan tan va phi tap trung [11] [12]. Mot s6 khao sat khac vé viée st dung
robot may kéo dang [13] hodc hé thong khong ddng nhat gdm robot trén khong, mat
dat va tay may [14] trong nong nghiép, thay thé cho may moéc truyén théng cong suit
16n; danh gia tinh trang hién tai cia MRS trong bdi canh tng dung tim kiém va ctru
nan [15] [16]; danh gia vé hé thong da robot dudi nudc [17]. Bén canh dé, kién tric
IoRT hinh thanh tir tich hop gitta MRS voi Internet van vat (IoT), véi ba 1op: vat ly,
mang va quan ly mang, va dich vu ung dung [18].

Tom lai, MRS 14 tap hop nhiéu phan tir robot dugc tich hop véi cong nghé tién
tién, may tinh nhung, cam bién thong minh va mang ludi truyén thong hién dai; kién
trac diéu khién tap trung hodc phi tap trung. Chung c6 thé chia sé nhiém vu dé dat
duge muyc tiéu chung bang cach trao d6i thong tin, phdi hop va hop tac trong qua trinh
van hanh. Cac robot c¢6 thé hoat dong trong cung diéu kién maoi truong véi kha ning
phan bod khong gian tdt hon, thuc hién cac nhiém vu phuc tap va kho khan ma mot
phan tir robot don 1¢ khong thé thyc hién dugc. Hon nira, MRS c6 thé dat duoc kha
ning chiu 1i, du phong va céc robot co thé thuc hién cac tac vu duoc giao mot cach
dang tin cdy, linh hoat va c6 thé tiét kiém chi phi xét vé mit tong thé hé thong thong

qua cai thién hi¢u suat ciing nhu rit ngin thoi gian thyc thi.
1.1.2 Hoach dinh dwong di trong hé thong da robot

Hoach dinh duong di, hay con goi 1a lap ké hoach duong di, 1a mot trong sb cac

hudng nghién ctru ¢t 16i cho robot néi chung va robot di dong cing véi hé théng da

! gia trj tong s6, bao gdm ca nhiing linh vyc khac.
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robot ndi riéng, c¢6 lich sir hinh thanh va phat trién cing v6i d6i tugng. Theo cach
hiéu pho bién, hoach dinh dudng di 1 qué trinh xac dinh hanh trinh di chuyén cho
mot robot don 16 hodc dong thoi cho nhiéu phén tir robot, tir diém xuat phat cho dén
diém dich dén cho timg robot sao cho 19 trinh ddm bao tinh kha thi va dugc tdi wu
theo tiéu chi xac dinh (quing dudng ngan nhat, thoi gian di chuyén, tranh va cham...).
Cho dén nay, day van 1a mot thach thirc nghién ctru co ban vé robot di dong néi chung
va hé théng da robot noi riéng.

Hoach dinh duong di ¢ vai tro rat quan trong di voi hé thng da robot, trong
d6 phan tir robot 1a dong nhat hodc khong dong nhét, tic dong truc tiép dén kha ning
phdi hop hoat dong giita cac phan tir. Trong bdi canh nay, d6 phirc tap cta van dé can
giai quyét da tang 1én dang ké so véi trudng hop robot don 1¢; duong di ti uu duge
xéac dinh khong chi dam bao khong va cham véi vat can tinh ma con xem xét dén
chuyén dong ctia cac robot khac trong hé thong. Hon thé nita, khi kich ban tmg dung
ctia hé thong da robot ngay cang phuc tap, cung voi sy gia ting s6 lwong phan tir
trong hé thong hodc xuat hién yéu to ngiu nhién trong moi truong hoat dong, giai
phap hoach dinh duong di cho hé théng da robot (MRPP) c6 dién da gap thach thirc
nghiém trong. Nhiing phuong phap tiép cin méi da va dang thu hat dugc nhiéu sy
quan tam cua cac nha khoa hoc.

Cong bd ciia AbuJabal va cong su [19] clng véi Banik va cong su [20] déu danh
gia mot cach co hé thong vé MRPP, tap trung chii yéu vao nhitng nghién ctru trong
giai doan tor nam 2020 dén 2023. Hinh 1.1 minh hoa so dd khdi phan loai chi tiét
trong cong trinh ctia AbuJabal, véi ba phan nhém chinh. Thir nhat, phuong phap xac
dinh dua trén thuat toan truyén théng va mo hinh toan hoc nhu k¥ thuat phan ra 6
(CDM) véi thuat toan A* hoac Dijkstra, APF, ky thuat l'éiy mau véi thuat toan RRT,
PRM. Thtr hai, phuong phéap dua trén hoc may va nhiing cong nghé tri tu¢ nhan tao
(AI) khac, nhu mang no-ron nhan tao RNN, hoc ting cuong voi ky thuat phé bién Q-
learning va DQN; thuat toan 1y cam htng tir sinh hoc hay phong doan (heuristic),
nhu thuat toan di truyén GA, PSO, ACO... Cudi cung, phuong phap lai két hop nhimng

cach tiép can hodc ky thuat khac nhau véi nhiing diém manh riéng.
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Truyén théng Tri tué nhan tao Lai
" 2 T6i wu
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Hinh 1.1: Phdn logi phuwong phdp hoach dinh duong di
(nguon: [19])

N

—[ Truyén théng Ky thuat 18y mau

—[ Phdng doan ]—[ A* H D* ]
Hoc may H Mang no-ron J

PSO
—[ Phdng sinh hoc ]—[ Siéu phong doén

Hinh 1.2: Phan logi phiong phdp hoach dinh dwong di (tiép theo)
(nguon: [21])

MRPP '—

Tri tué nhan tao

Shiwei Lin va cong sy [21] dd danh gia tong quan vé MRPP va cac chién luogc
ra quyét dinh, minh hoa nhu Hinh 1.2 v6i bon phan nhom chinh. Thir nhét véi thir hai
1an luot 1a phuong phap c6 dién nhur APF, RRT, hodc k§ thuat dya trén d6 thi va thuat
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toan tim kiém nhu A*, D*. Tht ba 1a thuét toan léy cam hung tir sinh hoc, nhu GA,
PSO, ACO... duoc sir dung nhiéu nhat trong cac nghién ctru dugce danh gia. Cudi
cung, phuong phap dua trén Al thu hat duoc nhiéu cha y gan day.

Khi MRPP dugc mé hinh hoa bang d6 thi v huéng, Hang Ma [22] d4 danh gia
céc thuét toan tdi wu, duoc goi la tim duong di cho nhiéu tac nhan (MAPF). Ching
duoc phan loai thanh ba nhém chinh. Thir nhét 1a nhoém thut toan rat gon va thar hai
1a nhom thuét toan dua trén bo quy tic dinh trudc, rat hiéu qua nhung khéng dam bao
tinh t6i wu va thuong chi phtt hop cho mét sb loai dd thi nhat dinh. Cubi cing 13 thuat
toan tim kiém nhu A*, CBS (tim kiém dya trén xung dot) ...

Trong khoang 5 nim trd lai ddy, cung véi ba cong trinh vé MRPP da néu, it nhat
bdn cong trinh danh gia tong quan khac vé hoach dinh duong di cho robot di dong
n6i chung. D6 1a cong trinh cua Liu va cong su [23]; Abdulsaheb va Kadhim [24];
Loganathan va Ahmad [25]; Wahab va cong sy [26]. Xu hudng gia ting cua cac
nghién ciru vé phuong phép phong doan tir 0% 1én 95%, trong khi s6 lwong vé phuong
phap c6 dién giam tuong ng tir 95% xudng 5% thong qua sb liéu thong ké da chi ra
rang trong giai doan 1970-2022 [24]. Cac cong trinh ciing cho thay xu huéng phan
loai phé bién véi hai phan nhom chinh: phuong phap c6 dién va phuwong phap phong
doén (hoac moé phong sinh hoc), nhu GA, ACO, PSO, ABC. Hau hét cic nhom nghién
ctru déu dong thuan rang nhém phuong phap cd dién bi han ché vi yéu cau tinh toan
16n, can kién thuc day du vé méi truong, trong khi phuong phap phong doan duoc
danh gia 13 linh hoat, manh mé& hon trong viéc xir Iy méi truong khong chac chan
hodc moéi truong dong. Loganathan va Ahmad [25] ciing ¢4 nhan manh tinh phirc tap
cua bai toan hoach dinh duong di, thudc 16p NP-hard, va chi ra su théng tri cua
phuong phéap phong dodn trong nhiing kich ban khé nhu moi truong dong va da robot
véi ty 1€ hon 75%.

Bén canh d6, mot cach phan loai khac dya theo loai moi truong da duogc téng
két trong hai cong trinh cua Liu va cong su [23] v6i Loganathan va Ahmad [25]. D6
1a hoach dinh toan cuc, danh cho méi trudng da biét va thyc thi off-line, va hoach

dinh cuc bg, danh cho méi trudng chua xac dinh va thuc thi online. Mt théng ké
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dang chu ¥ khac cho thiy da sb cac nghién ciru duge khao sat, chiém ty 1é 82%, tap
trung vao moi truong tinh, va chi 18% giai quyét moi trudng dong [24].

Mot phan nhanh khac cta hoach dinh duong di 1a 1ap ké hoach chuyén dong,
tao ra cac quy dao thuc té tuan thu rang budc dong hoc va dong luc hoc cua robot nhu
tdc d6 hay gia toc. Cu thé co hai cach tiép can chinh: phuong phap hoc sau ting cudng
[27] [28] [29] va phuong phap dira theo 14y mau [30]. Trong d6, hoc siu ting cudng
duoc quan tdm nghién ctru do kha nang xtr Iy mét cach c6 hi¢u qua sy phuc tap va
ngau nhién ngay cang ting trong kich ban tmg dung robot hién dai. Bén canh do,
huéng nghién ciru tim dudng di bao phu tdi vy, tao ra quy dao khong va cham [31]
[32][33]; muc tiéu la giam thiéu thoi gian di chuyén, toc d6 xit Iy, chi phi ning luong,
s6 1an & doc theo chiéu dai dudng di, va ty 1& bao phu chong chéo thap. Mot chi dé
rat dang cha y khac 1a diéu khién theo d6i hinh [34].

Pong vai tro quan trong dbi v4i hoach dinh duong di, kha ning nhan thirc méi
truong cing véi tinh nang dinh vi va 14p ban d6 dong thoi (SLAM) ciing dugce danh
gia 1a mot tru cOt cuia robot di dong [35] [36] [37] [38]. Trong d6, viéc sur dung tirng
cam bién don 1¢ ton tai nhiéu han ché, nhu 15 tich Ity cuia cam bién quéan tinh (IMU),
hay sy nhay cdm v&i moi trudng ciia camera va by do khoang cach LiDAR; giai phap
hop nhat dit liéu hay hop nhat da cam bién dong vai trd quan va mang tinh chat bat
budc, két hop st dung bo loc nhu Kalman hodc lgc hat.

Khi mé rong quy mé 1én hé thong da robot, mang truyén thong trd thanh mot
phan khong thé thiéu dé dam bao su phdi hop gitra cac phan tir, v6i kién tric mang,
giao thtrc dinh tuyén va tich hop IoT [18] [39]. Song song do, tri tué nhén tao tré
thanh cong cu hitu ich dé giai quyét sy phirc tap vé k¥ thuat ciia hé thdng da robot,

cu thé 1a hoc ting cuong [40] va hoc ting cudng sau [41] [42].
1.1.3 M6 hinh hod bdi todn toi wu

Xét trong khong gian cau hinh C-space, mot phan tir robot di dong dugc quy
wdc 1a diém duy nhét trong khong gian va biéu dién thong qua cu hinh (x, y, 8), thé

hién vi tri va géc hudng cua n6 trong khong gian lam vi¢c 2D. Khi cac vat can nam
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trong khong gian ndy dugc xac dinh va tao thanh cac ving can (ving cidm) thi phan
khong gian con lai duoc goi 1a ving tu do (ving tréng). Ving ndy bao gdm tat ca cdu
hinh dam bdo an toan cho phép robot di chuyén ma khong bi va cham véi cac vat can.
Khi d6, hoach dinh dudng di duoc bién doi tir xac dinh mot vat thé c6 hinh dang trong
khong gian 1am viéc tré thanh tim diém thudc khong gian cau hinh dé tao thanh duong
di lién tuc tir cdu hinh bit dau (gy0,920,-.-,qno) cho dén cdu hinh dich
(16, Q26 - - -» Qnc) X6t trong vung khong gian tu do. Hai cdu hinh néi trén duoc khai
quat khi xét cho hé thong da robot co N phan ti.

Xét ban chat, hoach dinh dudng di 1a mot bai toan tdi uu; xuat phat tir diéu kién
ban dau 13 cau hinh bat ddu va cau hinh dich, nhiém vu co ban chi 1a tim duong di
kha thi, tirc 1a dén duge dich ma khong va cham. Muc dich thuc sy 1a tim dugc mot
duong di t6i uu dya trén mot hodc nhiéu muc tiéu. Trong d6, lya chon muc tiéu phu
thudc chat ch€ vao kich ban hoat dong cung voi loai ng dung.

1. Nhom muc ti€éu cép dod robot, lién quan dén hiéu sut c4 nhan, tap trung vao
chi phi va chét luong duong di ciia timg phan tir riéng r&. Cac muc tiéu truyén thong
vé chi phi bao gom:

- Quéng duong véi do dai duong di 1a ngan nhét; day cling 1a muc tiéu phd bién
nhit trong thudt toan tim dudng;

- Thoi gian véi thoi gian di chuyén 14 nhanh nhét; né khong chi chi phu thudc
vao quing duong ma con phy thudc mot sd yéu té khac nhu van tée di chuyén hay
murc do phuc tap cua quy dao di chuyén;

- Ning lugng véi murc nang luong tiéu thy trong mot hanh trinh 13 thap nhat;
day 1a mot myc tiéu phuc tap vi né phu thudc vao nhiéu yéu té khac nhu van tdc, gia
tde, murc tai trong; d0 ma sat cua bé mat, dic diém dia hinh.

Bén canh d6 1a mot sd muc tiéu vé chat luong nhu:

- o tron ctia quy dao di chuyén, xem xét dén nhimng yéu té gdy hao mon co khi
va ton nang lugng, hodc lam robot thay doi toc do dot ngot; do6 co thé 1a gbc 1€ hodc

doan cua trong mot dudng di c6 do dai ngin nhét;
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- P an toan khi robot di chuyén, nham téi da hoa khoang cach téi thiéu dén cac
vat can. Diéu nay gitip giam thiéu rui ro va cham do sai s6 cta bo diéu khién, ngay
ca khi duong di da kha thi vé mat 1y thuyét.

ii. Nhom muc tiéu cip d6 hé thong, lién quan dén hiéu suat tong thé, tap trung
vao hiéu suat cua ca doi thay vi cac ca nhan. B¢ la:

- Thoi gian hoan thanh 16n nhat, 13 thoi gian ma phan ti robot cudi cting cta hé
thong hoan thanh nhiém vu ctia minh; viéc dam bao tham s6 thoi gian nay 1a téi thiéu
thuong duoc dit ra véi nhitng hé thong cd yéu cau gi6i han vé thoi gian van hanh,
nhu trong g dung kho van va cuu ho;

- Tong chi phi, c6 thé 13 tong quing dudng hoidc tong ning lwong, dé hudng dén
hiéu qua hoat dong tong thé; khi d6 tong chi phi can dat nho nhét;

- Tong thoi gian chd véi viée cai thién tinh trang 1ang phi do cho doi; khi do

tong thoi gian chd can dat nho nhat.

Hinh 1.3: Puong di kha thi va dwong di t6i uu
Trong bai toan tdi wu don gian, vi¢c lgya chon mot muc tiéu dé tim ra két qua tdi
wu duy nhat 13 diéu thuong thdy va dé dang dat duoc. Khi dua thém muc tiéu thir hai
vao, vin dé can giai quyét trd nén phuc tap hon. Tuy nhién, hoach dudng di, dic biét

la MRPP, 1a mét 16p bai toan khac voi nhiéu rang budc déng thoi ton tai. Hon thé,
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nhirg muc tiéu cé ¥ nghia thyuc té con c6 thé ¢6 mau thuan, vi du nhu duong di ngin
nhat c6 thé c6 d6 muot kém, duong di an toan nhat co thé lai 1a duong di dai nhat,
duong di tiét kiém ning lugng nhat lai yéu cau phai di chuyén cham. Nhitng miu
thudn nhu vay 1am kha ning tim kiém giai phap tot nhat va duy nhét dap tmg duoc
tat ca cac muc tiéu tré nén hoan toan khong kha thi. Piéu nay lam cho hoach dinh
duong di trd thanh bai toan toi wu da muc tidu. Khi d6, giai phap "t6t nhat" thyc chat
1a giai phap phu hop nhét véi yéu cau cu thé va da bao ham trong d6 nhitng danh dbi.
Hinh 1.3 minh hoa dudng di t6i vu cho mot phan tir robot don 1é tir tp hop dudng di
kha thi.

Cong thirc tong quat cia ham muc tiéu nhu sau

k
J) =) o i) (1)

v6i J (x) 1a ham muyc tiéu tong hop; f;(x) 1a ham muc tiéu cu thé thi 7; x 13 bién

quyét dinh; w; = 0 va thoa man di€u kién rang budc dé chuan hoa va

k
Z‘“i —1 (12)

i=1
trong d6 w; 1a cac trong s6, dai dién cho "danh d6i" gilra cac thanh phén trong
ham muyc tiéu, thé hién tdm quan trong twong ddi ctia mdi thanh phan xét trong tong
thé muc tiéu chung. Nhin chung, viéc lya chon cling nhu can béng duge muc tiéu tbi

vu trong MRPP 13 thach thirc cot 16i va trong tam.
1.2 Khdo sat phwong phap hoach dinh dwong di

Nhiing két qua khao sat va phén tich khong nhitng phén loai dugc phuong phap
hoach dinh duong di ma con boc 10 su dich chuyén rd rang trong xu hudng nghién
ctru. Cung véi sy sut giam dang ké vé s6 lugng cong b lién quan dén thuét todn cb
dién, cac phuong phép tri tué tip thé/mo phong sinh hoc da thu hiit sy quan tim vuot

bac; tri tu€ nhan tao voi nhitng chu d€ hoc may, hoc sau, hoc sau tang cudng, mang
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no-ron ciling rat dugc quan tdm. Bén canh do, su két hop gita nhiéu phuong phap
cling 12 mot xu hudng khong thé bo qua khi nhitng phuong phap lai khai thac duoc
vu diém cia ting phuong phap riéng ré. Trong bdi canh d6, viéc khio sat phuong
phap hoach dinh duong di tap trung chu yéu vé cac phuong phap mé phong sinh hoc,
cu thé 13 GA, PSO, ABC, ACO. Pong thoi, viéc tim hiéu mot sd thuat toan cb dién,
nhu A*, CDM, PRM, RRT, duoc thuc hién dé m& rong nén tang kién thurc co s& phuc
vu cho nghién ctru chuyén sau. Tiép theo, vi duong di toan cuc can dugc dam bao an
toan trong mdi trudng thyc té, phan cudi cling khao sat vé tranh va cham, mot trong

nhitng van dé k¥ thuat co ban nhit cia hoach dinh duong di.
1.2.1 Thudt todn cé dién

Thuat toan Dijkstra dugc cong bd vao nam 1959, tim kiém duong di ngan nhat
tr mot diém bt dau dén moi diém khéc thude dd thi véi chién lugce tham lam. Thuat
toan kém hiéu qua trong khong gian tim kiém 16n, 1a co s¢ dé Nilsson va cac cong sy
cong b thuat toan A* vao nam 1968 [43], duoc phat trién trong dy 4n Shakey ciia
Vién Nghién ciru Stanford. Thiét ké ban dau 1a tim kiém duong di c6 téng chi phi
thap nhét, tinh tir cac chi phi thanh phan.

Ham chi phi dugc tong hop tir hai thanh phan:

f) =g@ +hm)

trong d6, g(n) 1a thanh phan chi phi xac dinh tir diém bat dau dén nat do thi »,
h(n), thanh phan phong doan, 1a phan chi phi udc tinh tir nt do thi # cho dén diém
dich. Khai niém ham phong doan A(n) c6 hai thudc tinh: 14 kha thi néu nhu né khéng
bao gid ude tinh chi phi tir mot nat d6 thi xac dinh dén diém dich cao hon chi phi
thuc t& nho nht; c6 tinh nhat quan néu nhu chi phi udc tinh tr mot nat dd thi dén
diém dich luon nho hon hodc béng chi phi di chuyén dén mot nat 1an can cong voi

chi phi wéc tinh tir d6 dén diém dich.
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Hinh 1.4: Phén rd é chinh xdc (trdi) va phdn rd é xdp xi (phdi)
(nguon: [44])

Xem xét trong mot khong gian hoat dong cua robot, vi tri cac vat can trong
khong gian ndy tao thanh khu vuc chiém hitu, theo d6 phan tir robot khong c6 kha
nang xam nhap ma khong gay ra va cham. Vung khong gian tu do dugc hinh thanh
tur khong gian con lai cia khong gian hoat dong. Latombe da trinh bay phuong phap
hoach dinh duong di dya trén nguyén tic phan rd 6 (CDM) véi hai phan nhoém phan
14 6 chinh xac va phan i 6 xap xi [44], dugc minh hoa nhy Hinh 1.4. Phuong phap
phan ra 6 x4p xi biéu dién khong gian ty do dudi dang mot tap hop cac 6 c6 hinh dang
don gian va kich thudc xac dinh, vi dy hinh chit nhét hodc hinh vuéng. Viéc chuin
hoa hinh dang 6 dé dat dong thoi hai muc tiéu: thir nhét 14 sy phan chia khong gian
thong qua phép tinh lap don gian, th hai 1 it nhay cam véi phép tinh xap xi s6 hoc.
Tinh chat bao toan ciia khong gian tu do van dugc dam bao mdt cach co ban thong
qua mot phép xap xi. Trong thuc té, Iya chon kich thudc va hinh déng cta 6 13 van
dé ky thuat can dugce xac dinh rd; kich thudce 6 1én b thé can trd viée tim théiy duong
di trong mot vai tinh hudng cu thé. Nguoc lai, kich thudc nho s& doi hoi thoi gian tinh
toan ting 1én mot cach c6 hé thong. Gan day, mot sé phuong phap phan rd 6 méi da
dugc dé xuat, nhu 6 hudng tim [45], phan ra 6 thich nghi [46]. Tuy nhién, chung van
duogc coi 1a mot tap con cta phuong phap phan rd 6 xap xi.

Bén canh CDM, biéu dd Voronoi 12 k¥ thuat hinh hoc ¢6 dién khac dé phan ra

khong gian tu do thanh cac vung Voronoi, moi vung bao gom tat ca cac diém gan voi
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mot vat can cu thé hon bat ky vat can nao khac. Puong tiép giap gitta cac ving tao
thanh cdu tric do thi Voronoi téng quat (GVG). Piac diém quan trong ctia GVG la
moi diém trén canh cach déu hai hodc nhiéu vat can, cho nén dudng di tim dugc trén
GVG ludn dam bao khoang cach an toan tdi da.

Khi s6 chiéu khong gian cu hinh tang 1én, tuong ing voi s6 bac tu do cua robot,
cac phuong phap tim kiém db thi va phan ra khong gian tré nén kém hiéu qua va yéu
cau khoi luong tinh toan 16n. Pay 1a dong luc thuc day su ra doi ciia phuong phap
dya trén 1dy mau ngdu nhién véi hai dién hinh la PRM (ban d6 dudng di xé4c suat)
[47] va RRT (cay ngau nhién thim do nhanh), phién ban cai tién caa PRM.

APF di dugc gi6i thiéu 1an dau tién vao nam 1985 trong cong trinh nghién ctru
cua Khatib véi nhiém vu xac dinh hanh trinh cua canh tay robot c6 kha nang tranh
dugc vat can khi chuyén dong [1]. Robot hoat dong trong mot trudng thé nang "40",
chiu tac dong cua luc hép dan tir muc tiéu va luc déy ttr cac vat can trong khong gian
chuyén dong. Hinh 1.5 minh hoa cho nguyén 1y luc hdp dan va luc day tac dong 1én
phan tir robot. Nhiing han ché cua APF da duoc nghién ciru cai tién thong qua nhiing
hudng tiép theo.

- Huéng thir nhat thém yéu t6 méi trong thanh phan lyc day: hé sé diéu chinh
dua trén khoang cach ngan nhat giira robot va muc tiéu trong khong gian phang [48];
rang budc vé hé sé khuéch dai, gia tri hang sd va dugc xac dinh bang kinh nghiém
[49]; tat ca luc d'fly duoc tao ra boi cac robot khac [50]; hé s6 cho mdi thanh phén:
khoang cach tir robot dén phia bén trai ciia vat can hinh chit U va dén phia bén phai
clia vat can [51]. Ngoai ra, thém gia tri ngudng tdi thiéu trong thanh phan lyc hut
[51].

- Huéng thir hai véi stra doi ham thé nang: mot hé sd ngau nhién, c6 hudng tiy
¥ va gid tri ngdu nhién, duoc thém vao luc tong hop [49]; trudng thé nang quay [52];
hai thanh phan bo sung, 1a kich thich va thu gidn [53]; dé xuat ham hoan toan mai
[54] [55], hoac dugc dinh nghia tir khoang cach, van tde tuong doi [56], gia tde tuong
dbi [57].
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Hinh 1.5: Nguyén ly hoat dong cua phuong phap APF

- Cudi cuing, mot sb phuong an tao ra giai phap méi thong qua két hop thém véi
thuat toan khac. Vi du nhu 1am phang dudng di bang cach st dung toi vu duong cong
B-spline [49]; di chuyén theo ddi hinh stir dung thuat todn bam thich nghi PID [52];
diéu khién toc do voi hé logic mo FIS [51].

Hai cong trinh cia Huang va cong su [58] cung véi Rafai va cong su [59] da
chi ra tranh va cham 1a mot yéu cau bat budc xét trong bdi canh phan tir robot can di
chuyén hi¢u qua va an toan trong méi trudng c6 chudng ngai vat. Phuong phap APF,
duogc xét xem 1a giai phap kinh dién v6i nhugc diém cb hiru 1a kha ning bi mic ket ¢
diém t6i uu cuc bo; ddng thoi, yéu t6 "dong" gop phan vao sy phirc tap cia moi trudng

hoat dong.
1.2.2 Phwong phdp dwa trén tri tué tdp thé

Thuat toan di truyén (GA) 1a k¥ thuat tim kiém va t6i uu thudc nhém phuong
phap t6i vu dya trén quan thé, duoc phat trién chu yéu boi Holland tir nhitng nim
1960 va dugc chinh thirc gidi thiéu thong qua cudn sach kinh dién "Adaptation in
Natural and Artificial Systems" vao nim 1975. Dua trén thuyét tién héa Darwin, GA
mo phong lai qué trinh chon loc ty nhién béng cach van hanh trén quﬁn thé ca thé, tap
hop giai phap tiém nang. Chiing trai qua qua trinh tién héa lap di lap lai qua nhiéu thé
hé, quﬁn thé lién tuc duogc cai thién va dan hoi tu vé giai phap tdt nhat hoac gén tdt

nhét.
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Bang 1.2: Phwong phdp dira trén tri tué tdp thé

TT Tén Nam
1 | Téi wu dan kién (ACO) 1991
2 | Téi vu bay dan phan tir (PSO) 1995
3 | T6i uu bay ong (ABC) 2005
4 | Tbi uu co dai IWO) 2006
5 | T6i wu by chau chiu (GOA) 2017

Trong khi GA dua trén tién hoa qua nhiéu thé hé dé tim kiém giai phap t6i wu,
phuong phap t6i uu hoa dya trén quan thé c6 mot nhanh quan trong khac, hoat dong
dua trén twong tac xa hoi quan thé thé hé hién tai. D6 1a cac phuong phap dua trén tri
tué tap thé (SI). Trong khoang 30 nam trd lai ddy, mot s6 phuong phap dua trén SI
da duoc dé xuit, minh hoa cu thé nhu Béang 1.2. Khai niém nay duoc gioi thiéu trong
cong trinh cua Bonabeau va cong sy [2], theo do tri tué tap thé 1a bat ky nd lyc nao
nham thiét ké cac thuat toan hodc giai phap giai quyét van dé theo cach phan tan lay
cam himg tir hanh vi tap thé cua cac loai sinh vat c6 tp tinh xa hoi. Cong trinh cua
cac tac gia dd dinh hinh mot hudng nghién ctru hoan toan méi véi cach tiép can khac
tir dudi 1én dé dat duge cic muc tiéu phuec tap.

bé ap dung cac thuat toan SI vao hoach dinh duong di, von 1a cac bo tdi wu téng
quat, can phai "anh xa" bai toan vat 1y sang mo hinh tinh toan. Qu4 trinh nay bat dau
bang ma hoa 10i giai, trc 1a quy dinh cach mot ca thé trong quan thé dai dién cho mot
duong di tiém nang. Ty thudc vao khong gian, mot 101 giai c6 thé duoc ma héa dudi
dang mot véc-to cac diém trung gian trong khong gian lién tuc, hodc mot chudi cac
nat trong mot do thi rdi rac. Trén co s& d6, ham thich nghi duoc thiét ké dé danh gia
chat luong cua 10i giai dd duge ma hoa, huéng dan quan thé tim kiém. Ham phai thuc
hién ddng thoi hai nhiém vu: tdi wu hoa muyc tiéu chinh va xt 1y rang budc. Vi du nhu
duong di an toan, khong xay ra va cham, dugc danh gia dya trén d6 dai, trong khi bat

ky duong di nao va cham v6i vat can s€ nhan mot gia tri phat cuc 16n. Co ché nay
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dam bao thuat todn s& hoi tu vé giai phap khong chi ngan nhat ma con phai an toan
tuyét doi.

ACO dugc phat trién dua trén hanh vi tim kiém thtc dn cia dan kién, tim ra
duong di ngan nhat tir to dén ngudn thic in [4]. Kién st dung pheromone dé danh
dau dudng di; khi mot con kién gap vét pheromone va di theo thi vét pheromone duoc
tang cuong bang chinh né. Pudng di cang duoc sir dung nhiéu, mirc do hap dan cang
16n. Cu thé, khi cic con kién hoan thanh duong di ngin hon nhanh hon, vét
pheromone trén con duong do tich tu nhanh hon, khién bﬁy dan nhanh chéong hoi tu
vao tuyén dudng toi wu. Pay 13 su két hop giita Iya chon tham lam, wu tién cac giai
phap gan, v6i qua trinh tu xuc tac dé tim kiém giai phap tdi wu.

PSO dugc phat trién dya trén cac mé hinh "sy séng nhan tao" (A-life), dic biét
1a hanh vi by dan ctia chim va c4, dua trén gia thuyét chia sé théng tin x4 hoi trong
mot quan thé mang lai 1gi thé tién hoa trong viéc tim kiém cac tai nguyén phan tan
[3]. Trong qua trinh cic phan tir, dai dién cho nhiing giai phap tiém ning, di qua
khong gian nhiéu chiéu, van téc ciia ching dugc diéu chinh dya trén vi tri tét nhit ma
ban than né da tim thiy (pbest) va vi tri tot nhat dwoc tim thay boi bat ky phan ti
nao trong quan thé (gbest). Thong qua sir dung hai hé s6 ngiu nhién trong phuwong
trinh vén tdc, sy can bing gitta khai théc giai phap da biét va khdm pha ving chua
biét duge dam bao cung vai yéu td quéan tinh cta van tdc.

ABC dugc phat trién dua trén mo phong hanh vi tim kiém mat cia bay ong.
Trong mo hinh nay, vi tri ciia ngudn thirc 4n dai dién cho cho mét giai phap kha thi.
Bay ong duoc chia thanh ba nhém: ong tho, ong quan sat, va ong trinh sat [5]. Ong
tho duge lién két véi mot nguén thtrc an cu thé va thuc hién khai thac xung quanh
giai phap d6. Ong quan sat thong tin va chon mot ngudn thire dn dé khai thac dua vao
quy trinh lya chon xac suat, trong d6 ngudn c6 chat luong cao hon s& c6 xac suét
duoc chon cao hon. Co ché thim do duge kiém soat boi ong quan sat; néu mot nguén
thirc an khong duoc cai thi¢n sau mot s6 1an thir thi no sé& bi loai bo va ong thg tuong

g s& tro thanh ong trinh sat, thuc hién tim kiém ngau nhién mot ngudn thirc in méi.
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IWO dugc phat trién dua trén hanh vi xAm 14n manh mé va c6 kha nang thich
nghi cao ctia co dai [6]. Thudt toan md phong quy trinh xam 1an, bit du tir mot quan
thé hat giéng, cac giai phap ban dau, dugc phan tin ngau nhién trong khong gian tim
kiém. Sau d6, mdi cdy trudong thanh s& tao ra mot s6 lwong hat giébng méi, ty 1& tuyén
tinh v6i ham thich nghi ciia chinh ciy d6 so véi cay c6 do thich nghi t6t nhat va kém
nhat trong quan thé. Hat giéng mai phan tan ngiu nhién trong khong gian xung quanh
cdy me theo phan phdi chuan. Do 1éch chuan cua sy phan tan 1a mot ham phi tuyén
va giam dan theo thoi gian, cho phép thuat toan chuyén doi tir tham do toan cuc sang
khai thac cuc bd. Khi quén thé dat dén kich thudc téi han, co ché loai trir canh tranh
giit lai nhitng cay c6 do thich nghi cao nhat dé tiép tuc sinh truong.

GOA dugc phat trién dua trén hanh vi xa hoi cua béy chau chiu véi hai doan
sinh truong. Giai doan nhong voi bude di nho, chuyén dong cham, dai di¢n cho khai
thac; giai doan trudng thanh véi chuyén dong dot ngot, tam xa, dai dién cho tham do
[7]. M6 hinh tinh todn vi tri tiép theo ctia mot con chau chdu dya trén tuwong tac xa
héi va xu hudng tién t&i muc tiéu. Trong do, twong tac xa hdi can cu theo vi tri ctia
tat ca ca thé khéc, tao ra luc hit va day thong qua mot "ving thoai mai". Thanh phan
muc tiéu hudng cac ca thé vé giai phap t6t nhat ¢ thoi diém hién tai. Pé can bang
giita tham do va khai thiac, GOA dung hé sd thich nghi giam dan theo s6 vong lap,
giam chuyén dong tong thé quanh muc tiéu va thu hep ving tuong tac xa hoi; thuat
toan uu tién thim do ¢ giai doan dau va hoi tu chinh xac & giai doan cudi.

Nhin chung, cac phuong phap dua trén SI dugc dac trung boi tap hop nguyén
tdc co ban, da dugc Bonabeau va cong su [2] chi ra lan dau vao nam 1999. Ching
tiép tuc 1a nén tang ciia linh vuc ndy ngay ca trong nhiing cong trinh danh gia gan
day. Khao sat toan dién ciia Nguyen [60], dwa trén 65 cong bd ¢ uy tin trong giai
doan tir ndm 2008 dén 2023, d3 khéng dinh sy tdn tai cia céc nguyén tac cot 161 nay.
Chung bao gom:

- Phi tap trung: hoat dong ma khong can mot "bo didu khién" trung tim hay
thong tin téng quan vé toan b hé thong;

- Ty t6 chire: cAu tric duge hinh thanh qua tuong tac cuc bd gilra cac ca thé;
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- Ty phat sinh: hanh vi phtic tap, c6 trat ty ¢ cép dd toan cuc xuét hién tir nhiing
tuong tac don gian & cap do ca thé;

- Tuong tac gian tiép: cac ca thé khong giao tiép truc tiép véi nhau ma thong
qua viéc bién ddi mai truong;

- Su bén viing: nhimng thit bai ca thé khong anh hudng dén hiéu suit tong thé;

- Kha nang mé rong cung su linh hoat: thich ng v6i méi truong dong va duy
tri hidu suat ngay ca khi s6 luong phan tir ting 1én.

Tur nhimng phén tich ddnh gia vé uu diém, thach thirc trién khai va nhiing diém
han ché, Nguyen [60] da nhan dinh SI 1a mot linh vuc dang phat trién nhanh chong
v6i nhitng két hgp mang tinh da nganh. Bang 1.3 trinh bay so sanh theo tiéu chi: toc
dd hoi tu, kha nang mé rong, do phuc tap va tinh phu hgp véi moi truong dong cho
mot s6 thudt toan SI. Ngoai nhitng thuat toan phd bién di duoc trinh bay, bang con
mo rong so sanh voi mot sé phuwong phap dang chit y khac nhu Thuat toan dom dém
(FA), Tim kiém cuckoo (CS) va Thuat toan doi (BA) dé cung cép cai nhin tong quan
hon. Ba thuat toan nay dugc dé xuat trong giai doan tir nim 2008 dén 2010.

Bang 1.3: So sdanh thudt todan 161 wu dwa trén tri tué tdp thé

Mirc do phu
Thuat , Kha nang mé
Toc do héi tu Do phire tap hgp véi moi
toan rong
trudng dong

Trung binh, c6
Nhanh ¢ giai , .
. , | Trung binh, hi¢u thé phu hgp, can
doan dau, c6 thé , , . .
PSO ., | suat gidm khi so0 | Thap, d€ cai dat. | thay doi voi ting
bi ket ¢ diém toi

chiéu tang. dung thoi gian
uu cuc bo.
thuec.
Cao, nhung do )
Trung binh, phu , 5 Trung binh, Trung binh dén
ABC ] phuec tap tang .
thugc vao chién N thach thue ¢ can | cao, c6 thé phu

[én.
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Mirc do phu

Thuat , Kha nang mé
Toc d§ hoi tu Do phire tap hgp véi moi
toan rong
truong dong
lugc tim kiém bang giita thim | hop nhung can
lan can. do va khai thac. tinh chinh.
Cao, nhung thoi _
_ Trung binh, hi¢u . ,
gian tinh toan Cao do can duy | Cao, rat phu hop
_ qua trong tim , ,
ACO tang khi xu ly tri cac vet do c6 ban chat

kiém toi vu toan

bai toan quy mo pheromone. phéan tan.
cuc.
16n.
Thap dén trung
Nhanh, gidi Cao, tot v4i viec Trung binh, can | binh, nhay cam
FA tranh cac diém | trién khai song tinh chinh t6t thay d6i dong,
tdi uu cuc bo. song. tham s0. can chién lugc
phu hop.
_ , Thap dén trung
Nhanh, hi¢u qua ... .. | Trungbinhdén | A .
Cao, tot voi bai . binh, khong phu
trong ca tim . cao, can tinh
CS . toan to1 wu hoa . hop nhung c6
kiém toan cyc chinh t6t tham . .
quy mo 16n. . thé duogc dicu
va cuc bd. sO.
chinh.
Nhanh do co ché _ Trung binh, bao
' o Trung binh, hi¢u . .| Trung binh, c6
dinh vi bang , . gom cac co ché .
_, suat suy giam ) thé phu hop
BA tiéng vang va phure tap nhu

diéu chinh tan

I4
A

SO.

theo kich thudc

bai toan.

diéu chinh tan

sO va do on.

nhung can tinh

chinh.
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1.3 Khaio sat va phan tich thuat toan Téi vu biy ong

Tri tué tap thé (SI) 1a nhitng hanh vi tap thé ctia cac hé thong phi tap trung, tu
t6 chire dé giai quyét cac bai toan tdi wu héa phirc tap. Hanh vi thong minh toan cuc
ctia by dan khong duoc quy dinh cu thé, ma nay sinh tir nhitng tuong tac cuc bo don
gian giita cac ca thé va giita cac ca thé voi moi truong ciia chung. Rat nhiéu phuong
phap lay cam hing tir cac hé théng ty nhién, chang han nhu qua trinh tao duong di
phtc tap ciia dan kién, chuyén dong déng bo ctia dan chim va hanh vi hop tac kiém
an cta loai ong mat. Ly cam htng tir vi du cudi cung nay, Karaboga d3 dé xuat thuat
toan Téi vu bay ong (ABC) [61] [62]. ABC md hinh hda mét quan thé giai phéap tiém
nang dudi dang mot tap hop cac ngudn thirc an. Dé tim ra giai phap t6t nhat, thuat
toan str dung mot bay ong véi ba vai tro riéng biét: ong tho, ong quan sat va ong trinh
sat, dé hop tac khdm pha cac ngudn thirc an va khai thac nhiing ngudén mang lai loi
ich cao nhat, qua d6 dan dat qua trinh tim kiém huéng t6i diém t6i wu toan cuc.

Thuat toan ABC s hitu nhiéu vu diém ndi bat giup né tré thanh mot cong cu
t6i wu hoa phd bién. Piém manh 16n nhat cia ABC 1a tinh don gian, dé cai dit va yéu
cau rat it tham s6 dicu khién. Thuat toan nay c6 kha niang tim kiém toan cuc rat tot
nho co ché tim kiém ngﬁu nhién cua ong trinh sat, giup tranh bi ket tai cac cuc tiéu
dia phuong trong giai doan dau va c6 tinh bén vimng cao trong cic moi truong phirc
tap. Tuy nhién, ABC ciing ton tai nhitng nhuoc diém déng ké 1am han ché hi¢u suat
trong cac bai toan phirc tap. Han ché 16n nhat 14 kha ning khai thac kém, dan dén toc
dd hoéi tu cham trong giai doan sau cia qua trinh tim kiém. Chién luoc tim kiém mot
chiéu truyén théng ctia ABC thuong khong hiéu qua d6i véi cac bai toan co su phu
thudc giita cac bién, va d& bi lang phi tai nguyén tinh toan vao cic ving khong tiém
nang néu khong cé co ché dan hudng tbt.

Nhiéu nghién ctru gan day da tap trung cai tién ABC dé khac phuc nhitng nhugc
diém trén, dic biét 1a trong linh vuc lap ké hoach duong di cho robot. M& dau 1a dinh
huéng két hop gitta ABC va Lap trinh tién hoa (EP), dugc khai xudng boi Faridi va

cong su, dé giai quyét bai toan diéu hudng va lap quy dao di chuyén cho nhiéu robot

27



trong moi truong khong xac dinh cé vat can dong [63]. ABC dong vai tro nhu bd tim
kiém cuc bo cac diém di chuyén kha thi trong pham vi cam bién, EP chiu trach nhiém
t6i ru hoa toan cuc dé tinh chinh va lam tron dudng di thdng qua céc toan tir dot bién
nhu x6a, 1am tron, cap nhat va tim nhin. Mot co ché phédi hop tap trung dé cic robot
chia sé vi tri nham tranh va cham 13n nhau ciing duoc thiét 1ap dé ap dung cho hé
thdng da robot.

Nhan thay cong trinh cia Faridi chua xem xét k§ khoang céch an toan téi cac
vat can khi lya chon diém di chuyén, nhom Kumar va Sikander da phat trién phuong
phap cai tién ABC-EP, stra ddi tiéu chi chon nguén thirc an, trong d6 ham muyc ti€u
khong chi dua trén khoang cich dén dich ma con tinh dén khoang cach téi vat can
gan nhat dé dam bao do an toan cao hon [64]. Thuat toan cai tién nay khong chi tao
ra duong di an toan hon ma con giam dang ké do dai duong di va chi phi thoi gian
tim kiém so voi phién ban ban dau. Trong nghién ctru moi nhat, nhom Kumar va
Sikander tiép tuc nang cap phuong phap dé giai quyét cac thach thirc trong méi trudng
cong nghiép phtic tap bang khung lai ghép ABC-PRM-EP [65]. Hai tac gia di tich
hop phuong phap PRM vao giai doan dau cing véi ABC dé nhanh chong xac dinh
mot khung dudng di can tdi uu, sau d6 méi st dung EP dé tinh chinh chi tiét. Mot
chién lugc cho doi da dugc thiét 1ap dé giai quyét van dé phdi hop da robot trong
khong gian chat hep; wu tién quyén di chuyén cho robot ¢ tong goc quay nhé hon,
qua d6 giai quyét hiéu qua xung dot va va cham trong céc kich ban céng nghiép thuc

14
A

te.

Mot cach két hop khac 13 véi cac thudt toan phong doan khac nhiam khai thac
vu diém vuot troi cla timg k¥ thuat dé giai quyét cac han ché vé kha ning tim kiém.
Nghién ctru ctia Li va cong su v6i thudt toan IACO-IABC, két hop sirc manh tim
kiém dudng di chi tiét cia ACO véi kha ning khai tao nhanh ctia ABC [66]. Phuong
phap nay ap dung co ché tdi vu hoa dudng di loai bo cac nat du thira, giam thiéu dang
ké s6 1an robot phai chuyén huéng, nang cao tinh kha thi va d6 muot cia quy dao di
chuyén. Cung hudng tiép can nay nhung tap trung vio bai toan da muc tiéu, Ye va

cong su da phat trién thuat toan HABC-GA bang cach tich hop céc toan tir lai ghép
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va dot bién thich tmg dic trung ctia GA vao quy trinh cia ABC [67]. Su két hop nay
nham khac phuc han ché vé kha ning khai thac cia ABC truyén thong, gilip ting
cuong kha nang tim kiém toan cuc va dat dugc sy can bang t6i vu giita ba yéu t6 quan
trong: do dai, do an toan va do tron cua dudng di. Bién thé IABCBAS, két hop gitta
thuat toan ABC va thuat toan tim kiém bo canh cting stmg dai (BAS) [68]. Trong do,
ABC dugc cai tién voi anh xa hon loan Tent trong giai doan khdi tao quan thé, toan
tir dot bién khong dong déu & giai doan tim kiém véi x4o tron 16n & giai doan dau dé
va giam dan x4o tron ¢ giai doan sau dé cai thién kha nang kham pha khong gian toan
cuc. Thuit toan BAS duoc cai tién béng hoc tap ngugc ngau nhién va chién lvgc tham
lam dé tinh chinh dudng di cuc bo. Trong sb giita hai thuat toan duoc diéu chinh nghi
dé can bang giira tim kiém toan cuc va t6i wu hoa cuc bo.

Mot s6 nghién ciru lai tap trung nang cao sy thong minh cho ABC bang cach
tich hop co ché hoc tap tién tién dé giai quyét nhitng bai toan c6 do phirc tap cao nhu
phdi hop da robot hay cin bang da muyc tiéu. Cui va cong sy da dé xuat thuat toan
ABCL, khéo 1éo két hop co ché cta thuat toan toi wu hoa dua trén day-hoc (TLBO)
vao giai doan ong quan sat [69]. Cai tién nay khong chi ting cuong kha nang khai
thac cuc bd ma con cho phép thuat toan quy hoach dudng di cuc bo cho nhiéu robot
ddng thoi trong méi trudng lién tuc, giup giam thiéu hiéu qua cac xung dot va va
cham gitra cc robot. Bén canh d6, Ye va cong su giai quyét bai toan tdi wu hoa da
muc ti€u, can béng gitra do dai ngén nhat va do an toan cao nhit, thong qua thuat toan
EABC [70]. Piém dot pha ctia nghién ciru 1a cac co ché tdi wu héa ty hoc: co ché toi
vu héa dya trén cong tac giup cac giai phap tot tw hoan thién, trong khi co ché tdi uu
héa dan huéng bédi sy troi huéng dan cac gidi phap kém hon hoc hoi tir cac gidi phap
t6t. Cach tiép can nay gitup thuat toan duy tri su da dang ctia quan thé va tim ra tip
hop céc giai phap tdi wru vuot troi.

Mot sé nghién ciru khac lai tip trung viéc stra d6i nén tang tinh todn va co ché
van hanh noi tai cia ABC dé khic phuc han ché vé kha ning hoi tu va xu 1y dit liéu
phuc tap. V& mit cu trac quﬁn thé, Xu va cong su (2020) véi dé xuat vé khung déng

tién hoa Co-GLABC sit dung thong tin toan cuc dé dan hudng [71]; ap dung céc chién
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luoc tdi vu hoa riéng bi¢t cho hai nhom bién doc 1ap va phu thuéc. GLABC xur 1y cac
phan doc 1ap vé chiéu, sir dung phuong trinh cip nhat cta thuat toan tién hoa vi phan
dé tang toc d6 hoi tu. GLABC-d xur Iy cac phan phu thudc vé chiéu, tich hop chién
lugc lai ghép vao giai doan ong quan sat. Trong khi do, nghién ctru cia Zhou va cong
su d4 gidi thiéu bién thé ABC-MNT d¢é giai quyét van dé mét can bang giira kha ning
tim kiém va khai thac ctia thuét toan ABC truyén théng [72]. Bang cach chia bay ong
thanh nhiéu nhém nho hon va 4p dung cic ciu tric lién két khac nhau nhu Von
Neumann, Moore hay Hexagonal, thuat toan c6 thé diéu chinh tc do lan truyén thong
tin, giup duy tri sy da dang ctia quan thé dong thoi ting téc do hoi tu vé 101 giai tbi
uu.

Thuat toan khac duoc dé xuat boi Zhou va cong su (FLABC), tich hop k¥ thuat
phat hién ty dong dic diém nhin hodc gd ghé trong khong gian tim kiém thong qua
bd mau dit lidu vé quén thé [73]. Ngoai ra, FLABC con bao g@)m hai cai tién khac 1a
chia quan thé thanh nhiéu nhém con dong dé bao phu cac ving tim kiém hiéu qua
hon va sira d6i giai doan ong trinh sat bang cach sir dung toan tir tim kiém lan can
toan cdu cai tién dé bao luu kinh nghiém qua khi thay vi khoi tao ngau nhién tir dau.
Tiép can & khia canh tham sb diéu khién, Kamil va cong su da gioi thi€u thuat toan
ADL-ABC v6i co ché gidi han thich nghi [74]. Piém d6i cdt 18i ctia thuat toan 1a thay
thé tham sb gidi han tinh trong bang co ché gidi han thich tmg dong, gitp thuat toan
tranh nhitng vong 1ap khong can thiét va can bang tot hon giira kha nang tim kiém va
khai thac. Trong khi d6, Cui va cong sy dé xuét bién thé FOABC, tich hgp phép tinh
phan s6 vao thuét toan [75]. Tan dung dac diém ghi nhé cia dao ham phan $0,
FOABC diéu chinh giai doan tim kiém ctia ong quan sat, sir dung lai thong tin tir lich
sir tim kiém trudc d6. Mot chién lugc tim kiém ting cuong ciing dugc thiét 1ap trong
giai doan ong thg dé cin bang tot hon gitta sy da dang hoa va sy tap trung trong qua
trinh tim kiém.

Bién thé MDP-ABC duoc dé xuat dé hoach dinh quy dao bay trong khong gian
ba chiéu cho UAV canh bang [76]; str dung chién lugc nhidu loan nhiéu chiéu trong

giai doan ong tho, chién luoc tim kiém vung 1an can dinh hudng theo do cong trong
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giai doan ong quan sat. Ngoai ra chi phi duong di dugc mo hinh héa doc 1ap theo hai
hudng ngang va doc dé phu hop v6i dac tinh co dong cia UAV. Mot bién thé khac,
tén goi IABC, hoach dinh quy dao bay cho UAV trong méi truong do thi [77]; st
dung anh xa hon loan Tent va nguyén 1y Pareto dé khoi tao quan thé, dé xuat phuong
trinh tim kiém moi va ap dung co ché tién hoa ngau nhién tiép tuyén dé tranh roi vao
t6i wu cuc bo; tich hop phuong phap ndi suy spline bac ba dé tao ra cac quy dao bay
tron, dap ting tdt cac rang budc dong hoc ciia UAV.

Cudi cung, mot s6 nghién ctru tap trung tdi wu hoa thuat toan ABC cho cac rang
budc mdi trudong chuyén biét va trién khai thyc té. Hai tac gia Yildirim va Akay da
giai quyét thach thie dic thu ciia bai toan 1ap ké hoach trén ban d6 ludi, khi duong
di tim duoc thuong bi gap khiic theo cac 6 vudng va thiéu tinh tu nhién. Ho dé xuat
thuat toan IABC tich hop chién lugc tuyén tinh hoa duong di két hop véi tim kiém
cuc bo [78]. Thuat toan loai b goc cua khong can thiét, giup dudi thang doan dudng
zic-zdc thanh céc quy dao tron va ngén hon. O mot khia canh khac, Promkaew va
cong sy di dua thuat toan ra khoi moi truong mo phong dé kiém chimg trén robot tur
hanh (AMR) hoat dong trong mdi trudng trong nha, trién khai ABC trén nén tang hé
diéu hanh ROS 2 [79].

Thuat toan ABC ciing 1a mot cong cu manh mé dé giai quyét cac bai toan phan
b6 nhiém vu va 1ap lich trinh phtc tap trén nhiéu linh vuc khéac nhau, tir ndng nghi¢p
thong minh dén san xuit cong nghiép. Trong linh vuc néng nghiép, nhiéu bién thé
ciia ABC duoc dé xuat dé giai quyét nhitng nhiém vu tdi vu hoa cu thé. Chung 1a
MFDABC cho robot 1am c6, hoat dong trong nhiéu trang trai [80], MODABC véi bai
toan da muc tiéu cho robot thu hoach [81], CDABC cho 1ap lich trinh nhiéu robot
trong céc trang trai thong minh st dung ky thuét 1an can dong [82], va DABC cho
viéc 1ap lich trinh tich hgp phan cong nhiém vu cho robot thu hoach nong san va xe
phan phdi [83]. Song song d6, ABC dugc ap dung cho bai toan tdi wu hoa va 1ap lich
trinh trong bdi canh cong nghiép va san xuat. D6i v6i cac hé théng han robot, mot
phuong phap 1ap lich lai vong kin két hop ABC cai tién vé6i hoc tang cuong sau duoc
dé xuat dé xir 1y hiéu qua céac su cb robot [84]. MPCCABC dugc tng dung cho day
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chuyén thédo d& dé quan 1y cac kich ban bao tri dy phong [85], bién thé ABC tich hop
v6i Q-learning dé giai quyét cac van dé 1ap lich trinh hai muc tiéu [86], va bién thé
ABC da muyc tiéu v6i mé phong ngau nhién cho hoat dong thao d& cé cong tac ngudi-
robot [87]. Ngoai ra, bién thé ABC hd trg quy tic Deb tdi uvu hoa bai toan da muc tiéu
ctia mot canh tay robot don 1é xép hang 1én pallet tir nhiéu day chuyén san xuét [88];
mot phuong phap két hop thuat toan Pom dém cho phan bd toan cuc va sy lai ghép
giita thuat toan Di truyén luong tr va ABC cho phan bd cuc bd [89]. Trong khi do
mot bién thé ABC khac tich hop cac khai niém tir phuong phap Tim kiém Tabu va
thuat toan Mién dich nhan tao dé giai quyét viéc 1ap ké hoach nhiém vy trong cac nha
kho da robot khong ddng nhat [90].

Kha nang tmg dung cua thuat toan ABC mé rdng sang nhiéu linh vyc k¥ thuat
va khoa hoc khac nhau. Trong cac hé thong diéu khién, thuat toan két hop ABC-md
cung cap giai phap cho viéc diéu khién hoc may thoi gian thuc cta cic tay may robot
[91]. Trong linh vuc hau can, bién thé ABC giai quyét bai toan trung tim phan phdi
c6 dung lugng md trong diéu kién nhu cau khong chic chan [92]. Pi v6i cac Gng
dung nang lugng, mdt ABC nhi phan chuyén biét vdi co ché cap nhat da chiéu chung
t6 hiéu qua trong viée bd tri ti wu cac tuabin gié [93]. Tuong t, CCABC gidi thiéu
cac co ché tim kiém theo chiéu ngang va chiéu doc dé ting téc do hoi tu, ching to
hi€u qua cao trong cac bai kiém tra chuén va cho cac nhiém vu phan doan hinh anh
[94].

Nhu vay, ci tién nhitng yéu t6 ndi tai ciia thuat toan ABC nguyén ban 1a huéng
nghién ctru chu dao, cac cong bd tap trung vao "stra chira" nhuoc diém c6 hiru cua
thuat toan bang cach thay doi cau trac hodc phuong trinh cua thuat toan. Mo hinh
hoat dong theo ba giai doan (ong tho, ong quan sat, ong trinh sat) van dugc bao toan.
Phuong trinh tim kiém va khong gian 14n c4n dugc chinh stra dé gia tang téc do tim
kiém hodc tang cuong tinh da dang dé tranh méc ket & tdi wu cuc bd. Roi rac hoa va
nhi phan hoa 1a cai tién noi tai khac, cho phép thuat toan ABC tr¢ nén phu hop hon

v6i nhitng bai toan thyc té mang tinh t6 hop hodc logic roi rac. Bén canh d6, két qua
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khao sat cho thdy xu hudng két hop giita ABC véi nhitng thuat todn chuyén biét khac

dé xir Iy diém yéu cua thuat toan.
1.4 Khado sat va phan tich phwong phap phian cum

Duya trén nguyén 1y phan chia c¢6t 16 véi ranh gi6i rd rang, cac nhoém riéng biét,
khong chong 14n, myc ndy s& phan loai va khao sat cac thuat toan phan cum cing
theo ba nhém chinh: thir nhat 1a phan cum dya trén phan ving khong gian, thir hai 1a
phan cum duya trén logic va hanh vi, va thur ba 1a phan cum duya trén dir li¢u va cac
thuat toan tim kiém theo phong doan. Trong d6, nhém phuong phép thir nhét tiép can
tir goc d6 hinh hoc, v&i nguyén tac cot 16i 1a phan chia méi trudng hoat dong thanh
cac vung hodc 6 roi rac dé don gian hoa viéc quan ly. Cac robot dugc gan vao cum
dya trén vi tri vat ly cua ching tuwong ung véi cac phan vung da dugc dinh nghia.
CDM va biéu dd Voronoi 1a nhitng phuong phép kinh dién va phd bién nhat cho
huéng tiép can nay.

CDM dugc nghién ctru va sir dung twong dbi rong rai trong nhitng nghién ciru
vé hoach dinh duong di, y tuéng cbt 16i ctia n6 1a phan chia khong gian tu do, noi
robot ¢ thé di chuyén ma khong va cham, thanh tap hop hitu han cac 6 don gian
(viung). Pay 1a budc dau tién dé xay dung dugc do thi lién hé gitra cac 0, 1am co s
dé thyc thi thuét toan tim duong. CDM da duogc téng hop va gidi thi€u mot cach cod
hé théng trong cong trinh ctia Latombe, dya trén nhiing nghién ctru thudc giai doan
1980-1990 [44]. Tac gia da phan chia CDM thanh hai nhom: phan ra 6 chinh xac va
phan i 6 xap xi, dugc minh hoa nhu Hinh 1.4. Trong cong trinh ddnh gia vé CDM,
Debnath va cong sy [46] di phan loai thanh ba bién thé chinh: phén rd 6 chinh xéc,
ludi thong thudng, va phan ri 6 thich nghi. Trong d6 bién thé ludi théng thuong cd
dic diém 6 tuong tu nhu phan rd 6 xap xi, cac 6 ¢o kich thudc ¢b dinh va khong gian
giong nhu dugc pha mot ludi trai déu. Phan ra 6 thich nghi cho phép tao ra nhiing 6
c6 kich thudc khong dong déu dé tang cuong hiéu qua bao phu tai nhitng khu vuc

tiép giap giita khong gian can va khong gian tréng.
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Céc phuong phéap phan rd 6 da phat trién da dang dé gop phan giai quyét cac bai
toan 1ap ké hoach dudng di va bao phii. Mot sé phuong phap tap trung vao phéan ra 6
chinh xac. Vi dy, hinh thang [95], bang cach tao ra cac phan doan song song tir cac
dinh cua vat can, hinh thanh cac 6 hinh thang hoac hinh tam gidc; 6 theo duong cay
(boustrophedon) [96], bang cach tao ra cac dudng quét lién tiép bén trong nhiing 6
da dugc hinh thanh tir phuong phdp phan ra 6 chinh xac. Mot phuong phap hinh hoc
khéc 1a phan ra 6 hudng tam [45], chia khong gian thanh cac 6 dang cung tron, dac
biét c6 ich khi xir Iy cho khong gian chira vt can c6 canh thang dimg hodc khi hai
dinh c6 cung toa do.

Mot hudng tiép can phd bién 1a phuong phap phan ra dya trén ludi, sir dung ciu
triic cay tir phan (quadtree) va ky thuat dé¢ quy. Trong do, chia nhé khong gian cho
dén khi mét 6 dat duogc mot thudc tinh duy nhét, vi du nhu 6 hoan toan 1a khong gian
can hodc hoan toan 1 khong gian tu do hoic dat dén mot gidi han phan giai 1a khoang
cach an toan mong mudn ctia robot so v&i vat can [97]. Ngoai ra, két hop thém k¥
thuat gan dia chi trong hé théng thong tin dia Iy (GIS) duoc dung dé quy dinh dia chi
duy nhét cho ting 6 thudc tinh duy nhét [98]. Mot s6 dé xuét chia khong gian thanh
cac 0 chinh kich thudc xac dinh, vi du nhu kich thudc b::ing hai 1an kich thude robot,
sau d6 mdi 6 chinh lai duoc chia thanh bdn 6 con [99] [100]. Cong bd [99] c¢6 thém
nat phu méi lién két voi bon ranh gidi (bic, nam, dong, tdy) ciia mdi 6 chinh. Cong
b6 [100] két hop st dung biéu d6 phan viing Voronoi dya trén khoang cach Manhattan
trong qua trinh phan ri 6. Ciing 13 cau tric cay ti phan, thay vi tao ra cac 6 c6 kich
thude cb dinh, phuong phap tao ra 6 ¢6 kich thudc khac nhau tuong Gng voi truong
nhin cua robot, phu thudc vao dé phtrc tap cua dia hinh [101]. Tt viéc gan loai dia
hinh cho tat ca cac 6 ¢ 10p chi tiét nhat, sau d6 gop 4 6 con thanh 6 16n hon néu co
cung thudc dia hinh. Nhin chung, vu diém ciia nhiing dé xuat dung cay tir phan noi
trén 1a giam luong dit lidu, trong ing véi sd luong 6, va tir d6 ting tdc qua trinh tinh
toan sau do.

Céc phuong phéap phan rd dya trén ludi ciing c6 nhiéu bién thé. Thay vi st dung

ludi vudng co dinh, mot dé xuat lya chon géc phan ra toi vu dé giam tong di¢n tich
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can bao phu; khi d6 cac 16p ludi song song véi canh ctia khu vue bao phu [102]. Mot
bién thé khac da diéu chinh thuat toan dé gan mot gia tri trong s6 cho tung 0 ludi,
duoc tinh toan b?mg cach ap dung thuat toan APF stra doi [103]. Mot dé xuat khac da
thay doi ca hinh dang 6, nhu st dung 6 mot phan tu quy dao (QOC) thay vi 6 ludi
truyén théng [104].

Ngoai ra, cac phuong phap két hop cling mot hudng tiép can khac. Su két hop
giita phan ra hinh thang, dé chia khong gian tu do thanh cic ving, voi ki thuat dé
quy dé chia nho ting ving thanh ban d6 dang luéi [105]. Phan ri 6 xac suat (PCD)
két hop giira phan rd 6 xap xi va viéc 14y mau dua trén x4c suit, sir dung co ché danh
gia "luoi biéng" [106]. Theo d6, khong gian ciu hinh duoc phan rd dé quy theo sb
chiéu; co ché chi thi 6 duoc léy mau ngau nhién dé x4c dinh trang thai lam co s& phan
1d, thay vi kiém tra toan bo cac 6 hién co. Pé thay thé cau tric ciy tir phan, phan rd 6
da d6 phan giai [107]; sit dung bién ddi wavelet Haar, cho phép biéu dién cac ving
khong gian & cac d6 phan giai khac nhau dong thoi. Qua d6, cho phép phan ra chi tiét
& gan robot va phan i tho ¢ cac khu vuc xa hon. Cubi cling, mot bién thé phan rd 6
xap xi dua trén khai niém ving muc tiéu (C-Target), 1a ving cdu hinh ma tai d6 truong
nhin (FOV) cua cam bién giao véi mot muc tiéu [108]. Két qua dat duoc 1a hai loai 6
chinh: 6 rong (khong quan sat dugc) va 6 quan sat (cho phép thuc hién phép do duoc
muc tiéu).

Biéu d6 Voronoi 1a mot phuong phap hinh hoc kinh dién, tinh toan chia khong
gian da chiéu thanh cac vung dya trén mdi lién hé véi mot tap hop cac diém hat giéng.
Puong tiép giap giita hai ving lién tiép duoc goi 13 canh; tdp hop cac canh tao thanh
ciu trac biéu do Voronoi. Cac phuong phap dua trén biéu dd Voronoi chu yéu thuc
hién phéan chia khong gian dé 1am co so cho nhitng giai doan tiép theo, nhu lap ké
hoach duong di hoic phan cong nhiém vu. Vi viéc str dung ham chi phi voi hai yéu
t6 mat do phan bd xac suét cua cac diém nhiém vu va khoang cach tir robot dén cac
diém d6, mot bién thé cta biéu dd Voronoi Téng quat da duoc dé xuit dé tinh toan
phan ving [109]. Sau d6, mdi ving Voronoi dugc lién két véi mot robot, dam bao

viéc trién khai dugc thyc hi€én mot cach can bang. Mot bién thé khac cua biéu do
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Voronoi, 2D-VPC, tinh todn bang cach sir dung khoang cach Euclide tiéu chudn; phan
chia khong gian duya trén ludi vai cac 6 c6 kich thude bang hai 1an kich thudc truong
nhin ctia cam bién robot [110]. Phan tir robot duoc gan cho 6 ¢6 tim nam gan vi tri
robot nhét. Sy két hop gitta biéu dd Voronoi véi thuat toan phan cum k-means ciing
dugc dé xuét [111]. Pau tién, tAm cum duoc xac dinh thong qua thuat toan k-means,
dwra trén anh chup vuon cdy trong d6 cac cy duoc dinh nghia 1a nat. Biéu dd Voronoi
str dung tdm cum 1a diém hat giéng dé phan chia khong gian chira cdc nat thanh ving
Voronoi.

Trong khi cac cong trinh trén chi tap trung giai quyét viéc phan ving cho khong
gian tinh, huéng tiép can khac 1a chién lugc phan ving lai. B6i canh 13 viéc phan
vung ban dau c6 thé tré nén khong hiéu quéa hodc sai 1éch khi robot phat hién vat can
m&i. Phuong phap RSimExCoverage [112] st dung phuong phap Voronoi Manhattan
dé phan ving chi dya trén vi tri ban dau ctia cac robot & giai doan dau. Sau qua trinh
kham pha va bao phu, thuc hién phan ving lai v&i biéu d6 Voronoi cin ct theo
khoang cach geodesic, dudng di ngan nhét tranh vat can cing véi thong tin vé vat
can. Twong tu, mot phuong phap phan ving hai giai doan khac da duoc dé xuat [113].
Co ché phan ving dong duoc bd sung & giai doan sau dé xtr Iy vin dé mét can bang
do phat hién thém véat can. Cac robot s€ chia s¢ nhan thirc cho nhau vé cac chudng
ngai vat da phat hién. Trén co s& do, mot thuat toan can béng tai dua trén luc ao duoc
kich hoat d¢é tinh toan lai céc vi tri trung tam cua robot dé tao ra mot biéu dd Voronoi
m&i. Viée phan ving duge didu chinh lai cho pht hop véi cac khu vuc ty do da biét,
qua d6 tai cAn bang khdi lugng cong viéc.

Ngoai ra, mot nghién ctru khac da dé xuat sir dung biéu do Voronoi lam co ché
¢t 161 dé tao ra mot 19 trinh tdi wu thong qua phan vung; theo d6 hai ti€u chi dugc
can bang 1a d6 dai dudng di ngan nhat va duy tri mot khoang cach an toan téi thiéu
s0 v6i chudng ngai vat [114]. Mot thuat toan duoc gidi thiéu dé xap xi cac vat can
bang cac diém trén ranh gidi ctia chung va xay dung So dd Voronoi tir cac diém nay

thay cho biéu d6 Voronoi phtrc tap cta cac vat can da gic.
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Thay vi dwa hoan toan vao ranh giéi dia 1y ¢6 dinh, nhém phwong phép tht hai
tap trung xay dung cum dua trén cic quy tic trong tac va hanh vi giita cic phan tir;
cac nghién ctru c6 ngudn gbe va cam hing tir nhitng linh vuc khoa hoc khac. Chung
c6 thé van dung 1y thuyét tro choi dé dinh luong sy dong gdp cta timg robot hodc mé
phong cac nguyén tic vat 1y tu to chire dé thiic day céc robot ty dong hinh thanh nhom
mot cach phi tap trung.

Trong do, 1y thuyét trd choi cung cdp mot nén tang dé dinh lugng héa sy twong
tac va dong gop. Phuong phap phan cum duoc dé xuat dya trén trd choi hop tac gitta
robot va nhiém vu theo mot ham chi phi ddnh gia higu suat cua bat ky nhém hop tac
robot va nhiém vu [115]. Gia tri Shapley dugc dung dé tinh dong gop can bién trung
binh, luong hoa tam quan trong ddi voi robot hodc murc do yéu cau ddi voi nhiém vu.
Quy tic phan cum la nhiém vu doi hoi khat khe nhat, gia tri Shapley thap nhat, cho
cac robot c6 kha niang nhét, gia tri Shapley cao nhat, dong thoi can bang tong gia tri
Shapley ciia cac cum. Quy tac tro choi ciing dugc dung trong phuong phap phan cum
cho nhém robot 1anh dao, theo mure dd wu tién cua cac muc tiéu va dam bao khong bi
chdng chéo dua trén vi tri [116]. Cac robot lanh dao dugc phan phéi theo cum riéng
biét, nhom robot di theo dugc phan chia cho robot ldnh dao dé tao d6i hinh mong
mudn.

Duya trén nguyén tac vat 1y co ché tu to chirc, mot s6 phuong phap phi tap trung
da duoc dé xuat. Phuong phap phan cum dura trén ty phan chia thanh nhiéu 16p, phan
tir robot trao d6i "token 40" v&i cac robot 1an can, md phong lai qua trinh ling dong
clia cac chat 1ong c6 mat do khac nhau [117]. Dya trén mat d6 cuc bd, nhitng token
co trong s6 cao hon tu dong tu lai ¢ 16p uu tién, tach khdi nhiing token co6 trong sb
thap. Tiép ndi ¥ tudng dua trén token a0, mot phuong phap khac da duge dé xuét, két
hop k¥ thuat déng thuan phan tan dé tinh toan mat do cuc bd vi mot co ché can béng
tai [118]. Thong qua phan bb mat d6 trong khong gian, cic robot ¢ gia tri mat do
tuong dong s& duogc ty dong tu lai dé thanh cym.

Huéng tiép can ctia nhém phuong phép thir ba coi cac robot va nhiém vu nhu

nhing diém dir liéu trong khong gian trang thai da chiéu, 4p dung cac k¥ thuat tir
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khoa hoc dit liéu hodc tdi wu hoa dé tim ra ciu tric nhom hiéu qua nhat. Muc tiéu chu
dao 13 tim 10 giai thong qua toi vu héa mot ham chi phi xac dinh bang cac thuat toan
tim kiém phong doan (nhu PSO, SA) hoic cic thuat toan phan cum thong ké dién
hinh nhu K-means va céc bién thé ciia né.

Phuong phap phan cum tuong quan, mdt k¥ thuat hoc may, da duoc dé xuét cho
hé thdng da robot [119]. N6 sir dung mot ham chi phi, nhdam muc dich nhém cac robot
tuong tu vao cung mot cum va tach ra cac robot khong tuong tu. Nghién ctru nay giai
quyét bai todn phan cong nhiém vu cho nhiéu robot. Mot phuong phap phan cym
khac duoc dé xuit dua trén bd loc phan tur cho hé théng da robot [120]. Cac phﬁn tr
loc dugc nén thanh K cum bang phwong phap sap xép hai chiéu dé quy theo chiéu c6
phuong sai cao nhat. Ngoai ra, phuong phap phan cum theo mat d6 (CFSFDP) duoc
str dung dé phan ving cac khu vuc rdi rac [121]. Pau tién, cac trung tim cum (tuong
ung voi sb lugng UAV) dugc xéc dinh dya trén tinh toan khoang cach va mat do,
tong chi phi thoi gian dé bay dén va quét tat ca cac khu vuc lan can. Nhitng khu vuc
con lai duoc phan vao timg cum can cir theo tong thoi gian yéu cau thap nhat.

Ciing khong dua hoan toan vao ranh giéi ¢ dinh cua khong gian, nghién ctru
ctia Arslan da dé cap dén mot co ché triru twong hod khong gian cdu hinh thong qua
cong cu nén tang 1a phuong phap phan cum phan cap [122] [123]. Phuong phap nay
tao ra mot lién két truc tiép giita khong gian cu hinh (lién tuc) v6i khong gian két
hop cay cAu trac (10 rac), moi cay dit liéu dai dién cho mot cAu trac cic cum robot
16ng nhau va khac nhau, duoc xac dinh dya trén su gan giii vé khong gian. Trén co
s& d6, tac gia giodi thiéu khung diéu huéng phan cap va thuat toan phan tmg cho hai
ché do diéu hudng riéng biét:

- Piéu hudng xuyén khong gian két hop cdy cau trac, cho phép hé thong thuc
hién cac chuyén doi cau trac mot cach c6 cha dich.

- Piéu huéng bét bién bén trong khong gian cau hinh, cho phép robot duy tri

mot cau trac cum mong muodn trong khi di chuyén khong va cham.
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Thay vi tp trung vao ciu tric hinh hoc hay t6-pd, mot hudng tiép can khac
trong nhom nay 1a sir dung céac thuat toan tdi wu phong doan dé tim kiém giai phap
phan cum va phan b6 nhiém vu. Thuat toan dau gid phan cum ngau nhién (SCA) duoc
dé xuat dé phan bo nhiém vu tdi uu cho hé théng da robot khong dong nhét [124]. N6
sit dung tim kiém chudi Markov két hop véi giai thuat luyén kim mé phong
(Simulated Annealing - SA). Mot phuong phép khac, CDTA, dugc dé xuat dya trén
giai thuat PSO [125]. Phan tir robot dai dién cho mdi cum duoc lwa chon theo gia tri
ham thich nghi, duoc tinh toan theo khoang cach Euclide tir robot dén nhiém vu va
nang lugng con lai cua robot. Giao tiép ndi bd trong cum duoc thuc hién theo ciu
triic hinh sao.

La mot thuat todn hoc may khong giam sat rat phd bién, K-means dugc st dung
dé giai quyét bai toan phan cum dir lidu; né phan chia mét tap hop cac diém di lidu
thanh K nhom riéng biét, diém dir liéu trong mdi cum c6 sy twong dong cao hon so
v6i cac diém & cac cum khac. Kha ning phan cum nay da hd trg rat tot cho tinh ning
tim duong ciia robot, dic biét 1 nhitng Gmg dung nhan dién dudng di bang hinh anh.
Thuat toan K-means, v&i sd lugng cum t6i wu duoc xac dinh bdi phwong phap
Silhouette, phan doan anh thanh hai cum: cum thtr nhét dai dién cho cay cbi va cum
thir hai dai dién cho dudng di va bau troi [126]. Dit liéu dau vao 1a cac dic trung két
ciu phirc tap tir méi truong vudn ciy dugc xac dinh bang bo loc Gabor thay vi dwa
vao phuong phap phan doan RGB truyén thdng; dong thoi sir dung k¥ thuat phan tich
thanh phan chinh (PCA) dé tinh gon bo dir lidu dau vao. Mot phuong phap khéc st
dung anh chiéu sau thay thé anh RGB dé xir 1y nhanh va phan biét d6i twong dé dang
hon, dong thoi két hop thong tin ngit nghia tir YOLOV3 véi dir lidu chiéu sau dé ty
dong tinh toan s lwong cum phu hop [127]. Mot phuong phap lai PSO-K, két hop
gitta PSO va thuat todn K-means, st dung kha nang tim kiém toan cuc cua PSO dé
xac dinh cac tAm cum tdi vu trude khi chay thuat toan K-means [128]. Dir li¢u dau
vao la anh trong khong gian mau YCbCr thay vi trén khong gian RGB, gitp giam anh
hudng cua diéu kién anh sang va bong ram trén loai anh RGB c6 cudng do kénh xanh

14 16n.

39



Thuat toan K-means dugc ung dung rong rai trong bai toan phan cong nhiém vu
cho hé théng da robot (MRTA) véi chién lugc chia nho, nham giam d6 phirc tap tinh
toan va khong gian trang thai. Bai todn nguoi du lich da nang (MTSP) phuc tap voi
N diém nhiém vuy thanh K bai toan nguoi du lich (TSP) doc 1ap va don gian hon.
Trong do, ham muc ti€u dugc 14p dua trén khoang céach gitra cac nhiém vuy; nhi¢ém vu
c6 khoang cach cang nho thi do twong dong cang cao va cang c6 kha nang dugc phan
vao cung mot cum [129]. Mot sb lya chon ham muc tiéu khac nhu: dya trén téng
khoang cach binh phuong gitra cac nhi¢m vu va tdm cum tuong Ung, tdp hop tam
cum ban dau duoc lya chon mét cach ngau nhién [130]; ham muyc tiéu dya trén téng
khoang cach ctia mdi cum duge can béng bén canh muc tiéu tdi thiéu hoa khoang
cach so v&i diém tim bén trong mdi cum [131]. Trong mot bai toan cu thé vé phan
cong nhiém vu can bang cho hé théng da robot (BMRTA), nhom tac gia di phan tich
va so sanh hiéu suit cta ba k¥ thuat phan cum cuy thé: K-means, GMM, va phan cum
phan cip [132]. Trong khi GMM gan nhiém vu vao cum theo ham phan phéi xac suat
thi thuat toan K-means thuc hién phan chia dir liéu thanh K cum loai trtr 1An nhau
bang cach gan cac nhiém vu cho tdm cum gan nhat. Cudi ciing, phan cum phan cap
xay dung mot cdy phan cip va sau d6 cit cay nay & mic d6 phu hop dé tao ra sd
lwong cum mong mudn. Trong két qua thir nghiém voi bai toan cu thé, K-means 1a
phuong phap pht hop nhat va ¢ kha nang mé rong tot dé xur 1y s lwong 16n nhiém
vu va robot trong céc cau tric lién két phuc tap.

Bén canh do, thuat toan K-means dugc ung dung trong phuong phép phan cum
dong cho nhiing bai todn yéu ciu tinh thich ing cao nhu kham phé va bao phii moi
truong; dé xuat phan ving cac khu vuc chua kham pha, phan cong nhiém vu bao phi
khu vuc cho mot hé théng da robot [133]. So lugng cum dugc tao ra béng voi s6
lugng robot ¢6 san, tAm cum 1a vi tri dich ctia tirng robot. Khi robot di chuyén va khu
vuc chua duoc bao phu thay ddi, qua trinh phan ving ndy mang tinh chat dong cho
phép diéu chinh lai vi tri diém dich (tdm cum). Mot cach tiép can khac 1 phan chia
tap hop cac ving khong gian chua biét thanh K ving rdi rac, bang diing sé lugng

robot ¢6 san; phan cong nhiém vu kham pha cho hé théng da robot [134]. Ham muc
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tiéu 14 toi thiéu hoa tong binh phuong trong cum, dam bao cac 6 trong cling mot ving
dugc nhom lai véi nhau mot cach logic. Qud trinh phan vung cho phép khong gian
chua biét con lai s& duoc phan ving lai mot cach ty dong, con goi 1a phan ving dong,
gitip can bang khdi lugng cong viée chung giita cac robot.

Thuét toan K-means con duoc cai tién hodc két hop v6i nhitng thuat toan khéc
dé dat duoc yéu cau vé hiéu suét. Vi du nhu, MRTA duya trén két hop gitra thuat toan
K-means++ cai tién voi thuat toan PSO. Pau tién, K-means++ tap trung giai quyét
diém han ché khi chon tim cum ban dau ngau nhién, bd sung mot diéu kién gidi han
vé s6 luong t6i da cac nhiém vu trong mdi cum dé giup két qua phan cum 6n dinh
hon [135]. Tiép theo, thuit todan PSO gan timg robot vao cic cum va sap xép thi tu
thuc hién cac nhiém vy bén trong cum mdt cach tdi wu. Mot phuong phép lai khac
dwa trén thuat toan K-means, duoc goi 1a phuong phap tim kiém tham lam phan cym
50 bd [136]. Thuat toan Lloyd dugc két hop dé xac dinh tap hop cac tim cum dua
trén ham muc tiéu tong binh phwong trong cum. Sau khi phan chia thanh cac cum nho
hon, thuat toan 1ap ké hoach dudng di bén trong mdi cum duoc thyc hién dé xac dinh
hanh trinh ngan nhat. Cudi cing, mét phuong phép xay dung duoc phét trién dé tim
ra két nbi gan nhat gitra bat ky hai cum lién ké ndo, dam bao tuyén dudng lién két cac
cum ciing 12 ngan nhat. Thuat toan K-means con két hop véi thuat toan tim kiém theo
chiéu sau (DFS) dé 1ap ban d6 thong qua phan chia khu vuc quan tdm (ROI) thanh
cac khong gian nho hon [137]. Trong khi thuat todn K-means phan ving cac diém lay
mAu & gan nhau dya trén khoang cach Euclide cta chung, thuat toan DFS xac dinh
thir tyr di chuyén gitra cic cum. Thuat toan K-means két hop phan cum Canopy, 1a
mét bude tién xu ly dé cai thién hiéu qua cua thuat toan K-means trong viéc phan
vung khong gian chua biét. Cu thé, phan cum Canopy st dung hai ngudng khoang
cach va mot thudc do khoang cach xap xi dé nhanh chéng chia dir liéu thanh céc tap
con chong 14n nhau [138]. Céac diém nam qué gan tam, trong ban kinh gan s& bi loai
b6 khoi cac 1an xir 1y tiép theo, trong khi cac diém nam giita cum canopy duoc thém
vao cum. Thuat toan K-means chi can tinh toan khoang cach giira cac diém nam trong

cing mot tap con, qua d6 giam dang ké thoi gian tinh toan.
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Mic du cac phuong phap phan cum cimg da khao sat ¢6 nhirng vu diém riéng,
chung déu ton tai mot han ché cbt 16i: tinh cting nhic trong ranh gidi phan chia. Viéc
quy dinh ranh gi6i rd rang, khong chong lan giy ra kho khan 16n khi (mg dung trong
moi trudng dong va phtc tap ctia hé thong da robot. Thyc té ndy dit ra yéu ciu cip
thiét vé mot cach tiép can "mém" trong phan cum, cho phép mé hinh héa sy phan b
dir liéu theo xac suat va chap nhan sy chong lan giita cac ving quan ly. Trong bbi
canh d6, mé hinh GMM va k¥ thudt phan cum mém d3 vuot qua vai tro ciia cong cu
phan tich dir liéu thong ké thuan tiy dé trd thanh mot nén tang toan hoc ¢t 161 trong
nhiéu tmg dung robot khac. Cu thé, cac nghién ctru gan day di khai thic GMM trong
viéc hoc va ma hoa cac ky nang van dong phurc tap, tir cac thao tac cua canh tay robot
[139] [140] [141] [142] dén cac hanh dong cu thé nhu gap/rot [143] [144] [145]. Bén
canh d6, GMM ciing dugc sir dung hiéu qua dé diéu hudéng trong méi trudong phirc
tap [146] [147] hodc tim kiém, kham pha trong khong gian rong [148], ap dung cho
robot di dong hoic UAV. Céac nghién ciru nay thuong tap trung vao viéc t6i uvu hoa
tham s6 mo hinh dé can bang giita do chinh x4c va kha nang tong quat hoa, thuong
két hop véi cac ky thuat lai dé khic phuc nhuogc diém vé khoi tao; tai tao quy dao,

mo hinh hod méi trudng va tuong tac thong qua phan cum.
1.5 Thach thirc va khoang trong nghién ciru

Céc khao sat di cho thay buc tranh da dang vé cac phuong phép hoach dinh
duong di, tir c6 dién dén mo phong sinh hoc, viée ap dung ching vao cac kich ban
MRPP trong thé gi6i thyc van con ddi mat voi nhiéu thach thirc dang ké. Mot trong
nhing thach thirc co ban nhat nam & su cin bang giita chat luong t6i wu va kha ning
mo rong. Phuong phap c¢d dién nhu A* tuy dam bao tinh téi uu vé duong di nhung
lai tr& nén kém hiéu qua khi s chiéu khong gian ting 1én, can chi phi tinh toan rat
16n v6i khong gian cau hinh nhiéu chiéu. Phuong phap phong doan dem lai sy linh
hoat nhung thuong xuyén ddi mat véi nguy co méc ket tai cac diém toi wu cuc bo;

phuong phap APF ciing gip phai van dé ¢ hitu nay. Thach thirc cang trd nén nghiém
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trong khi quy mé hé thdng ting, boi do phuc tap ciia bai toan MRPP gia ting déng ké
theo s6 luong phén tir robot trong hé thong.

Thach thire 16n tht hai 13 viéc xtr Iy moi truong dong va tinh khéng chic chan.
Hau hét cac phuong phap hoach dinh toan cuc déu gia dinh méi trudng da biét trude
va khong d6i, khién chiing khong thé ddi pho véi nhiing tinh hudng khong dyu doan
trudc. Mac du céac ky thuat tranh va cham cuc b duogc dé xuat dé giai quyét van dé
nay, nhung ban than ching lai c6 nhitng han ché riéng, vi du nhu APF bi dao dong.

Tur nhitng danh gia, phan tich nhu trén, nghién ctru sinh dé xuat thyuc hién nhiing
noi dung nghién ciru theo dinh hudng tap trung giai quyét thach thirc thir nhat, hinh
thanh cing v&i su phét trién rat nhanh chong cia hé thong da robot c6 quy mé ngay
cang 16n. Vé ddi tugng nghién ctru, nghién ciru sinh tap trung vao hé thong da robot
véi kién trac diéu khién tap trung, hoach dinh dudng di va phan cum cac phén tr
robot. Trong d6, hé théng da robot bao gdm tap hop nhiéu phan tir c6 cau tao tuong
tu nhau véi hinh dang phd bién 13 khdi hop chit nhat, sé lwong phan tir > 10; hoat
dong dugc quan 1y, giam sat tir tram diéu khién trung tam.

- Mbi phﬁn tur robot dugc phan cong tdc mdt tac vy, tuong ung vdi vi tri bat dau
va vi tri dich dén cu thé. Cac tac vu doc 1ap voi nhau va co vi tri bat dau va vi tri dich
dén khac nhau.

- Hoach dinh dudng di duoc thyc thi & tram diéu khién trung tim dé xac dinh
dugc hanh trinh di chuyén cho timg phan tir va truyén dit liéu hanh trinh xuéng timg
phan tir robot.

- Phan tir robot thuc thi cac chirc ning diéu khién cuc bd nhu: 6n dinh toc do,
bam theo quy dao, tu dong phat hién va tranh vat can... Mot s6 co ché tranh va cham
dién hinh c6 thé dugc ap dung la: DWA (cira s6 dong) tich hop trong ROS/ROS2 dua
vao bd thong s6 van tdc, gia tde, dir liéu vé vat can va quy dao da thiét lap; TEB (co
dan thoi gian) tich hop trong ROS/ROS2 véi nguyén 1y gan tuong tu nhu APF. Ngoai
ra, mot sb thuat toan ung dung khac nhu APF, VO...
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- Trong qua trinh hoat dong, cac robot chia sé thong tin vé trang thai hoat dong,
d@ liéu van hanh (vi tri, huéng di chuyén, tde do6...) voi tram diéu khién trung tam.
Nguoc lai, dit liéu van hanh cta hé théng dugc tram diéu khién trung tam guri xuéng
cac robot dé cung cip thong tin hd tro cho diéu khién cuc bo tai timg phan tir.

Trung tadm
diéu hanh

= = = =
Robot Robot Robot Robot
#01 #02 #03 o #10

Hinh 1.6: Kién tric diéu khién ciia mot hé théng da robot

Mo hinh diéu khién duoc phan chia thanh hai cp, twong Gng véi kiéu kién tric
ctia mot hé thong da robot minh hoa nhu Hinh 1.6, cdp diéu khién hé thdng va cap
diéu khién tai chd. Trong d6, cap diéu khién hé théng thuc thi nhiing tinh ning chung
cho toan bo hé théng nhu phan cong tac vu khac nhau cho timg robot, twong Gmg véi
diém bat dau va diém dich dén can dat; hoach dinh duong di tdi wu gitta diém bt dau
va diém dich dén dé thiét 1ap hanh trinh cho timg robot. Cac phan tir robot c6 kha
nang lién lac va chia sé thong tin qua kénh truyén thong. Cép diéu khién tai chd lién
quan truc tiép dén thuc thi diéu khién chuyén dong cua timg phan tir robot cin ctr
theo hanh trinh d3 dugc thiét 1ap tur trude; tranh vat can va nhitng hanh dong truc tiép
khac nam trong pham vi quyén han cua timg phan ti.

Vé cac hudng nghién ciru, thir nhat 13 nghién ctru giai phap hoach dinh duong
di cho hé théng da robot dya trén nén tang tri tué tap thé, trong tam Ia thuat toan Téi
wu bay ong. Giai quyét bai toan gidi han ciia khong gian tim kiém cb dinh trong thuat
toan ABC truyén thong. Nghién ctru sinh tip trung nghién ctru theo dinh huéng phat

trién co ché biéu dién giai phap linh hoat, cho phép thuat toan tu dong diéu chinh ciu
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tric va do phuc tap cia duong di tuong thich véi moi truong. Muc ti€u 1a xay dung
mot mo hinh két hop hiéu qua: vira tan dung kha niang tim kiém toan cuc cta by dan
dé t6i vu hoa chi phi di chuyén, vira tich hop kha ning bién ddi cau trac cuc bo dé
thich (g nhanh véi cac vat can trong qua trinh van hanh. Dinh huéng niy gép phan
dap mg muc tiéu nghién cru thir nhat cta Lun an.

Tht hai 13 giai quyét van dé ap luc tinh toan va kha nang phdi hop khi quy mo
hé théng da robot ting cao, nghién ctru dé xuat giai phap phan chia khong gian 1am
viéc thong qua ing dung ning lyc "phan cum mém" cia GMM dé phan chia cac phan
tr robot vao cac cum hoat dong va chia s¢ dir li¢u van hanh h¢ théng mot cach doc
lap, giai quyét bai toan to chirc va phdi hop cho hé thdng da robot. Thiét 1ap co ché
can bang vé s luong phan tir robot trong timg cum thong qua ham tiéu toan phuong.

Dinh hudéng nay gop phan dap ing muc tiéu nghién ctru thir hai ctia Luan an.
1.6 Két luan chwong 1

Chuong 1 di tong két ddy du vé sy phat trién cung thuc trang nghién ctru cia
MRS. Sy chuyén dich tir mot phan tir robot don 1é sang cac hé théng phuc tap da gitp
MRS trd thanh giai phép then chét trong cac linh vuc hau can, nong nghiép va ciru
nan , cho phép céc phan tir robot phdi hop chia sé nhiém vu ma mot ca thé don 1é
khong thé hoan thanh. Vi bdi canh nhu vy, MRPP ciing c¢6 xu hudng dich chuyén
1d rét tir thuat toan c6 dién sang phuong phap tri tué tap thé va mé phong sinh hoc.
Trong do, thuat toan ABC dugc danh gia cao nho tinh don gian va kha nang tim kiém
toan cuc manh mé, tuy nhién van tdn tai han ché vé toc do hoi tu va kha nang khai
thac cuc bo ¢ giai doan sau ctia qua trinh tim kiém. Pong thoi, dé quan 1y hiéu qua
hé théng khi quy mo sb lugng tang 1€n, cac k¥ thuat phan cum da dugc khao sat , dac
biét nhan manh su can thiét cia cac phuong phap phan cum "mém" nhu mé hinh hdn
hop Gauss (GMM) dé thay thé tinh cimg nhéc cta cac ranh gii phan chia truyén
thdng va xir Iy tot hon tinh khong chic chan trong méi truong bién dong. Mic du cac
cong trinh hién ¢ da dat dugc nhiéu thanh tu, nhung thach thirc vé sy can bang giita

chat lugng t6i wru va kha ning mé rong van 1a mot khoang trong nghién ciru 16n can
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giai quyét. Tl 406, luan an xac dinh hudng nghién ciru tap trung vao nghién ciru thuét
toan ABC vdi cai tién vé cu trac va co ché biéu dién linh hoat va tng dung ning luc
phan cum cia GMM dé thiét 1ap co ché diéu phdi hiéu qua cho hé théng da robot quy

mo 16n , gop phan dap tng truc tiép hai myc tiéu nghién ciru trong tdm cua dé tai.
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Chuong 2. TOI UU BAY ONG TRONG HOACH PINH
PUONG PI

Qua viéc tim hiéu va khao sat nhimg nghién ciru vé thuat toan ABC, nhitng cai
tién cho ABC d4 tap trung vao hai hudng chinh. Thir nhét 13 két hop voi nhing thuat
toan khac, nhu EP, ACO, hodc phuong phap hoc (TLBO). Thir hai 1 dé xuat nhiing
thay doi trong cAu trac van hanh cua thuit toan, nhu cai thién sy can bé‘mg gitrta tham
do va khai thac. Luan an dé xuat mot giai phéap cai tién mai cho thuat toan ABC, bién
thé ElasticABC, tap trung giai quyét van dé kha niang khai thac cuc bd han ché va
khong gian tim kiém c6 dinh. Khi d6, s6 lugng diém trung gian trong hanh trinh ciia
tirng phan tir robot duoc thich nghi theo diéu kién moi truong. Noi dung cua chuong
nay trinh bay chi tiét vé qué trinh x4y dyung thuat todn véi cap toan tir d6i ngau Co va
Dan, khoi tao phong doan, k¥ thuat xtr Iy chuyén dung DeZigzagPath, cac phuong
trinh cho ba giai doan thyc thi ctia thuat toan. Bén canh do, mét sb khung thuat toan
co ban cua ElasticABC cling dugc gidi thi€u trong chuong nay. Noi dung trinh bay

ctia Chuong 2 g6p phan dap tng muc dich nghién ciru thir nhat ctia Luén an.
2.1 Pit van dé

Hoach dinh duong di 12 mét trong nhiing bai toan cOt 161 va thach thire nhat
trong linh vuc robot ty hanh. Muc tiéu khong chi 1a tim kiém duong di tir diém dau
dén diém cudi khong va cham, ma con t6i wu hoa cac yéu td nhu d6 dai duong di va
thoi gian tim kiém, ddc biét trong cic moi trudng phirc tap. Phwong phép truyén thong
¢6 han ché vé kha nang mé rong va chi phi tinh toan khi khong gian cu hinh trd nén
16n va phirc tap. Dé giai quyét van dé ndy, cac phuong phap téi vu dya trén tri tué tap
thé da duoc ap dung rong rai nho kha nang tim kiém ngiu nhién thong minh va tinh
linh hoat cao. Trong s6 d6, ABC duogc danh gia cao nho cAu trac don gian, dé cai dat
va kha nang tim kiém toan cuc manh mé.

Tuy nhién, nhu moi thudt toan siéu phong doan khac, ABC tdn tai nhugce diém

c¢d hitu nhu kha ning khai thac cuc bo chua thuc su hiéu qua, 1am cho téc do hoi tu
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cham trong giai doan sau ctia qua trinh tim kiém. Viéc 4p dung truc tiép ABC vao bai
toan hoach dinh dudng di doi hoi nhitng diéu chinh va cai tién phi hop dé dam bao
su can bang gitta kha nang tim kiém da dang va kha ning hoi tu nhanh vé giai phap
t6i wu. Cuy thé, néu thuat toan ABC truyén thong gi6i han khong gian tim kiém trong
cac véc-to ¢ sd chidu c¢d dinh thi bién thé ElasticABC, lwa chon cach tiép can hoan
toan khac biét. Theo d6, dudng di cua phan tir robot dugc mo ta bang co ché biéu
dién linh hoat: khong 1 tap hop c¢d dinh cac diém trung gian (waypoint) ma dugc mé
hinh héa nhu 13 chudi co dan, c6 kha ning ty dong thém diém dé vong tranh vat can
va bot diém dé t6i uu hoa sd luong diém trung gian. Pay 1a cach tiép can ty thich
nghi ciu tric ciia giai phap theo do phirc tap ctia moi trudong va khong phu thude vao
vao tham s6 kich thudc quan thé ¢ dinh. ElasticABC c6 ba dong gbp cu thé nhu sau:

i. Cai tién thuat toan ABC truyén thong véi ¢t 18i 1a tdi wu ciu tric, str dung
cdp toan tr d6i ngau Co va Dan hoat dong song song trong giai doan tim kiém cua
ong quan sat, khac phuc nhugc diém vé kha ning khai thac cuc bo thong qua co ché
co dan cho chudi diém trung gian ciia dudng di robot. Trong do,

- Toan tir Dan dong vai tro dam bao tinh kha thi cia duong di, khi mot doan
duong di bi phat hién vi pham ving an toan cta vét can, tu dong thém diém trung
gian dé mé rong khong gian tim kiém, giup diéu chinh huéng dudng di tranh khoi
khu vuc ket

- Toan tir Co déng vai tro bo loc, triét tiéu cac diém trung gian du thira ngay khi
duong di dam bao an toan, dé ép duong di hoi tu nhanh vé quy dao ngan nhét.

ii. Tich hop chién lugc khéi tao phong doan dua trén toan tir Dan, thay thé cho
hinh thitc khoi tao ngiu nhién trong thuat toan ABC truyén thong. Chét lugng dau
vao cua giai doan tim kiém duoc cai thién tdt hon khi lya chon giai phap ban dau co6
chu dich, qua d6 cai thién toc do hoi tu dén giai phap gan tdi wu & giai doan tiép theo.

iii. Tich hop k¥ thuat xtr 1y chuyén dung (DeZigzagPath) dé xir 1y hién tuong

gép khiic cuc bo, hoan thién chat lugng duodng di thuc té.
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Tinh méi cua ElasticABC thé hién trong su chuyén dich tir t6i vu héa tham sd
sang tdi wu hoa ciu trac, sb luong diém trung gian dugc xac dinh theo co ché biéu
din linh hoat cin cir theo dic diém thuc té cua khong gian lam viée va quy dao di
chuyén can thiét 1ap cho timg phan tir robot. N6i cach khéac, duong di ctia robot thich
nghi mot cach ¢ hiéu qua véi do phire tap ctia moi truong thong qua viée diéu chinh
¢ chon loc sb lugng diém trung gian. ElasticABC dat duogc sy can béng gitra kha
nang kham pha va kha niang khai thac. Ngoai ra, ba diém i, ii va iii déu duoc tich hop

hoan chinh trong mdt thuét toan duy nhat.
2.2 Mo hinh hoa khong gian lam viéc

Xét mot khong gian lam viéc cho N robot dugc bd tri cAc vat can tinh. Khong

gian c6 kich thudc xac dinh va duge bicu dién boi biéu thirc sau:
wW=R" 2.1
trong d6 n = 2 hoac 3, s6 chiéu cua khong gian lam viéc.

Dinh nghia khong gian vat can O thuoc W, c6 chira cac vat can tinh. Mgt vat
can tinh c6 vi tri ¢d dinh khong thay d6i theo thoi gian ké tir thoi diém né xuét hién
trong khong gian lam viéc. Gia thiét W c6 m vat can, O c6 thé duoc xac dinh boi
cong thirc sau:

0=0,V0,..U0, cW (2.2)
trong d6 0y, 0,. .., 0,, 1an luot 12 khong gian cia timg vat can. Khong gian tu
do F 1a mot phan cu thé cua khong gian lam viéc W noi cac robot c6 thé di chuyén

tu do. Chung ta ¢6 mdi quan hé giita F va W nhu sau:

Fcw (2.3)
va
(FUO)cw (2.4)
Biéu thirc (2.4) cho thdy méi lién hé giita kich thudc robot dén ving khong gian

6 thé tiép can tai mot sb vung thugc W va khong thude 0.
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Khi N phén tu robot, dugc goila A4, A,, ..., Ay, di chuyén theo cac quy dao doc
1ap tir diém xuat phat riéng dén cac dich trong khong gian 1am viéc W. Gia thiét tap

hop diém xuat phat va tap hop diém dich dén ctia N robot 1an luot 14

(910, 920, -+ -» Gno) (2.5)
va
(G16: 926+ -+ Ane) (2.6)
Céac diém déu trong khong gian tu do F, quy dao cua N robot duoc biéu dién
nhu sau:
[Path1 (t)]
Pathy(t)
trong d6 quy dao cua A, dugc dinh nghia nhu sau:
Path,(t) = f,,(4r0  Grc) 2.7)
B (Wpi+1)

p WP

A (wpj)

X
Hinh 2.1: Nguyén Iy thém diém ciia todn tir Dan
2.3 Co ché co din véi cip toan tir ddi ngiu
Toén tor Dan dugc dung khi mot doan hanh trinh cta phén ttr robot cit qua vat

can; Hinh 2.1 minh hoa phuong 4n thém diém cua toan tir Dan, dugc xét trong tinh

huong tong quat vat can c6 bién dang 16i. Biém trung gian dugc thém mai dugce xac
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dinh theo thanh phan phap tuyén va thanh phan tiép tuyén ciia bé mit tai diém va

cham; toa d0 cua n6 dugc xac dinh theo biéu thirc nhu sau

Whnew = C + (dsafe +€) " nc + A+t (2.8)
trong do C la toa do cua diém va cham; dsqre 12 khoang an toan tdi thiéu dé
robot khong va cham v6i vat can khi di chuyén; € > 01ahésd ngau nhién dé duy tri
dic diém kham pha toan cuc trong giai doan khoi tao, n. 1a vec-to phap tuyén don
vi; A 1a hé sb truot theo phuong tiép tuyén, nhan gia tri ngau nhién, t 1a vec-to tiép

tuyén don vi.

A (wpi.1)

Hinh 2.2: Nguyén Iy bét diém ciia todan tir Co
Toén tir Co dugc stir dung dé loai bo bét diém trung gian trong bo ba diém lién

tiép gan thang hang v&i nhau. Hinh 2.2 minh hoa phwong 4n bét diém cua toan tir Co

thong qua kiém tra goc mo 6 tai diém trung gian nam giira, biéu thirc xac dinh 13

g 2P (2.9)
cost = —mmm .
lalll|b]|

v0i a 1a vecto doan noi tir wp,;_; dén wp,;; b 1a vecto doan noi tir wp,; dén
WPy i+1. GOc m& 6 nay phai vugt qua ngudng cho phép dé lam dicu kién xo0a diém

wp, ;; dong thoi viéc xod khong tao ra duong giao cat vat can moi.

Thudt todn 1: Lép Co dan véi cdc todn tir thanh phan

classdef ElasticOperators

function InsertOp % Ham goi toan t&r Dan
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function DeleteOp % Ham goi toan t&r Dan

function DeZigzagPath % Ham goi toan tlr khir gap khuc

Todn t&r Dén

DPau vao: Duong di can kéo dan path(i); thdng tin diém va cham, toa dd C, vec-to phap

tuyén nC

DPau ra: Dudng di cp nhat path(i)

1 BAT AU
2 Khoi tao théng sb clia toan t&r Dan: epsilon, lambda, d_safe
3 Tim toa d6 diém trung gian mdi theo cong thirc (2.8)

4 Cap nhat duong di path(i)

5 KET THUC

Todn tir Co

Dau vao: Budng di can co lai path(i); mé hinh hé théng model

Pau ra: Dudng di cp nhat path(i)

1 BAT PAU

2 Khai tao théng sb clia toan tir Co: cosTheta

3 Xac dinh toa dd cla bd ba diém trung gian lién tiép ti path(i)

4 Tinh géc md gitta hai doan ndi tirng cdp diém trung gian theo cong thire (2.9)

5 NEU gdc m& > cosTheta THI xod didm trung gian ndm gitta

6 NEU doan ndi cdp diém trung gian mai khdng gay va cham THI cap nhat dudng di path(i)

7 KET THUC

2.4 Biéu dién dwong di va khéi tao phéng dodn

Xét mot hé théng da robot véi N phan tir, tp hop diém xuat phéat va tap hop
dich dén cac phan tir robot duoc quy ude lan luot 14 (2.5) va (2.6). Khi d6, biéu thirc

(2.7) mb ta quy dao cua phan tir A, dugc viét lai nhu sau
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Path,(t) = fop(dro, WPr1 - WPy . WPr 1 Grc) (2.10)
trong d6 wp,.; 1a toa do diém trung gian thir i, k 1a s6 luong diém trung gian.
Puong di cia robot A, chi bao gdbm diém bat dau g, va diém dich dén q,; cac

diém trung gian dugc thém vao theo hoat dong cua toan tir Dan. Trong biéu thirc
(2.8), thanh phan ngau nhién € lam cho giai phap khoi tao khong co tinh chat lap lai,

dam bao duoc yéu té kham pha cho khoi tao quan thé ban dau.

Thudt toan 2: Khoi tao phong dodn cho ElasticABC

Dau vao: md hinh hé théng model; mé hinh quan thé Pop

DPau ra: Duong di path(i)

1 BAT PAU

2 Khdi tao duong di path(i)

3 VONG LAP:

4 Goi toadn tlr Dan (ElasticOperators.InsertOp)

5 Cap nhat diém trung gian trong dudng di path(i)

6 NEU vong 1&p = gidi han cho phép THI chuyén sang 8

7 NEU doan nédi c3p didm trung gian gay va cham THI quay lai 3

8 Goi toan tir Co (ElasticOperators.DeleteOp) dé loai bd bét diém trung gian
9 Tinh toan gia tri chi phi cGa duong di path(i)

10 NEU c6 doan ndi diém trung gian gay va cham THI gié tri chi phi nhan phat 100

11 KET THUC

2.5 Thiét lap ham muc tiéu

Maic du st dung co ché Co Dan di kiém soat dugc van dé an toan va cham véi
vat can tinh, ham muyc tiéu dugc thiét 1ap bao gdm tong do dai Euclid va thanh phan

phat va cham. Xét cho phén tur robot A,., ham muc tiéu duwgc mod ta nhu sau
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m
fobj,r =Lr+wlzs(r;j) (2.11)
j=1

trong d6 L, 1a khoang cach Euclid giira hai diém trung gian thtr i+1 va i, WDy i+1

va Wpr,i

k
Ly = ) [wpries = wopdl 2.12)

i=0
w 12 hé s6 phat, c6 gia tri du 16n dé ngan phan tr va cham véi vat can; S(r, j)
1a ham kiém tra va cham dugc x4c dinh theo biéu thirc sau

1, lf Wpr',j e

SGi,j) = {0, €0 (2.13)

trong d6 wp, ; la diém trung gian tht j ctia phan tir 4,..
2.6 Ba giai doan clia quin thé ong

Thuat toan ABC duoc thuc thi theo vong ldp v6i ba giai doan, biéu thirc toan
hoc dugc mo ta can ctr theo cong trinh cia Karaboga va cac cong sy [61] [62]. Trong
giai doan ong tho (giai doan 1), mdi cé thé s& tim kiém giai phap méi, ¢ ddy chinh 1a
vi trf m&i cho diém trung gian trong vung lan can cua vi tri hién tai wp; ;; khi d6 vi
tri méi duoc xac dinh theo phwong trinh cép nhat vi tri diém trung gian thir j ciia c4
thé i 1a

new

wplsY = wpyj + ¢ j(wpij — wpy;) + Vi j(Wpest,j — wpi ;) (2.14)

trong d6 wp, ; 1a toa do diém trung gian thir j cta ca thé 1an can / ngiu nhién va
L # 1, Wppest,j 1a toa do diém trung gian tht j ctia c4 thé tot nhat toan cuc, duoc thém
vao d¢ tang tinh dinh huéng; ¢; ; 1a hé sb ngdu nhién trong doan [-1, 1], 1; ; 1 hé s0
dinh huéng, duoc chon trong khoang (0, 1). Toan tir Dan va toan tir Co duoc dung dé
chinh stra ciu tric néu diém trung gian mai tao ra doan duong cd va cham hodc vi
pham diéu kién du thira diém trung gian. Cudi cung, toa do diém trung gian mai duoc

gitr lai néu gid tri thich nghi cua n6 tot hon so véi vi tri hién tai.
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Trong giai doan ong quan sat (giai doan 2), xac suat chon giai phap dugc xac

dinh theo biéu thirc sau

fit;
Pi = oo —— (2.15)
L fllll fltn
trong d6 fit; 1a ham thich nghi, duoc xac dinh theo biéu thirc sau
fit 1 (2.16)
l PR — .
Y1 fobji

con f,p;; 1a ham muc ti€u va dugc xac dinh theo cong thire (2.11).

Trong giai doan ong trinh sat (giai doan 3), néu mot giai phap khoéng dugc cai
thién sau mot sd chu ky duoc xéc dinh trudc, né s€ bi loai bo. Con ong tho lién quan
tr& thanh ong trinh sat va kham pha mot giai phap mai bang cach sir dung khdi tao
phong doan thong qua cong thire (2.10) két hop véi toan tir Dan, cong thirc (2.8) dé
tao ra mot giai phap mai.

B (wp;) 4_.C_ (Wpis1)

A (wpiq)

Hinh 2.3: Ky thudt khir gdp khiic

2.7 Ky thuat DeZigzagPath

K§ thuat khir doan gap khiic, DeZigzagPath, duoc thiét ké nhu mot cong cu dudi
thang doan gap khtc cuc bd trong duong di ciia robot trong khi van phai bao toan
duoc dac trung hinh hoc chu dao da tao ra bdi thuat toan ElasticABC. DeZigzagPath
stt dung tham s bién d6 "dao dong" cho phép lam tiéu chuan phan loai doan gap
khiic. Cu thé hon, mét thuat toan 1ap cho b ba diém trung gian lién tiép, tinh toan
khoang cach tir diém hién tai dén doan thang ndi tit giita hai diém trudc va sau A,

minh hoa nhu Hinh 2.3. Piém trung gian c6 gia tri h < maxAmp s& bi loai bé véi
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maxAmp 13 gia tri ngudng bién d6 cho phép. Poan ndi tit méi cling duge kiém tra an

toan, dam bao khong cat qua chudng ngai vat.
2.8 Quy trinh thuc hién ElasticABC

Khéi tao Khoi tao phong doan quan thé két hop dung toan tir Din, theo biéu
thirc (2.8), dé thém diém trung gian cho phuong trinh biéu dién
(2.10). Thong qua hé s6 ngau nhién, quan thé tao ra dam bao dugc

su da dang hoa.

Giai doan 1 Giai doan ong thg, thuc hi¢n tim kiém vi tri diém trung gian moi
theo phuong trinh (2.14), cac toan tir Dan (2.8) va toan tir Co (2.9)

dugc dung dé chinh stra cau tric (néu can thiét).

Giai doan2  Giai doan ong quan sét, chon giai phap theo gi tri xac sudt (2.15)
cua ham thich nghi (2.16).

Giai doan 3 Giai doan ong trinh sat, loai bo giai phap néu khong cai thién sau

sO lwong vong 1ap nhat dinh.

Thudat toan 3: Thudt toan hoach dinh duwong di ElasticABC
1 BAT PAU

2 Khai tao méi trudng: sé lwong robot, kich thudc ban dd, vi tri vat can

model.map (N_ROBOTS, MAP_SIZE, OBS_DENSITY, OBS_DIM)
3 Khai tao quan thé, sé vong 13p va gia tri gidi han: Pop, Maxlt, Limit
4 Goi Thuat toan 2: Khoi tao phong doan cho ElasticABC
5 VONG LAP:

% Giai doan ong tho
6 Tim kiém 1an can theo céng thirc (2.14)

7 Kiém tra va cham véi diém trung gian mdi tim duoc
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8 Cap nhat gid tri chi phi theo co ché tham lam, cap nhat bién gidi han thir Pop.trial
% Giai dogn ong quan sat

9 Tinh todn xac sudt lya chon theo gid tri thich nghi, cong thire (2.15) va (2.16)

10 Chon giai phép tét theo co ché vong quay Roulette

11 Kiém tra va cham véi gidi phap duaoc chon

12 Cap nhat giai phap tbt nhat va gid tri chi phi

% Giai dogn ong trinh sat

13 NEU Pop.trial > Limit THI x0a b path va goi Thuét toan 2: Khéi tao phong doén cho
ElasticABC
NEU vong Idp < Maxlt THI quay lai 5

14 Xuat duong di tdt nhat path va gia tri chi phi cudi cung

15 KET THUC

2.9 Kétluin chwong 2

Chuong nay da trinh bay chi tiét vé qua trinh xay dung bién thé ElasticABC, cai
tién tir thuat toan ABC truyén thong, dé hoach dinh duong di cho hé thong da robot
v6i hai dic diém quan trong. Thir nhat vé phuong phéap luan, ElasticABC cai tién
nhuoc diém cila cu tric véc-to ¢b dinh trong phuong phap ABC truyén thong. Thong
qua viéc ap dung co ché co dan cung cip toan tir d6i ngiu két hop v6i khoi tao phong
doan, thuat toan khong nhiing giam thiéu khong gian tim kiém khong can thiét ban
dau ma con cho phép duodng di ty thich nghi voi do phirc tap ciia moi truong. Dong
thoi, hoat dong song song cuia cip toan tir Co va Dan da tao ra su can bang dong gitta
kha niang kham pha, tranh vat can hoic thoat khoi bay cuc bo, véi kha nang khai thac,
t6i wu hoa do dai, loai bo diém du thira. Thir hai 1a dé xuét ky thuat xir Iy hau ky
DeZigzagPath, giit vai trd quan trong trong viéc hoan thién chat lugng duong di; loai
b6 hién twong gip khuc cuc bo trong khi van gitr nguyén cau tric téng thé ciia dudong
di.
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Nhiing cong bé lién quan dén Chuong 2 c6: Cong trinh 2 trong Danh muc cac
cong trinh khoa hoc. Ngoai ra, nghién ctru sinh da ndp ban thao Cong trinh 7 cho tap

chi Array thugc nha xuat ban Elsevier.
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Chuwong 3. PHUONG PHAP PHAN CUM PONG

Khi quy mo ngay cang gia tang vé sd lugng phan tir, van hanh hé thong da robot
tr& nén phuc tap hon trong khi van can dam bao kha ning dap (mg nhanh chéng. Bén
canh van d¢ diéu khién cyc bo cia timg ca thé, viéc quan 1y van hanh ciia hé thong
can duy tri tdc d6 xtr 1y va chia sé thong tin van hanh tir tram diéu khién trung tdm
xudng cac phan tir robot trong hé thong vai kién trac diéu khién tap trung. Do dé, tim
kiém mot co ché phan cum trd thanh yéu cau can thiét dé hd to cho hoat dong quan
1y van hanh. Luan an dé xuat mot phuong phap phan cum moéi dya theo cach tiép can
phan chia mém cia GMM, lya chon dugc ciu hinh phan cum co sb lugng phén tr
ctia tirng cum 13 c4n bang: kha ning can bang tai. Hé thong c6 thé chia sé dir liéu doc
1ap theo tirng cum, qua dé giam khdi lugng dir 1i€u van hanh cua hé théng can trao
d6i. Noi dung ctia chuong nay trinh bay chi tiét vé qua trinh xay dung phuong phap
phan cum dong (DCM) véi su két hop gitra m6 hinh GMM va thuét toan EM, dé xuat
tham sd chi phi 8, va ham muc tiéu binh phuong t6i thiéu f,, j- Bén canh do6, mot s6
khung thuat toan co ban cia DCM cling dugc gidi thi€¢u trong chuong nay. Noi dung

trinh bay ctia Chwong 3 gop phan dap ing muc dich nghién ciru thir hai ciia Ludn 4n.
3.1 Pit van dé

Quan 1y hé thong da robot véi s6 lwong phén tir 16n 13 thach thirc ddng ké, chu
yéu do sy phirc tap trong MRPP va phéan cong nhiém vu. Véi cac hé théng quy mo
16n, mdi robot thudng duge phan cong tac vu doc 1ap, co vi tri Xuét phat va dich dén
khac nhau. Giai phap MRPP phai giai quyét dong thoi tim kiém duong di tbi uu, vé
quing duong hoic thoi gian, cho timg robot trong méi tuong tac lién tuc vai cac robot
khac, va bat budc phai tranh va cham. Pdng thoi gitra MRPP va phan cong tac vu cd
moi lién hé chat ché voi nhau, quyét dinh phan cong tac vu khong hiéu qua co thé
tryc tiép tao ra bai toan MRPP gan nhu khong thé giai quyét duoc, dan dén sut giam

hiéu suit toan hé thong.
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Mot thach thirc khac dén tir sy phirc tap ctia méi truong cung véi giéi han vé
nhan thirc. M6i truong van hanh quy mé 16n chta nhiéu vat can, bao gdm vat can
tinh (ban, ghé, gia hang), vat can dong (con ngudi, phuong tién khac), va nhiing phan
ta robot khac trong hé théng (vat can dong da dugc nhan thuc). biéu nay tao ra ap
luc 16n vé nhén thire va tinh toan. Hon thé, véi dién tich hoat dong 16n va bién dong
lién tuc, cam bién cuia tirg phan tir riéng 1é khong dap tng di thong tin; doi hoi chung
phai dya vao viéc chia sé thong tin véi hé thong c6 nhan thic day du.

Hai giai phap k¥ thuat duoc dé xuat tich hop trong phan tir robot, hd trg nhan
thirc méi truong xung quanh. Giai phap thtr nhat 1a phuong phap udc lwong trang thai
dong hoc ctia robot thong qua thiét bi do ludng quéan tinh va thuat toan xu 1y dit liéu
thoi gian thyc. D li¢u dau vao duoc tinh toan dé xac dinh cac tham sb trang thai bao
gom: hudng dinh vi, van tdc goc, gia téc (ting/giam tdc), cling nhu cac bién dong
dong luc hoc nhu sdc, rung va do nghiéng. Cac théng sé ude luong nay dong vai trd
1a dau vao cho hé thdng diéu khién va giam sat, phat hién cac trang thai bat thuong
nham dam bao tinh an toan va on dinh. Giai phap tht hai 1a mot co cau hi¢u chinh
huéng chuyén dung cho hé cam bién phat hién vat can, cho phép diéu chinh dugc
FOV tong thé nhu: mo rong hodc thu hep hodc chéch vé mot phia (trai hodc phai).
Uu diém noi bat ctia co ciu nay 1a kha ning cAu hinh mét 1an duy nhat, cho phép
robot thich nghi v&i cac hanh lang c6 bién d hep va cdu truc chan gia hang da dang
ma khong yéu cau thiét ké lai h¢ théng co khi.

Bén canh d0, hé théng da robot tOn tai mot nghich ly vé hiéu suét lién quan dén
quy md cac phan tir. V& mat 1y thuyét, viéc gia ting sd luong phan tir robot mang hai
loi ich rd rang. Thir nhat 13 cai thién nhan thirc khong gian thong qua kha ning thu
thap dir liéu nhiéu hon véi tin suat nhanh hon. Thir hai 13 giam tai cong viéc tong thé
cua hé théng v6i ky vong hoan thanh nhiém vy nhanh hon. Tuy nhién, trén thyc té,
su gia ting ndy lai tao ra hai thach thirc ddi nghich. Thir nhét 1a chuyén dong dong
thdi clia cac phan tir lai tao ra méi truong bat 6n va kho du doan hon, doi hoi giam
sat lién tuc theo thoi gian. Thi hai 1a mat do robot ting cao lam gia ting nguy co tic

nghén, khi cac robot c6 thé can tré 1an nhau, thay vi ddy nhanh tién d6 hoan thanh
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nhiém vu. Do d6, thach thtrc then chdt khong nam & viée ting sb luong robot, ma &
kha nang duy tri nhan thic tinh huéng lién tyc. Hé thong phai dam bao rang mdi
chuyén dong riéng 1¢ déu dong gop tich cuc vao hiéu qua tong thé, thay vi vo tinh tao
ra xung dot va lam té liét hé thong.

Hé qua cta nhimg thach thirc ndy tip trung & mot van dé then chét, d6 1a ap luc
tinh toan 1én hé thong. Khéi luong dit liéu 10n, gia ting theo quy mé va murc d6 bién
dong moi trudng bude hé théng phai giai quyét mot mau thuan co ban. Mot mit, viée
t6i wu toan cuc mang lai hiéu suét tong thé nhung doi hoi tinh toan tap trung, dé qua
tai va c6 do tré cao. Mit khac, viéc chi ra quyét dinh cuc bd tuy nhanh nhay nhung
lai d& gay ra tic nghén & quy mé 1on. Do d6, viéc phan cum robot thanh cac nhom
nhd, dé quan 1y hon, 1a mot gidi phap quan trong. DAy chinh 13 phuong phap trung
gian can thiét dé can bang giita yéu cau tdi wu toan cuc va kha ning phan tng linh

hoat cuc b, qua d6 giam bot ap luc tinh toan cho h¢ théng.

Phan cong tac vu

(MRTA)
i
* f
Hoach dinh duwong di . Phan cum dong
(MRPP) (DCM)

-

Hinh 3.1: Lién hé¢ giita DCM va MRPP
Cubi cung, trén co so phan tich va danh gia nhitng nghién ctru hién co, mot

phuong phap phan cum dong véi hai giai doan sir dung mé hinh GMM dugc dé xuat
cho hé théng da robot c6 kién trac diéu khién tap trung. Phuong phap nay phéan chia
toan bo robot thanh nhiéu nhém nhé, d& quan Iy hon. Hinh 3.1 minh hoa méi quan hé
gitta DCM va lap ké hoach duong di ciing nhu phuong phap phan cong tac vu. DCM
nham muc dich cach giam khdi lugng dit liéu van hanh giri tir tram diéu khién trung
tam xuéng br:ing cach can b?mg tai cho ting cum va dir li€u chia sé cho ting cum ddc

1ap v6i nhau, qua d6 giam tai cong viée tong thé cta hé thong. Khi d6, mdi robot chi
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can duy tri lién lac va phdi hop hoat dong (néu can) véi cac robot khac trong nhom

duoc chi dinh.
3.2 Mo hinh hoa dir liéu dau vao

Xét mot hé thong da robot véi N phan tir, tip hop diém xuét phat va tap hop
dich dén cac phan tir robot dugc quy ude lan lugt 13 (2.5) va (2.6); biéu thic (2.7) mod
ta quy dao ctia phan tir A,.. Néu ton tai diém giao cit giira quy dao cua A, véi quy dao

cua A;, chung ta dinh nghia cac di€m giao cat nhu sau:

(Coy;) = Path,(t) N Path;(t) # @ (3.1)
Vi vay, tap dit liéu cac diém giao cat giita cac quy dao ctia N robot 1a:
N
c=| J(con) (3.2)
7,i=0

va mbi quan hé giira mdi phan tir robot véi tap dir liéu 1a
A; © Path,(t) < Co,; (3.3)

Khi sd lugng robot tang 1én, mdt thach thirc chinh trong van hanh hé théng la
phdi hop tit ca cac don vi dé thuc hién cac nhiém vu dugc yéu ciu mot cach hiéu
qua. Viéc hé thong nhan thirc tinh hudng ciing rt quan trong khi mdi robot thuc hién
quy dao riéng cua minh dé xu 1y tac vu dugc giao trong khong gian lam viéc. Nhu
duogc chi ra trong méi lién hé (3.3), su twong quan giira cac robot c¢é giao cit trong
quy dao manh hon nhiéu so voi nhiing robot khong c6 giao cit. Bén canh do, vi tri
giao cat pht hop hon vi tri dich dén do phan anh dugc qué trinh di chuyén cua robot,
cling phu hop hon vi tri hién tai cta robot, von bién ddi qua nhanh theo thoi gian.
Chung c6 thé coi 14 nhitng diém noéng vé giao thong ctia hé théng da robot trong
khong gian 1am viéc. Do do, tap dir li¢u diém giao cat, duge minh hoa trong biéu thire
(3.2), duoc chon lam co s& cho phwong phap phan cum robot. Diéu nay dic biét c6
lgi cho viéc quan 1y cac doi robot di dong mot cach linh hoat. Cac robot phéi hop va

chia sé nhan thirc tinh hudng trong cting mot cum thong qua mot ludng dir liéu chung,
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hoat dong ddc 1ap véi cac ludng dir liéu ciia cac cum khac. Bang 3.1 téng hop cac uu
diém va nhuogc diém khi Iya chon tap hop diém giao cat 1a bo dir liéu dau vao.

Bang 3.1: Phan tich vu diém va nhwoc diem cia bo dir liéu

Uu diém | Tap trung vao vung xung dot thuc té voi viéc phan cum dua trén cac
giao diém gitp thudt toan tip trung tai nguyén tinh toan vao nhitng khu
vuc ¢6 mat do xung dot cao nhat. Nhiing khu vuc robot di chuyén tu do,

khong c6 giao cat s& khong 1am nhiéu mé hinh phan cum.

Giam chiéu dir licu va chi phi tinh toan do s6 lugng giao diém it hon
nhiéu so v6i viéc 1dy mau toan bo vi tri trén quy dao; gitip thuat toan

phan cum hoi tu nhanh hon, dap tng yéu cau thoi gian thuc.

Tinh tién doan do dit liéu ndy phan anh rui ro trong twong lai gan, noi
céc robot s& gip nhau, cho phép hé thong phan cum dé quan 1y trude khi

tac nghén thyc sy xay ra.

Nhuge | Bo qua va cham song song khi chi xét diém giao cat; truong hop robot
diém di chuyén song song trong hanh lang hep, noi khong c6 diém cat nhung

van can phoi hgp dé tranh va cham.

Mot dic diém khac cua tap dir liéu diém giao cit, xac dinh theo (3.2), 1a dit liéu
mang tinh chat bién thién theo thoi gian. Trong thuc t& van hanh, cac phan tir robot
lién tuc duoc thiét 1ap cac quy dao mdi cin cr theo tac vu duoc phan céng. Do do,
bat ky su thay d6i ndo trong ké hoach duong di cia mot hodc nhiéu robot, xac dinh
bdi MRPP, déu dan dén su thay ddi vi tri va sb lugng cac diém giao cat. Tinh chat
dong cta phuong phap DCM chinh 13 kha ning ty dong tai cau tric cac cum theo sy
thay d6i cta dit lidu dau vao. Piéu nay cho phép ciu trac nhom ludn phan anh chinh

xac nhat cac khu vuc xung dot tiém nang hi¢n thoi.

Thudt todn 4: Tim ma trdn diém giao cdt

Dau vao: S6 lvong phan tir robot N; Kich thudc ban d6 map; Mat dd vat can obs_den

DPau ra: Ma tran diém giao cét intersections
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1 BAT PAU
2 Kh&i tao méi trudng véi N, map, va obs_den; thiét 1ap toa do diém xuat phat (start_points)
va diém dich dén (goal_points) theo ham random.
3 Thuec thi thuat todn hoach dinh dudong di
paths = A*(start_points, goal_points) trong map
4 Vong I3p: trich suat cac diém giao cét cla tirng cdp dudng di
intersections(i,j) = intersect(paths(i), paths(j))

5 KET THUC

Hinh 3.2: M6 hinh véi ba cum phén phéi Gauss trong khéng gian ba chiéu
3.3 Co sé toan hoc: mé hinh GMM va thuat toan EM
Trong 1y thuyét vé thong ké trude dy va linh vuc hoc may sau ndy, phan phbi
Gauss (phan bd chuan) 13 mot trong nhitng céng cu quan trong nhat va c6 tinh Gng
dung rat pho bién. M6 hinh phan phéi Gauss hdn hop duoc hinh thanh tir to hop tuyén

tinh ctia hai hay nhiéu ham phéan bd chuan, dugc biét dén tir cudi thé ky 19. Tuy nhién,
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dén nhitng nam 1990 - 2000 thong qua nhiing cong trinh nghién ctru cia McLachlan
va cong su, GMM da duogc phé bién rong rai trong nhiing nghién ctru va ing dung
chuyén siu vé linh vuc hoc may. M6 hinh ndy di mé rong wu diém cta ham phan
phdi Gauss don 1€, cho phép mo ta tap dir liéu c6 mat do phirc tap hon. Sy két hop
ctia nhiéu ham phan bd chuan va kha nang diéu chinh mot cach phu hop cac gia tri
trung binh va hiép phuong sai cho phép mé hinh c6 thé xap xi bat ky mat d¢ lién tuc
nao voi do chinh x4c tuy y. Hinh 3.2 minh hoa mot vi du véi ba ham phan bd chuan
trong khong gian ba chiéu va cac biéu thic toan hoc dudi day duoc mé ta dya theo
cong bd cia McLachlan va Rathnayake [149] cing véi sach "Mathematics for
Machine Learning" [150].

Xét trudng hop tong quat vé mot to hop tuyén tinh ctia K ham mat d6 xac sut

tuan theo phan bd chuan, né duoc biéu dién théng qua cong thirc sau

K
p() = ) WiV (¥l 5) G4)
i=1

trong d6 N (x|p;, 2;) duoc goi 1a thanh phan tht i cia mo hinh hén hop, véi gia
trj trung binh 14 y; va ma tran hiép phuong sai X;; phuong trinh mé ta cu thé ddi véi

thanh phan N (x|y;, ;) 1a nhu sau

(x50 =~ (<3 G- - )
(2m)2(15,)2

Trong cong thirc (3.4), v6i gia dinh hai phia ctia cong thtrc déu 13 phan bd chuan,
gia tri w; duoc goi 1a trong sb tron cua thanh phﬁn thir i; cac gia tri w; phai thoa man
diéu kién sau

Wi>0

N (3.6)
;Wi= 1

Ba cong thire (3.4), (3.5), va (3.6) 1a cac phuong trinh toan hoc biéu dién cua

mo hinh hdn hgp Gauss (GMM), trong d6 cac tham s ctia mo hinh 1an luot 13 s6
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luong thanh phan K, gia tri trung binh 14 y;, ma tran hiép phuong sai X;, va trong sd
tron w;.

Mot bién ngu nhién nhi phan z, con goi 1a bién 4n, c¢6 chiéu bang K; trong d6
ton tai mot phan tir z; = 1 va céc gid tri con lai z; = 0, v6i i # j. Bién z thod man

dieu kién sau

Zi € {0,1}

K

Zzi . 3.7)
i=1

va 14 "nhan" gan cho diém dir liéu twong Gmg. Gia tri ctia bién z khong thé tinh toan
duoc truc tiép, chi ¢6 thé uéc lugng qua gia tri xac suét trung gian. Khi d6, mdt ham
phan phbi xac suét két hop p(x, z) dugc dé xuit bao gdm hai thanh phan: phan phdi
bién p(z) va phan phdi diéu kién p(x|z), dugc biéu dién theo phuwong trinh sau
p(x,z) = p(2)p(x|2) (3.8)
trong d6 ham phéan phéi bién dugc xac dinh theo trong s tron w; thong qua
cong thirc
p(z; =1) =w; (3.9)
Vi z biéu dién t6 hop K kha ning nén ham phan phdi bién (3.9) duoc viét lai

theo dang tong quat nhu sau

K
p(z) = 1_[ w/ (3.10)
i=1

Tuong tu, phan phoi dicu kién cua x voi mdt gia tri cu thé cua z cling la mot

phén bo chuan

p(x|z; = 1) = N(x|p;, 2;) (3.11)

va duoc viét lai theo cong thirc tong quat sau

K
pln) = | |, 207 (.12)
i=1
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Viét lai cong thice (3.8) cin cr theo (3.10) (3.12) dé thé hién ham phan phdi
téng quat cta tat cac cac kha ning co thé c6 cua bién z thi thu duoc dang biéu dién

ctia mb hinh GMM ban dau, twong ty nhu nhu cong thirc (3.4)

p() = > p@p(lD) = ) wi (el 5

z

Dua vao dinh 1y Bayes, x4c suit c6 diéu kién cta z khi biét x 1a

w NV (x|pg, 2;)

y(z) = p((z = 1|x)) = (2l ) (3.13)

trong d6 w; 1a xac suat tién nghiém cua z; = 1, ¥(z;) 13 x4c suat hau nghiém
sau khi di quan sat dir liéu x; ddng thoi y(z;) ciing 13 gia tri "trach nhiém" ma thanh
phan th i nhan dé giai thich cho viéc quan sat x. Nhu vay, cong thire (3.13) cho biét
murc d6 "trach nhiém" ciia timg cum véi gia tri lién tuc nam trong doan 0 dén 1, dugc
cap nhat tir niém tin ban dau v&i x4c sudt tién nghiém w; dya trén quan sat dir li€u x.

Ham logarit kha ning cho tap dit liéu quan sat X = {x;,..., xy} dugc dé xuit

N K

Inp(X|u, X,w) = Z In ij]\f(xLuj,Zj) (3.14)
n=1 \j=1

Pay 1a ham muyc tiéu can t6i da hod dé xac dinh bo thong sb ti uu cia GMM
dé mo hinh ho4 tap dir liéu quan sat X; khi do, xac suét quan sat duogc bo dir licu dat
16n nhat. Thach thirc 16n nhat cta viée tim kiém 101 giai 13 sy xuét hién cta cac diém
di biét, khi mot thanh phan co lai va khép chinh xac mot diém dir lidu (u j=X;va
o; — 0), ham kha niing s& tién t6i vo cing, dan dén bai toan khong xéc dinh va gay
ra hién tuong phu hop qua muc. Mot van dé khac 1a tinh "dinh danh" xuét phat tir kha
ning hoan d6i gitra cac thanh phan trong mo hinh GMM; ton tai t6 hop K giai phap
tham s twong duong. Ngoai ra, viéc tong cic thanh phan nim bén trong ham logarit
khién cho cac tham s6 cua cac thanh phan Gauss khac nhau bj rang budc véi nhau
trong phuong trinh dao ham. Viéc dit dao ham bang 0 khong mang lai 10i giai dang

dong vi khong thé giai riéng biét tmg tham sd. Chinh vi nhimng khé khan trong viéc

67



tim 101 giai truc tiép va nguy co tir cac diém di biét, thay vi sir dung cac phuong phap
gradient thong thuong, phuong phap dua trén thuat toan Expectation-Maximization
(EM) dugc sir dung dé tim cuc dai dia phuong ctia ham hop 1y mot cach hiéu qua va
6n dinh hon.

Co ché hoat dong cua thuat toan EM dugc hinh thanh dya vao lién h¢ gitra hai
biéu thire (3.13) va (3.14); trong d6 (3.13) 12 két qua cta viéc 1ay dao ham biéu thirc
(3.14). EM cung cap mot cach tiép can lap di lap lai dé tim cac tham sé cia mo hinh
GMM thdng qua viéc tinh toan gia tri "trach nhiém" ctia mdi thanh phan ddi véi timg
diém dir liéu, mot cach gian tiép udc luong bién 4n z. Quy trinh gdm céc bude sau:

Budc khéi tao: chon gia tri ban dau ngau nhién cho cac tham sb gia tri trung
binh y;, ma tran hi€p phuong sai X;, va trong sb tron w;; tr d6 tinh duogc gié tri khoi
tao cho ham logarit kha nang.

Budc E, ky vong: dya trén tham sb hién tai, danh gia cac gia tri "trach nhiém"

theo biéu thirc (3.13), duoc viét lai nhu sau

wi V(x| i, Z)
Yioe WiV (2| b, Zxc)

y(z) = fz(Ci|x;) = (3.15)

Budc M, tdi da: cap nhat lai cac tham sb dya vao gia tri "trach nhiém" y(z;)

I = 1 fe(Cilxp)x;

i N, (3.16)

5 = ﬁy=1fE(Ci|xj)(1\J;iv'_ﬂi)(xj_.ui)T G.17)
N e

= J=1f1;"V(CL|xJ) (3.18)

Budc lap: tinh toan gia tri ciia ham logarit kha ning (3.14), néu sy thay di nho

hon ngudng hoic tham sé khong dbi thi dirng lai; néu khong thi quay lai Budc E.

Thudt todn 5: Khéi tao mé hinh hon hop Gauss va thudt toan EM

Dau vao: Ma tran diém giao cat intersections
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DPAau ra: Bo thong s6 cho tirng cum ctia md hinh hén hop Gauss: gia tri ky vong (means),

ma tran hiép phuong sai (covs), va trong sé tréon (w_gmm)

1 BAT AU
2 Khai tao mé hinh hén hop GMM: sé lwong cum (K_gmm), sb vong 13p (maxiterations)
3 Khaitao bd thdng sé cho tirng cum: gia tri ky vong (means), ma tran hiép phuong sai (covs),

va trong sb tron (w_gmm)

4 VONG LAP:
5 Tinh todn trach nhiém (budc E), xac dinh xac sudt hu nghiém cla tirng diém dit liéu theo
cum

* Biéu thuc (3.15)

6 Cap nhat bd théong sé (budc M)
* means theo biéu thirc (3.16)
* covs theo biéu thic (3.17)

* w_gmm theo biéu thic (3.18)

7 Phan chia diém dit liéu thudc intersections vé cac cum
8 Tinh todn gid tri ham logarit kha ndng (log) theo biéu thic (3.14)
9 NEU log(i) -log(i-1) < 1e-6 THI thoat khai vong I3p

10 NEU vong 18p < maxlterations THI quay lai 4.

11 KET THUC

3.4 Thiét 1ap ham muc tiéu cin bing tai

Dé danh gia vé yéu t6 can bang tai gitta cac cum, biéu thi qua sy phdi hop giira
cac phan tir trong hé théng da robot, tham sb "chi phi" hoan toan méi duoc dé xuat.
Chi phi nay dugc xac dinh boi sb luong robot tham gia chia sé thong tin v&i nhau
trong mot khoang thoi gian xac dinh. Xét cho tirng nhom robot, dya trén méi quan hé

tuong tac cu thé, thi gia tri chi phi cua timg nhom la
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O = Ny (3.19)

trong do k =1..K véi K 1a sb lugng cum va Ni la sb lugng robot dugc phan
b trong cum thr .

Trong hé thong nhu vy, tham s6 8, dong vai trd nhu 1a chi s6 danh gid do phirc
tap quan 1y cta hé thong, dai dién cho murc d6 trung binh vé tai nguyén truyén thong
va xir Iy phdi hop ma timg phan tir robot duwoc nhan. Cy thé hon, khi sé lwong phan
tir cang 16n, gia tri tham sb &), cang nho, phan anh mirc do chia sé thong tin thap, do
tré phéi hop ting 1én twong tmg. Nguoc lai, khi s6 luong phan tir cang nho, gia tri
tham s & 16n, murc d6 chia sé thong tin nhanh hon, do tré phdi hop giam xudng cai
thién kha ning nhan thire tinh huéng. Nhu véy, viéc phan cum gdp phan tac dong truc
tiép vao gia tri chi phi, chia nho bai toan 16n thanh cac bai toan nho hon dé dé quan
1y.

Hon nita, trong hoat dong ctia thuat toan EM dé xac dinh tap tham s cho céc
thanh phén ctia md hinh GMM, ban chit 1ap cua thuat toan EM tao ra nhiéu két qua
tiém nang khac nhau. Ham muc ti€u duoc dé xuét dé dat duoc két qua phan cum gén

to1 uu, cu thé la

K

Z(Sk)z - min (3.20)

k=1

fobj =

Pay 1a ham muc tiéu binh phuong téi thiéu, xac dinh dya theo tham s chi phi
cho timg thanh phan ctia mé hinh GMM; vai trd nhu mét co ché loc dé budc hé thong
hudng dén su can bang tai thong qua lua chon dugc cau hinh phan cum pht hop nhat.
N6 cho phép loai bo nhitng trudng hop phan cum thién 1éch, tao ra cum c6 sb lugng
phan tr qué nho, gay ling phi tai nguyén; wu tién Iya chon nhimg phuong an c6 s6
luong robot dugc phan phdi dong déu nhat gitta cac cum da xac dinh. Khi d6 mdi
quan h¢ gilta ham muc ti€u f,;,; va tham sd chi phi &, 14 mong mudn tao ra cic nhdm

nho dugc can doi cung voi kha ndng tao can bang gitra cac nhom.
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Xem xét theo tinh chat dong cua phuong phap DCM ciing nhu dic diém cua tap
dir liéu diém giao cat, ham muc tiéu f,, ;j dong vai tro nhu mot ti€u chuan 6n dinh.
Khi cac diém giao cit thay d6i do cap nhat dudng di, hé thdng c6 thé c6 thém nhiéu
phuong an tai phan cum khéac nhau. Viéc duy tri diéu kién (3.20) trong sudt qua trinh
van hanh s€ dam bao réng cAu triic cum co thay d6i linh hoat dé thich ung véi cac
diém giao cit mdi thi hé thong van ludn duy tri duoc trang thai cin bang tai tot nhat
c6 thé. Bang 3.2 mo ta phan tich chi tiét hon vé ham muc tiéu v6i tham sé chi phi, xét
trong bdi canh quan h¢ véi dir liéu diém giao cit. No6i cach khac, thuat toan DCM sir

dung ham muyc ti€u nay dé dinh vi cau truc hé thong vao trang thai toi vu vé mat quan

ly, ngay ca khi cac yéu t6 hinh hoc (vi tri giao cat) c¢6 bién dong.

Badng 3.2: Phdn tich moi quan hé giita phéi hop va cin bang

., Dong lyc tur dit licu bong luc tir ham muc . i '
Yéu to o _ . Két qua mong dgi
giao cat tiéu va tham so chi phi
Mubdn gom cac robot Mudn cac nhém c6 | Cum tbi uu cuc bod: cac
o c6 kha ning va cham | kich thuéc dong déu | robot c6 nguy co va
au R - A .
vao mot nhom; c6 thé | nhau; tranh viéc tao ra | cham dugc gom lai,
tric .
tao ra cac nhom rat to | mét nhém qué dong | kich thudec nhém dugc
Cl}m , « R , A A
hodc rat nhdé tuy vao | hodc nhom chi c6 mot | ki€m soat dé khong
mat d6 giao thong. vai phan tu. qua chénh léch.
_ ., |Hiéu qua h¢ thong:
bam bdo an toan; | Pam bdo hi€u suat, toi R )
. robot nhan thuc dugc
Phoi robot va cham budc |uwu hoa bing thong | .
o _ . . | tinh huoéng va cham
hop phai chia sé thong tin | bang cach khong deé _ _
' _ nhung khong bi qua tai
v6i nhau. nhom nao qua tai. .
thong tin.

Thudat toan 6. Thudt toan phan cum dong DCM

1 BAT PAU
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2 Goi Thuét toan 4: Tim ma tran diém giao cit
3 Khai tao: sb vong 13p (maxiterations)

4 VONG LAP:

5 Goi Thuat toan 5: Khoi tao mo hinh hon hop Gauss va thuat toan EM

6 Phan chia phan tl robot vé cac cum, tinh sé lwvong robot thudc vé mbi cum (compCounts)

7 Tinh gia tri ham muc tiéu theo biéu thire (3.20), cap nhat gia tri obj_min (néu co gid tri tot
hon).

8 NEU gi4 tri ham muc tiéu < gid tri obj_min THI cap nhat gia tri obj _min mdi VA cap nhat

ciu hinh phan cum tbt nhat.
9 NEU vong 18p < maxlterations THI quay lai 4.
10 Xuat cau hinh phan cum tét nhét.

11 KET THUC

3.5 Quy trinh thuc hién DCM

Phuong phap DCM dugc dé xuat bao gém hai giai doan chinh véi dau vao 1a
tap dir lidu giao cat. Cu thé:

i. Giai doan 1: M6 hinh GMM duoc thiét 1ap véi dau vao 1a tap dir lidu diém
giao cit, st dung phuong trinh (3.4) va (3.5). Xac dinh cac bo tham sé cho mé hinh
GMM duya trén thuat toan EM, bao gdm: gi tri trung binh y;, ma tran hiép phuong
sai X;, va trong sb w; cho mdi cum. Thuat toan lap EM duoc trién khai tudn tu theo
bdn bude: khai tao, bude ky vong E véi biéu thirc (3.15), bude tdi da M véi cac biéu
thiee (3.16), (3.17), va (3.18), va budc kiém tra diéu kién 1ip v6i ngudng so sanh.

ii. Giai doan 2: Xac dinh s lugng robot trong mdi cum dya trén quan hé giira
mdi phan tir robot v6i tap dir liéu thong qua biéu thirc (3.3). Trén co s& do, tinh toan
gia tri chi phi cua timg cum va ham muc tiéu theo biéu thire (3.19) va (3.20).

Giai doan 1 va Giai doan 2 dugc thyc hi¢n 1ap lai dé tim gia tri nho nhét cua
ham muc tiéu sau mot sd vong lap nhét dinh. B9 tham s teong ung cho md hinh

GMM khi d6 cling chinh 1a két qua gan t6i uvu cho yéu cau can bang tai gitta cac cum.
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3.6 Kétluin chwong 3

Noi dung cta chuong nay di trinh bay chi tiét vé qua trinh xay dung phuong
phap phan cum dong, dugc sir dung dé chia cac phan tir trong hé thong da robot vao
nhitng cum nho hon; ¢6 hai dac diém quan trong. Tha nhét 14 lya chon cich tiép can
phan cum mém, DCM tich hop GMM cuing vé6i thuat toan EM, cho phép mé hinh hoa
su phan bd robot theo xac suat. Thir hai 1a dé xuat tham s6 chi phi &, dong vai trd
nhu 1a chi s6 danh gia do phirc tap quan 1y ctia hé théng va ham muc tiéu toan phuong
fopj €O vai tro 1a bo loc dé lya chon duge cdu hinh phan cum can bé’mg tai: cac cum
c6 sb lugng phan tir can bang v6i nhau.

Nhiing cong bé lién quan dén Chuong 3 c6: Cong trinh 1, 3, 5, va 6 trong Danh

muc cac cong trinh khoa hoc.
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Chuong 4. THU NGHIEM SO VA PANH GIA HOAT PONG
4.1 Pit van dé

Dua trén, phuong trinh toan hoc, quy trinh thuc hién va khung thuat toan co ban
dd dugc xay dung & Chuong 2 (d6i véi ElasticABC) va Chuong 3 (d6i véi DCM),
nghién ctru sinh da phat trién cac chuong trinh mé phong trén méy tinh sir dung phan
mém MATLAB, dé thir nghiém va danh gia hoat dong cuia ElasticABC va DCM. Noi
dung chuong nay trinh bay chi tiét vé qua trinh thir nghiém va danh gia hoat dong.
Khi thyc thi cac churong trinh mé phong trong nhiéu kich ban thir nghiém khéc nhau,
két qua thu duoc 1a co sé phan tich va danh gia hoat dong. Hon nita, vi¢c so sanh hoat
dong cua ElasticABC vo¢i thuat toan ABC truyén théng duoc thyuc hién dé gop phan
lam rd hon diém cai thién vuot trdi cling nhu sy khac biét cia thudt toan moi.

Péi tuong thir nghiém 13 hé thng da robot c¢6 kién tric diéu khién tap trung,
cac phr:in ttr robot ¢6 cAu tao twong tu nhau, hoat dong theo su quan ly, gidm sat tu
mot tram diéu khién trung tim. Khi mdi phan tir dugc phan cong mot tac vu, tuong
g voi vi tri bat dau va vi tri dich dén cu thé, thuat toan ElasticABC sé& thuc thi dé
tim kiém duong di gan t6i wu cho timg robot. Khi mé rdng bai toan, bén canh
ElasticABC, nhitng thuat toan khac ciing c6 thé dugce dung dé hoach dinh duong di,
vi du nhu A* hodc ABC truyén thdng. Trong qua trinh robot di chuyén theo hanh
trinh, thuc thi tic vu, dir liéu hoat dong va van hanh dugc timg phan tir chia sé vé
tram diéu khién trung tam; nguoc lai tram diéu khién trung tam cung cép dir li€u van
hanh ctia hé thong dén cac phan tir robot. Thuat toan DCM dugc ding dé phan chia
cac phén tir thanh cum nhoé hon, khi d6 dir liéu van hanh ctua hé théng duoc gui theo
cum. Thir nghiém duoc tién hanh véi kich ban: (1) d6i véi thuat toan ABC truyén
thdng, hé thong c6 3 phan tir; (2) d6i véi thuat toan ElasticABC, hé thong c6 10 phan
tir; (2) d6i voi thuat toan DCM, hé thong c6 50 phan tir va xem xét trudng hop thu
gon quy mo chi con 25 phén tu. Viéc lya chon gia tri cu thé khong giam tinh téng

quat cua thuat toan do tham sb da dugc quy dinh mét bién dau vao.
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4.2 Panh gia quin thé biy ong

Trong qua trinh x4y dung thuat toan ElasticABC, nghién ctru sinh d4 tién hanh
danh gia quan thé bay ong theo mo hinh phi tip trung va tap trung cho thuét toan
ABC truyén thong khi 4p dung vao bai toan MRPP. Trong mo hinh thir nhat, duong
di ctia mdi robot duoc tim kiém doc 1ap, khong can quan tdm dén trang thai cua cac
robot khac; st dung ham muc tiéu riéng vdi hai thanh ph@in: dd dai duong di va ham
phat tranh vat can tinh. M6 hinh tht hai tim kiém tap hop tuyén duong tdi wu chung
va dong thoi cho tat ca phan tir robot; sir dung ham muc tiéu chung gém ba thanh
phan: tong do dai duong di, ham phat va cham v&i vét can tinh va ham phat va cham
gilra cac robot voi nhau. Khi thir nghi¢m, mot diém cai tién da duoc ap dung cho mo
hinh tht hai 1a khéi tao chon loc thay thé cho khai tao ngiu nhién; cu thé lay két qua
thir nghiém ctia mé hinh thir nhat lam giai phap khai tao ciia mé hinh thi hai.

Cu thé hon, ham muc tiéu cia md hinh thtr nhét xac dinh theo cong thuc (2.11),
ham thich nghi la cong thue (2.16). Vi mo hinh thur hai, ham muyc tiéu la

fobj = fobjL t fovjo T fobjc 4.1)
trong do fop;, 12 téng dd dai duong di cua cac phén tir robot, dugc xac dinh

theo phuong trinh sau

N N /m-1
fobj,L = Z L; = Z Z ||pi,j+1 - pi,j”2 4.2)
i=1 1\ j=1

i=
fobj,o Va fobjc 1an luot 1a phat va cham véi vat can tinh va phat va cham gitra

cac robot, dugc xac dinh nhu sau

fobjo = w1 Z S, j) (4.3)
j=1

N-1 N m
forse =2 ). D D CLjI0) (44)

i=1 k=i+1 j=1

trong d6 w; va w, 1a cac hé sb phat, co gia tri rat 1on; C(i, j, k) 1a ham va cham



CGij k) = {1' i R (45)
0, otherwise

Khi do, ham thich nghi ciia mé hinh tap trung sé dugc xac dinh nhu sau

fit = (4.6)

1+ f obj
V01 fopj duge tinh toan tir phwong trinh (4.1).

Thur nghiém dugc thuc hién véi nhém nhé 03 phﬁn tur robot, tap hop diém bét
dau va diém dich dén duoc giit ¢6 dinh; kich thudc ban dd 13 50x50, vi tri vat can
duge bé tri ngdu nhién, mat do vat can 20% tong dién tich. Thong sb thiét lap cho
thuat toan ABC duoc mo ta trong Bang 4.1.

Bdng 4.1: Théng sé ciia thudt toan ABC
Théng sb Gia tri M5 ta

Kich thuéc quan thé 25 Téng s luong ong trong bay.

S6 luong diém trung S6 luong diém trung gian c6 thé chinh sira thanh

gian duong di gitra diém bat dau va diém két thic.

N S6 lan thir lién tiép ma ong tho va ong quan sat
Ngudng tir bo 50 . ' o
thuc hién trude khi tir béd mot gidi phap.

S6 vong lap tdi da 200 | S chu ky t6i da ma thuat toan thuc hién.

Thuat toan ABC duoc chay lap lai 50 1an v6i hai md hinh quan thé & ca ba
phuong an bd tri vat can, dugc lya chon ngﬁu nhién. Trong phuong an thu nhét, mo
hinh quan thé phi tip trung c6 chi phi trung binh x4p xi 137,44 cung d6 léch chuan &
mirc 0,57 va hé s6 CV chi 1a 0,41%. M hinh quén thé tip trung c6 chi phi trung binh
16n hon (142,72) cung véi d6 1éch chudn cao hon (7,32) va hé s6 CV 1a 5,1%. Cac
gia trj cta chi s6 thong ké duoc tinh toan tir gid tri chi phi cta ca 50 luot chay, minh
hoa trong Bang 4.2. Hé s6 CV rét thap, chi 0,41%, cho thay dit liéu mo phong cia
mo hinh phi tép trung cé muc bién dong rat thép, thé hién do tin cay va lap lai cua két

qua. Trong khi bién dong trong dit liéu ctia mo hinh tap trung 16n hon (hé sé CV 1én
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t61 5,1%), xac nhan sy ton tai cia diém dit liéu ngoai lai, phan anh sy kho khin cia
viéc tim kiém duong di kha thi. Tuy nhién, mé hinh tap trung lai dat murc chi phi thap
hon mo hinh phi tap trung ¢ 18/50 lugt thir nghiém (ty 1¢& dat 36%); phan anh hi¢u
qua cua giai phap khdi tao chon loc.

Bang 4.2: Gid tri chi phi ciia phwong én thir nhat

Lwot | Quén thé phi | Quin thé tip | Lwot | Quin thé phi | Quin thé tap
chay tap trung trung chay tap trung trung
1 137,88 137,60 | 26 137,91 137,71
2 137,37 147,44 | 27 137,00 137,58
3 136,98 157,81 | 28 136,98 136,89
4 137,08 137,08 | 29 137,29 137,27
5 138,21 138,10 | 30 137,82 137,38
6 137,64 137,32 | 31 136,94 136,94
7 138,48 138,08 | 32 138,58 143,83
8 137,18 137,07 | 33 137,45 146,07
9 137,70 137,70 | 34 138,31 155,85
10 136,92 136,92 | 35 137,30 149,52
11 137,31 140,61 | 36 137,07 137,02
12 137,30 138,87 | 37 137,73 144,87
13 139,06 152,14 | 38 137,42 137,35
14 136,75 14498 | 39 136,97 136,97
15 138,34 137,97 | 40 136,78 144,28
16 137,32 153,86 | 41 137,69 138,95
17 137,63 147,01 | 42 137,70 137,16
18 138,59 138,58 | 43 136,97 155,21
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Lwot | Quén thé phi | Quin thé tip | Lwot | Quin thé phi | Quin thé tap
chay tap trung trung chay tap trung trung
19 137,13 154,05 | 44 136,81 136,81
20 137,44 157,44 | 45 136,81 136,80
21 138,48 141,84 | 46 136,99 143,77
22 136,87 164,03 | 47 137,00 136,98
23 136,94 136,92 | 48 137,00 146,74
24 137,86 156,09 | 49 137,19 140,67
25 137,08 137,05 | 50 136,80 136,80
of WSy n
3\5 .:::c; : . . . Robot #:
N 30 . - L]
25 (a)
2 - y
S
. slan'poml- tangmt :nal pm:x
N o ) oS
i Sareror [ “ 1 m
= R?bol #3 2 obnn!#i .
35| seteel | | | 35 [ o2l Point | [
L o “ m .' ]
> 2 sose (b) ™= (c)
20 [ | m [ | ] [ | 20 [
:j obot #1 - . a :i . bot #3 o .
[T TR EE 1 P e

Hinh 4.1: Ban d6 véi phwong én vi tri vit can khdc nhau

Ba phuong an bé tri vat can dugc minh hoa nhu Hinh 4.1, phuong 4n thir nhét
1a v6i Hinh 4.1.a; phuong 4n thtr hai va thir ba lan luot tuong ing véi Hinh 4.1.b va
Hinh 4.1.c dugc st dung dé danh gia vé muc do thich nghi ctia hai mé hinh quan thé

trong diéu kién moi trudng thay doi. Két qua tinh toan chi s6 thong ké: gia tri trung
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binh, d6 1éch chuén va hé sb bién thién cua ca hai phuong an dugc minh hoa trong
Bang 4.3. S liéu cho thiy quan thé phi tap trung tiép tuc duy tri 6n dinh rat cao ¢ ca
hai truong hop khi ma hé sé CV ludn duy tri & mire rat thap, quanh murc 0,5%. Nguoc
lai, s6 liéu ctia quan thé tap trung van duy tri mirc bién dong 16n, quanh mirc 5%. Hon
thé nita, m6 hinh quan thé tap trung phu thudc rd rét vao cau hinh vat can; trong
phuong an th hai, quan thé tap trung c6 s6 lugt thir dat mic chi phi thap hon quan
thé phi tap trung gia tang, & mic 25/50 luot thir nghiém (ty 1& 1én t6i 50%). Nguoc
lai, s& lugt thir dat murc chi phi thip hon quan thé phi tip trung giam manh, & mirc
13/50 luot thur nghiém (ty 1€ chi con 26%), phan anh thach thic lon vé xung dot trong
phuong an nay.

Bang 4.3: S6 liéu thong ké ciia phwong dn 2 va 3

i Quﬁn thé . ; i Quﬁn thé . .
Thoéng so tinh Quan thé | Théng so tinh Quan thé
phi tap phi tap
toan tap trung toan tap trung
trung trung
Gia tri trung Gia tri trung
137,82 141,55 138,24 142,13
binh (u) binh (u)
Do léch chuén Do léch chuén
0,69 8,86 0,61 7,13
(o) (o)
Hé s6 bién thién Hé s6 bién thién
0,50% 6,26% 0,44% 5,01%
(CV) (CV)

Nhu vay, hiéu qua tim dudng ctia quan thé tap trung sir dung thuat todan ABC
truyén théng phu thudc 16n vao ciu hinh méi trudng khi ma sy thay doi vi tri vt can
anh hudng truc tiép dén d6 phirc tap cta viéc phdi hop. Mic di mé hinh quan thé tap
trung da ap dung giai phap khoi tao chon loc ¢ giai doan khoi tao quan thé, thé hién
muc d6 cai thién chi phi trong mot sb luot thu nghiém. Khi sb lugng phﬁn tr robot
tang 1én, thach thirc tim kiém cang 16n do su bung nd khéng gian tim kiém. Cac thir
nghiém tiép theo cho thuat toan ElasticABC ciing dugc trién khai theo md hinh quan

thé phi tap trung va c6 kha niang ty thich nghi c4u tric cho ting phén tir robot.
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4.3 Thir nghiém va danh gia hoat dong cua thuit toan ElasticABC

Cai tién c6t 16 cuia ElasticABC 1a téi uru hoa céu truc, s lugng diém trung gian
dugc diéu chinh thong qua co ché co din véi cdp toan tir d6i ngau hoat dong dong
thoi trong giai doan tim kiém cuia ong thg. Hinh thirc biéu dién linh hoat nay cho phép
tao ra cac duong di tu thich nghi theo dac diém thuc té cua khong gian lam viéc va
quy dao di chuyén can thiét 1ap cho timg phén tir robot. Trén co s& d6, kich ban thi
nghiém duoc thiét 1ap cho nhimng diéu kién méi trudng bién doi dé danh gia dinh
luong hoat dong cua ElasticABC, cung cap minh chimg cy thé va rd rang. Bang 4.4
liét ké thong s6 vé mdi trudng thir nghiém; Bang 4.5 liét ké cac thong s6 dugc thiét
1ap cho thuat toan ElasticABC.

Bang 4.4: Théng sé méi truong

Théng sb Gia tri Mb ta
N_ROBOTS 10 S6 lugng robot trong hé thng
MAP_SIZE 50 | Kich thuéc ban dd (50x50)
Mit do vat can tinh (%), tinh theo dién tich chiém
OBS DENSITY [1520] . .
cho trong ban do
OBS DIM [515] | Kich thudc vat can tinh (%)

Bdng 4.5: Théng s6 cho thudt todn ElasticABC

Théng sb Gia tri Mb ta
nPop 25 S6 lugng ca thé trong quan thé ong.
o S6 1an thir lién tiép ma ong tho va ong quan sat
Limit 15 ) ' .
thuc hién trude khi tir bo mot giai phap
MaxIt 100 S6 vong lap tdi da cua giai thuat ElasticABC

SAFETY MARGIN 0.5 Vung dém an toan bao quanh vat can
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Théng sb Gia tri Mb ta

Khoang cach an toan cho cong thurc cua toan tu

d safe 1.0
Dén

) Heé s6 ngau nhién theo phuong phap tuyén trong
epsilon [0 1.0]
cong thirc cua toan tor Dan

lamd [-1.0 | Hé s6 ngu nhién theo phuong tiép tuyén trong
amda
1.0] cong thirc cua toan tor Dan

cosTheta 0.995 | Hé s6 ngudng cua toan tir Co

Trong khi sb lugng phan tir robot trong hé thong va kich thudc ban do dugce giir
¢ dinh, mat do vat can tinh trong ban dd va kich thude vat tinh duoc thay ddi theo
kich ban thir nghiém; loai vat can tinh véi bién dang 16i. Cu thé:

1. Truong hop thir nhét va thir hai (TH #1 va TH #2): mat d6 vat can tinh 1a 15%,
kich thudc vat can tinh trong khoang 5% dén 10%; twong ung véi hai cau hinh vi tri
b tri vat can khac nhau trong ban dd, minh hoa nhu Hinh 4.2.

ii. Truong hop th ba (TH #3): mat do vat can tinh 1a 20%; kich thudc vat can
tinh trong khoang 10% dén 15%.

Hai c4u hinh vat can TH #1 va TH #2 dugc minh hoa trong Hinh 4.2; vi tri bét
dau va vi tri dich dén ctia 10 phan tir robot ciing duoc khéi tao & cac diém ngau nhién
trong vung khong gian tréng cta ban do. Hinh 4.3 minh hoa d6 thi duong di, 1a két
qua hoach dinh cua thuat toan ElasticABC ddi véi truong hop TH #1, hinh tron 1a
diém bat dau, hinh vudng 1a diém két thiic, mdi mau biéu thi hanh trinh d3 tim duoc
ctia mot phan tir robot; Bang 4.6 tong hop gié tri chi phi va sd lugng diém trung gian
(WP) & thoi diém hoan thanh khdi tao phong doan va thoi diém giai doan tim kiém
két thiac cho timg phan tir robot; mirc giam chi phi (%) va s luong WP giita hai thoi
diém. Gi4 tri chi phi 1a két qua cudi cung ctia ham muc tiéu, tuong g véi do dai
hanh trinh cua tirng robot. Tuong tu v6i truong hop TH #2, Hinh 4.4 va Bang 4.7

cung cap két qua ve do thi va dir lidu.
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Elastic-ABC Multi-Robot Path Planning

“Raobot 1

Robot 2
Robot 3
Robot 4
Robot 5
Robot 6
Robot 7
Robot 8
Robot 9
Robot 10

Hinh 4.3: Két qua dwong di t6i wu cho TH #1

Elastic-ABC Multi-Robot Path Planning

“Raobot 1

Robot 2
Robot 3
Robot 4
Robot 5
Robot 6
Robot 7
Robot 8
Robot 9
Robot 10

Hinh 4.4: Két qua dwong di t6i wu cho TH #2
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Bang 4.6: Gid tri chi phi va sé lwong diém trung gian, B¢ dir liéu #A41

Thir tw | Khdi tao phong doan ElasticABC Mirc giam
robot 1 cpi phi WP Chi phi WP | %chi | WP
phi

R1 35,400 10 30,501 13,84 5
R2 32,337 5 31,555 4 2,42 1
R3 26,562 3 26,536 3 0,10 -
R4 54,594 12 50,833 6 6,89 6
R5 21,419 5 20,531 3 4,15 2
R6 54,210 23 45,225 7 16,57 | 16
R7 27,178 8 25,789 4 5,11 4
RS 21,620 5 19,946 7,74 -
R9 17,972 3 17,895 3 0,43 -
R10 40,935 10 36,307 4 11,31 6

Tong 332,227 305,118

Bang 4.7: Gid tri chi phi va sé lwong diém trung gian, B div liéu #A42

Thir tw | Khdi tao phong doan ElasticABC Mirc giam
robot | cp; phi WP Chi phi WP | %chi | WP
phi
R1 33,786 17 27,661 7 18,13 10
R2 26,367 3 26,313 3 0,20 -
R3 28,335 9 23,771 5 5,70 4
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Thir tw | Khdi tao phong doan ElasticABC Mirc giam
robot | Chiphi | WP | Chiphi | WP | %chi | WP
phi
R4 40,529 7 38,219 4 27,02 3
RS 33,580 13 24,508 4 11,61 9
R6 21,828 6 19,294 4 6,39 2
R7 27,968 9 26,180 4 2,25 5
RS 55,401 8 54,154 5 2,26 3
R9 43,188 6 42,210 4 1,09 2
R10 36,773 3 36,373 3 8,36 -
Tong 347,755 318,683

Vé6i Bo dir liéu #A1 trong Bang 4.6: muc giam 16n nhét & robot R6 (16 diém);
R4, R7, va R10 c6 muc giam trung binh (4 dén 6 diém); R3, R8, va R9 khong thay
doi. V6i Bo dit liéu #A2 trong Bang 4.7: mirc gidm 16n nhat ¢ robot RS va R10 (hon
9 diém); R3, R4, R7, va R8 c6 mitc gidm trung binh (3 dén 5 diém); R2 va R10 khong
thay d6i. Xu hudng cit giam diém trung gian boc 16 cho 10 phan tir; minh ching 1d
rang cho hoat dong cua cip toan tir doi ngau dong thoi trong giai doan tim kiém cia
ong tho: diém trung gian diéu chinh theo ting phan tir robot va theo diéu kién moi
truong. Ty 1& giam diém trung gian cho toan hé thdng vao khoang 47% cho ca hai
truong hop.

Tuong ty, xu hudng cai thién chi phi & rang cho ca 10 phan tir robot khi thuat
toan hoat dong. Dac biét 1a sy trong quan gitra vi¢c giam nhiéu sd lugng WP & nhiing
phén ttr robot tiét kiém duge nhiéu chi phi nhét; dat muc giam chi phi hon 10%: R1,
R6, va R10 véi B dir liéu #A1 trong Bang 4.6, R1, R4, va RS véi B dit li¢u #A2
trong Bang 4.7. Pay 1a minh chig bo sung cho viée diéu chinh diém trung gian ciia

cdp toan tir ddi ngdu trong giai doan tim kiém ctia ong thg. R8 (Bo dir liéu #A1) va
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R10 (Bo dir liéu #A2) 1a hai truong hop riéng, c6 mue giam chi phi hon 7% trong khi
sO lwgng WP khong d6i, phan dnh nang lyc tim kiém giai phap tot hon vé chat luong
trong giai doan tim kiém ong tho. Mot sb két qua c6 mirc giam chi phi rat nho, cho
thdy dic diém lién quan dén khoi tao phong doan, tich hop trong ElasticABC; giai
phap ban dau c6 chit luong trong khi van dam bao duoc dic tinh ngiu nhién can
thiét; thuat toan da tim ra duong di "tdi wu" & giai doan tim kiém. Ty 1¢ gidm chi phi
cho toan hé thong vao khoang 8% cho c4 hai truong hop TH #1 va TH #2.

Két luan ban dau cho hoat dong cta thuat toan ElasticABC 1a: (1) kha ning loai
b6 diém trung gian du thira dong thoi v6i viée giam chi phi; (2) kha niang thich nghi
v6i dir lidu khoi tao chua tét: s6 lwong diém trung gian 16n & giai doan khai tao phong
doan nhung da giam manh sau khi két thuc giai doan tim kiém; (3) do tin cay ludn
duy tri trong tat ca két qua.

Dé loai bé duogc yéu td chu quan cua mdt dir liéu don 1¢, hai truong hop TH #1
va TH #2 duogc chay lap lai 50 lan va tinh toan chi s6 thong ké cho tap dit liéu hoat
dong 16n hon. Viéc danh gia vé dic diém va quy luat hoat dong cua thuat toan dugc
chi tiét va cu thé hon so vi mot dir liéu don 1é. Bang 4.8, Bang 4.9, Bang 4.10 va
Bang 4.11 minh hoa dit liéu 50 lugt chay cho trudng hop TH #1 cta tham s twong
{mg: gié tri chi phi va s6 luong diém trung gian & thoi diém hoan thanh giai doan khai
tao phong doan, gia tri chi phi va sd luong diém trung gian & thoi diém két thuc giai
doan tim kiém. Truong hop TH #2 ciing ¢6 bd dir liéu két qua mo phong twong tu.

Bang 4.8: Gia tri chi phi sau giai doan khoi tao phong dodn

Khéi tao phéng doan/Chi phi
Lugtchay ¢y R2 R3 R4 R5 R6 R7 RS R9 | RI0
1 35821 | 34,410 | 26,553 | 54,278 | 21,173 | 48,534 | 26,960 | 22,621 | 18,017 | 39,853
2 40,395 | 32,661 | 26,561 | 55,007 | 21,183 | 45,537 | 27,058 | 22,425 | 17,994 | 40,021
3 35,750 | 33,284 | 26,549 | 54,059 | 21246 | 47,454 | 27,079 | 22,439 | 17,987 | 38,915
4 40,340 | 32,841 | 26,597 | 53,892 | 21,279 | 50,798 | 27,327 | 21,548 | 18,007 | 39,660
5 41,681 | 32,275 | 26,565 | 54,856 | 21,282 | 53,485 | 27,502 | 21,285 | 17,968 | 40,194
6 36,191 | 32,491 | 26,551 | 54,633 | 21,234 | 47,565 | 26,984 | 21,347 | 18,022 | 39,521
7 34,130 | 32,927 | 26,548 | 55,188 | 21,070 | 51,224 | 26,840 | 21,592 | 17,966 | 39,048
8 38,004 | 32,814 | 26,555 | 54,189 | 21,330 | 47,833 | 26,970 | 21,470 | 18,047 | 39,659
9 36,272 | 32,144 | 26,546 | 55,019 | 21,294 | 52,592 | 26,852 | 23,097 | 17,995 | 38,766
10 37461 | 33,647 | 26,556 | 54,062 | 21,418 | 44,765 | 26,617 | 21,769 | 17,979 | 40,038
11 37,369 | 32,374 | 26,557 | 54,721 | 21,354 | 49,345 | 27,599 | 21,169 | 17,988 | 41,609
12 37,761 | 32,721 | 26,561 | 54,055 | 20,997 | 49.873 | 27,377 | 21,268 | 17,984 | 39,787
13 30,111 | 32,319 | 26,557 | 54,464 | 21,377 | 55,045 | 27,169 | 21,422 | 18,074 | 40,988
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Khéi tao phéng doan/Chi phi
Lugtchay ¢y R2 R3 R4 R5 R6 R7 RS R9 | RI0
14 35,983 | 33,696 | 26,558 | 55,700 | 21,560 | 48,700 | 27,162 | 21,989 | 18,011 | 41,101
15 37,020 | 32,624 | 26,554 | 53,826 | 21,503 | 48,563 | 27,325 | 22,272 | 18,031 | 38,813
16 37475 | 32,309 | 26,547 | 53,894 | 21,187 | 47,581 | 26,971 | 21,528 | 18,020 | 39,518
17 36,075 | 32,276 | 26,548 | 54,866 | 21,564 | 51,894 | 27,307 | 21,043 | 18,038 | 39,620
B 42,024 | 32,865 | 26,553 | 55,008 | 20,927 | 48,270 | 26,731 | 22,351 | 18,067 | 41,722
19 44,980 | 32,997 | 26,561 | 54,589 | 21,026 | 50,471 | 27,414 | 21,806 | 17,971 | 38,364
20 38,880 | 33,162 | 26,555 | 55,604 | 21,331 | 54,658 | 27,015 | 21,808 | 18,077 | 39,978
21 37,436 | 32,405 | 26,565 | 54,174 | 21,096 | 49,766 | 26,935 | 22,832 | 17,972 | 39,069
) 40,887 | 32,070 | 26,550 | 53,832 | 21,429 | 44,963 | 27,337 | 22,314 | 18,048 | 40,738
23 34,369 | 33,871 | 26,550 | 54,924 | 21,538 | 48,080 | 27,540 | 21,097 | 17,987 | 40,148
24 36,159 | 32,281 | 26,574 | 54,644 | 21,256 | 48,579 | 26,763 | 22,600 | 17,994 | 40,798
25 33,939 | 32,360 | 26,570 | 53,316 | 21,728 | 50,945 | 26,837 | 21,666 | 17,960 | 39,841
26 38,861 | 33,202 | 26,558 | 54,897 | 21,217 | 49,639 | 27,289 | 21,587 | 17,979 | 40,861
27 38,870 | 33,113 | 26,549 | 54,812 | 21,394 | 48,345 | 26,821 | 24,154 | 17,969 | 39,572
28 37,660 | 32,376 | 26,552 | 54,830 | 21,422 | 51,976 | 27,464 | 21,047 | 18,001 | 39,452
29 44,609 | 33,487 | 26,557 | 54,483 | 21,023 | 52,191 | 27,356 | 21,675 | 18,074 | 39,770
30 34,846 | 32,529 | 26,553 | 54,600 | 21,357 | 45,997 | 27,042 | 21,385 | 18,048 | 39,011
31 38,658 | 35,028 | 26,555 | 54,227 | 21,531 | 54,946 | 27,144 | 22,624 | 18,027 | 38,667
32 40,657 | 32,255 | 26,545 | 54,710 | 21,696 | 48,766 | 27,591 | 21,207 | 17,999 | 38,185
33 36,238 | 32,237 | 26,547 | 55,540 | 21,481 | 53,393 | 27,466 | 21,233 | 17,967 | 39,203
34 34,330 | 32,414 | 26,553 | 53,906 | 21,338 | 46,131 | 27,023 | 23,508 | 18,090 | 41,017
35 38,862 | 32,476 | 26,549 | 53,648 | 21,340 | 45,222 | 27,032 | 23,215 | 18,029 | 39,163
36 37,305 | 33,311 | 26,558 | 53,637 | 21,389 | 47,553 | 27,202 | 21,606 | 17,954 | 40,649
37 38,312 | 32,397 | 26,550 | 53,877 | 21,546 | 51,467 | 26,842 | 21,959 | 17,977 | 40,609
38 38,679 | 32,879 | 26,554 | 53,662 | 21,285 | 48,139 | 27,108 | 22,570 | 18,012 | 39,166
39 37,633 | 32,354 | 26,547 | 54,215 | 21,491 | 48,833 | 26,902 | 21,928 | 18,007 | 39,680
40 37,297 | 33,641 | 26,570 | 54,276 | 21,160 | 48,684 | 27,044 | 22,136 | 18,031 | 39,419
41 43,991 | 32,174 | 26,549 | 54,233 | 21,506 | 50,573 | 27,181 | 21,749 | 18,019 | 39,091
4 34,264 | 32,757 | 26,559 | 55,241 | 21,169 | 50,361 | 27,056 | 21,589 | 17,984 | 39,323
43 41,617 | 32,210 | 26,553 | 53,800 | 21,212 | 54,442 | 26,958 | 22,309 | 17,969 | 38,823
44 36,574 | 32,560 | 26,548 | 53,987 | 21,597 | 47,785 | 27,450 | 21,516 | 17,990 | 40,735
45 35,786 | 33,083 | 26,546 | 54,274 | 21,368 | 50,446 | 27,023 | 21,319 | 17,972 | 39217
46 36,159 | 37,572 | 26,560 | 53,153 | 21,700 | 49,118 | 27,246 | 23,159 | 18,035 | 39,258
47 46,005 | 33,018 | 26,552 | 53,376 | 21,212 | 46,704 | 27,012 | 21,987 | 18,003 | 40,587
48 37,787 | 32,727 | 26,552 | 54,867 | 20,985 | 50,435 | 27,062 | 22,015 | 18,049 | 41,597
49 44,854 | 32,826 | 26,553 | 54,144 | 21,568 | 48,932 | 27,311 | 21,165 | 18,031 | 41,204
50 36,321 | 32,456 | 26,569 | 53,937 | 21,615 | 48,509 | 27,200 | 21,265 | 18,097 | 41,669

Bang 4.9: S6 lwong diém trung gian sau giai doan khéi tao phong dodn

Khéi tao phéng doin/WP
Lugtchay ¢y R2 R3 R4 R5 R6 R7 RS R9 | RI0
1 14 8 3 13 4 16 6 6 3 10
2 19 6 3 13 5 9 7 7 3 8
3 14 7 3 13 5 11 5 8 3 8
4 22 7 3 11 5 14 7 6 3 9
5 21 4 3 13 4 19 7 5 3 8
6 12 7 3 13 6 14 6 5 3 9
7 12 7 3 11 4 17 5 6 3 12
8 16 5 3 11 6 12 5 5 3 10
9 16 4 3 15 5 21 5 9 3 8
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Khéi tao phéng doin/WP
Lugtchay ¢y R2 R3 R4 R5 R6 R7 RS R9 | RI0
10 15 6 3 10 5 9 5 5 3 11
11 13 6 3 11 5 17 5 5 3 14
12 16 5 3 12 4 12 6 6 3 11
13 15 5 3 11 5 21 5 5 3 11
14 14 7 3 13 4 15 5 6 3 11
15 14 6 3 12 5 9 5 5 3 10
16 13 5 3 13 5 13 5 5 3 8
17 14 5 3 13 4 20 8 6 3 9
B 25 5 3 12 5 15 5 6 3 13
19 32 6 3 12 4 17 6 6 3 10
20 17 6 3 13 6 17 5 5 3 9
21 17 7 3 12 5 14 6 10 3 11
2 19 4 3 15 4 8 6 6 3 11
23 11 6 3 14 6 9 5 7 3 10
24 12 5 3 11 4 14 4 6 3 9
25 13 5 3 11 4 17 7 5 3 10
26 22 8 3 13 4 14 6 5 3 13
27 13 5 3 14 7 12 5 7 3 11
28 13 5 3 11 5 21 5 6 3 9
29 29 8 3 14 4 19 6 5 3 12
30 13 6 3 12 6 11 5 6 3 9
31 13 9 3 12 5 21 5 7 3 9
32 20 6 3 13 4 13 7 5 3 8
33 11 5 3 16 4 13 5 5 3 9
34 14 6 3 12 6 10 4 7 3 11
35 13 5 3 10 4 8 5 10 3 7
36 14 6 3 13 5 10 5 6 3 11
37 19 5 3 10 6 17 5 6 3 12
38 16 5 3 13 4 13 5 8 3 6
39 17 5 3 11 7 13 7 6 3 10
40 13 8 3 14 4 14 5 8 3 10
41 26 6 3 11 4 13 7 6 3 9
42 10 6 3 14 5 14 6 5 3 10
43 24 5 3 13 4 21 7 5 3 9
44 14 5 3 11 4 13 5 5 3 13
45 12 7 3 11 5 16 5 5 3 11
46 12 11 3 12 4 13 5 7 3 10
47 29 6 3 14 4 11 6 7 3 12
48 16 5 3 12 5 13 6 6 3 14
49 26 7 3 12 4 14 8 6 3 13
50 14 7 3 12 6 14 6 6 3 13
Bang 4.10: Gia tri chi phi sau giai doan tim kiém cua ElasticABC
ElasticABC/Chi phi
Lugtchay ¢y R2 R3 R4 R5 R6 R7 RS R9 | RI0
1 31,905 | 31,566 | 26,536 | 50,873 | 20,531 | 43,748 | 25,789 | 19,909 | 17,895 | 36,290
2 30,292 | 31,659 | 26,536 | 50,520 | 20,532 | 43,622 | 25,815 | 20,065 | 17,895 | 36,328
3 30,681 | 31,538 | 26,536 | 50,614 | 20,531 | 44,256 | 25,798 | 19,899 | 17,895 | 36,321
4 30,199 | 31,549 | 26,542 | 51,015 | 20,533 | 44,882 | 25,806 | 19,937 | 17,895 | 36,313
5 30,405 | 31,629 | 26,536 | 50,645 | 20,531 | 43,811 | 25,789 | 20,012 | 17,895 | 36,330
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Luwot chay

ElasticABC/Chi phi

R1 R2 R3 R4 RS R6 R7 RS R9 R10
6 30,128 | 31,541 | 26,536 | 50,634 | 20,532 | 47,082 | 25,789 | 19,913 | 17,895 | 36,319
7 31,097 | 31,532 | 26,536 | 50,753 | 20,531 | 43,543 | 25,789 | 19,955 | 17,933 | 36,332
8 30,007 | 31,527 | 26,536 | 50,605 | 20,535 | 43,282 | 25,789 | 19,956 | 17,895 | 36,315
9 31,840 | 31,530 | 26,536 | 50,523 | 20,531 | 43,842 | 25,789 | 19,912 | 17,896 | 36,259
10 30,250 | 31,536 | 26,536 | 50,603 | 20,531 | 44,219 | 25,789 | 20,027 | 17,895 | 36,508
11 31,846 | 31,535 | 26,536 | 50,563 | 20,531 | 43,246 | 25,789 | 19,984 | 17,895 | 36,314
12 30,386 | 31,551 | 26,536 | 51,080 | 20,531 | 44,210 | 25,794 | 20,154 | 17,895 | 36,397
13 30,276 | 31,544 | 26,536 | 50,700 | 20,531 | 43,610 | 25,789 | 19,954 | 17,896 | 36,190
14 31,804 | 31,534 | 26,536 | 50,640 | 20,531 | 44,199 | 25,789 | 19,971 | 17,895 | 36,219
15 30,809 | 31,546 | 26,536 | 50,545 | 20,531 | 43,434 | 25,790 | 20,054 | 17,895 | 36,285
16 30,419 | 31,581 | 26,536 | 50,914 | 20,531 | 43,605 | 25,789 | 19,961 | 17,895 | 36,301
17 30,613 | 31,535 | 26,536 | 50,624 | 20,531 | 43,427 | 25,810 | 19,916 | 17,895 | 36,304
18 30,566 | 31,540 | 26,536 | 50,680 | 20,531 | 44,571 | 25,789 | 19,944 | 17,896 | 36,285
19 30,660 | 31,623 | 26,542 | 50,877 | 20,531 | 44,825 | 25,789 | 19,912 | 17,895 | 36,320
20 30,206 | 31,649 | 26,536 | 50,925 | 20,531 | 43,859 | 25,789 | 19,937 | 17,895 | 36,179
21 30,765 | 31,529 | 26,536 | 50,885 | 20,532 | 43,721 | 25,789 | 19,901 | 17,895 | 36,293
22 30,488 | 31,551 | 26,537 | 50,566 | 20,531 | 43,762 | 25,789 | 19,965 | 17,949 | 36,353
23 30,172 | 31,573 | 26,536 | 50,610 | 20,531 | 45,116 | 25,789 | 19,957 | 17,895 | 36,282
24 30,268 | 31,535 | 26,536 | 50,649 | 20,531 | 43,911 | 25,789 | 20,052 | 17,895 | 36,267
25 30,266 | 31,542 | 26,536 | 51,198 | 20,531 | 43,614 | 25,797 | 20,088 | 17,896 | 36,288
26 34,799 | 31,509 | 26,536 | 50,576 | 20,531 | 43,604 | 25,789 | 19,986 | 17,895 | 36,362
27 30,577 | 31,540 | 26,536 | 50,666 | 20,531 | 43,671 | 25,789 | 19,927 | 17,895 | 36,333
28 30,921 | 31,539 | 26,536 | 50,670 | 20,531 | 43,779 | 25,789 | 19,904 | 17,895 | 36,328
29 32,979 | 31,578 | 26,536 | 50,865 | 20,531 | 43,977 | 25,789 | 19,946 | 17,895 | 36,310
30 30,250 | 31,539 | 26,536 | 51,075 | 20,531 | 43,633 | 25,789 | 19,971 | 17,895 | 36,176
31 30,256 | 31,614 | 26,537 | 51,008 | 20,532 | 44,429 | 25,790 | 20,055 | 17,895 | 36,329
32 30,673 | 31,536 | 26,536 | 51,790 | 20,531 | 44,140 | 25,789 | 19,949 | 17,895 | 36,302
33 31,806 | 31,538 | 26,536 | 50,523 | 20,531 | 43,697 | 25,789 | 19,966 | 17,895 | 36,230
34 30,833 | 31,547 | 26,536 | 51,078 | 20,531 | 45,538 | 25,789 | 19,945 | 17,895 | 36,340
35 30,145 | 31,554 | 26,536 | 51,563 | 20,531 | 43,716 | 25,789 | 19,957 | 17,895 | 36,313
36 30,270 | 31,556 | 26,536 | 50,634 | 20,531 | 43,455 | 25,789 | 19,966 | 17,895 | 36,351
37 30,835 | 31,547 | 26,536 | 50,949 | 20,532 | 45,037 | 25,789 | 19,981 | 17,895 | 36,221
38 30,534 | 31,652 | 26,536 | 51,636 | 20,532 | 44,574 | 25,789 | 19,938 | 17,895 | 36,352
39 31,051 | 31,542 | 26,536 | 50,633 | 20,535 | 43,800 | 25,789 | 20,098 | 17,895 | 36,321
40 32,753 | 31,537 | 26,536 | 52,035 | 20,531 | 43,534 | 25,789 | 19,912 | 17,895 | 36,334
41 30,278 | 31,555 | 26,536 | 50,867 | 20,538 | 43,274 | 25,789 | 19,916 | 17,895 | 36,443
42 30,304 | 31,534 | 26,536 | 50,778 | 20,532 | 44,124 | 25,789 | 19,905 | 17,895 | 36,348
43 30,587 | 31,544 | 26,536 | 50,570 | 20,531 | 44,592 | 25,789 | 20,161 | 17,897 | 36,337
44 31,712 | 31,541 | 26,536 | 50,507 | 20,532 | 43,744 | 25,789 | 20,120 | 17,895 | 36,382
45 30,583 | 31,541 | 26,536 | 51,070 | 20,531 | 42,966 | 25,789 | 20,062 | 17,895 | 36,313
46 30,484 | 31,544 | 26,538 | 50,287 | 20,531 | 44,067 | 25,789 | 19,972 | 17,895 | 36,301
47 30,012 | 31,537 | 26,536 | 50,405 | 20,532 | 43,370 | 25,789 | 19,996 | 17,898 | 36,315
48 31,013 | 31,534 | 26,536 | 50,683 | 20,540 | 44,050 | 25,789 | 19,937 | 17,895 | 36,331
49 30,529 | 31,540 | 26,536 | 50,562 | 20,531 | 44,387 | 25,789 | 19,939 | 17,895 | 36,514
50 30,670 | 31,665 | 26,536 | 51,342 | 20,531 | 42,799 | 25,789 | 19,954 | 17,895 | 36,321

Bang 4.11: S6 lwong diém trung gian sau giai doan tim kiém ciia ElasticABC

Luot ch ElasticABC/WP
WY ™ R1 [ R2 [ R3 | R4 | RS | R6 | R7 | R8 | R9 | RIO
1 11 3 3 5 3 5 4 5 3 4
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thién (CV %), trung vi, t& phan vi 1 (Q1) voi 3 (Q3), khoang tr phan vi (IQR), khoang
tin cdy 95% (20) cho gi tri chi phi & thdi diém hoan thanh khai tao phong doan va
thoi diém giai doan tim kiém két thiic cho tirng phan tir robot; thir hai 14 gié tri trung
binh u, d6 1éch chuan o, hé s bién thién (CV %), trung vi, yéu vi (mode), ty 1& hoi
tu (%), khoang bach phan vi (P5 P95) cho s6 luong diém trung gian cho thoi diém
hoan thanh khéi tao phong doan va thoi diém giai doan tim kiém két thic cho timg
phan tir robot. Ban chét lién tuc cia gia tri chi phi khac biét voi gian doan cta s6
luong diém trung gian tao nén sy khac biét trong chi s6 théng ké da chon ¢ trén. Dé
so sanh két qua giira hai thoi diém, ty 1é giam chi phi trung binh (%) duoc tinh cho
gi4 tri chi phi va ty 16 WP giam theo trung vi (%) duoc tinh cho s6 lwong diém trung
gian. Bang 4.12 cho truong hop TH #1, b dir li¢u #A3, va Bang 4.13 cho truong hop
TH #2, b dir liéu #A4. Xu hudng cai thién tuong tu nhu B dit li¢u #A1 va B dir
lidu #A2 da duoc thé hién rd qua sb lidu thong ké; cho thy hai thir nghiém don 1¢
khong phai 1a trudng hop ngoai lai ma c6 sy nhat quan cao theo quy luat hoat dong
cua thuat toan ElasticABC.

Badng 4.12: Chi s6 théng ké chi phi va sé lwong diém trung gian, Bé dir liéu #43

Chi s6

X " #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
thong ké
Chi phi sau khi khoi tao phong doan
Trung binh
(Mr;l gb 38238 | 32,808 | 26,556 54383 | 21340 | 49,502 | 27.130 | 21,933 | 18.010 | 39,874
bg léch 2966 | 0896 0009 0589 | 0196 2566 | 0236 | 0694 0036 0903
chuan (o)
Hé s bién

A 7757 | 2723 | 0034 | 1083 | 0917| 5.184| 0871 | 3.165 0201 | 2266
thién (CV %)
Trung vi 37.554 | 32.691 | 26,553 | 54275 | 21339 | 48.883 | 27.071 | 21,759 | 18.005 | 39.670
Taphan vil 500 35364 | 26549 | 53.914 | 21212 | 47.895 | 26970 | 21.394 | 17.980 | 39.175
Q)
(T(‘)I;)’hanvﬁ 39,053 | 33,105 | 26,558 @ 54.849 | 21,500 | 50908 | 27.322 | 22342 | 18.031 | 40.639
Khoang tu
phan vi 2886 | 0742 0009 | 0936 | 0288 | 3014 | 0351 | 0947 | 0051 1464
(IQR)
Khoang tin | (32305 | (31107 | (26,538 | (53205 | (20948 | (44370 | (26,657 | (20.545 | (17.938 | (38.067
cly 95% (26) | 4.170) | 34.690) | 26.574) | 55.560) | 21.731) | 54635) | 27.603) | 23322) | 18083) | 41681)

Chi phi sau khi két thiic tim kiém
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Chi so

% " #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

thong ké
(Tﬂr;mg binh 50004 | 31557 | 26536 | 50820 | 20532 | 43.987 | 25.791 | 19.976 | 17.897 | 36316
bg léch 0.873 | 0,037 0001 | 0351 | 0002| 0703 0005 | 0066 0009 0064
chuan (o)
Hé s bién

A 2834 | 0117 | 0005 0691 | 0008 | 1598 | 0021 | 0331 0051 0176
thién (CV %)
Trung vi 30572 | 31.541 | 26,536 | 50.675 | 20,531 | 43.790 | 25.789 | 19.956 | 17.895 | 36317
Taphan vil | 300011 31536 | 2653 | 50603 | 20531 | 43.606 | 25.789 | 19.937 | 17.895 | 36.291
Q)
(T(‘QI;)’han VI3 30809 | 31555 | 26536 | 50.943 | 20532 | 44217 | 25.789 | 19993 | 17.895 | 36334
Khoang tu
phan vi 0.628 | 0,018| 0,000 0340 | 0001 | 0611 | 0000 0056 | 0000 0043
(IQR)
Khoang tin | (29.077 | (31483 | (26534 | (50.118 | (20528 | (42,581 | (25780 | (19.844 | (17.879 | (36,188
ciy 95% (26) | 32.571) | 31631) | 26.539) | 51.523) | 20.535) | 45.393) | 25.801) | 20.108) | 17915) | 36444)
Ty 1€ giam
chiphi trung | 1939 | 408 007 655 379 11,14 49| 892 063 892
binh (%)
S0 lwong WP sau khi khoi tao phong doan
(Tﬂr;mg binh 17280 | 6,020 | 3.000 | 12360 | 4780 | 14420 | 5640 | 6120 | 3.000 | 10220
bg léch 5000 | 1334| 0000| 1338| 0855| 3,656 0933 | 1243 | 0000 1,792
chuan (o)
HA J4 4

¢80 b1en0 28.936 | 22160 | 0,000 | 10,826 | 17.894 | 25351 | 16,542 | 20314 | 0,000 | 17,535
thién (CV %)
Trung vi 16,000 | 6,000 | 3.000 | 12,000 | 5.000 | 14000 | 5000 | 6000 | 3.000 | 10.000
Yéu vi 14 5 3 13 4 14 5 6 3 9
(Toj')le hoi tu 180 360 | 1000 280| 460 | 180| 520| 380 1000 22,0

0]
Khoang bach
phan vi 11271 [48] [33]1|[1014]| [46] [921] [571| [581| @331 [813]
(P5 P95)
S0 lwong WP sau khi két thuc tim kiém
(Tﬂr;mg binh 5960 | 3.660 | 3.000 | 5.440 | 3.000 | 6460 | 4000 | 4560 | 3.000| 4080
bg léch 2181 | 0710 | 0000 0726 0000 1700| 0000 | 0535| 0000 0337
chuan (o)
Hé s bién

¢ 36,600 | 19405 | 0,000 | 13337 | 0,000 26309 | 0,000 | 11,736 | 0000 | 8261
thién (CV %)
Trung vi 5.000 | 4.000| 3.000| 5.000| 3.000| 6,000 4000 5000 3.000| 4000
Yéu vi 5 3 3 5 3 5 4 5 3 4
Ty 1€ hoi tu
A 500 480 1000 | 680 | 1000 | 340 | 1000 | 520 | 1000 | 940
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Chi sb
thong ké

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

Khoang bach
phén vi
(P5 P95)

[4 10]

[3 5]

[33]

[57]

[33]

[59]

[4 4]

[4 5]

[33]

[4 4]

Ty 18 WP
giam theo
trung vi (%)

68,8

33,3

0,0

58,3

40,0

57,1

20,0

16,7

0,0

60,0

Badng 4.13: Chi s6 théng ké chi phi va sé lwong diém trung gian, Bé dir liéu #44

Chi s6
% " #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

thong ké
Chi phi sau khi khoi tao phong doan
(Tﬂr;mg binh o) 0g7 | 26435 | 20116 | 41966 | 29.622 22283 | 28296 | 55.983 | 43245 | 36.708
bg léch 5287 | 0.165| 1,718| 1.972| 2.119| 1,185 | 0481 | 0292 | 0651 | 0,061
chuan (o)
Hé s bién

A 13,954 | 0,624 5899 | 4699 | 7.154| 5319 | 1700 | 0521 | 1506 0.166
thién (CV %)
Trung vi 37511 | 26368 | 28.927 | 41364 | 29.426 | 22.096 | 28.304 | 56,016 | 43.058 | 36.687
Taphanvil | 5, ol 26353 | 27.802 | 40599 | 28.133 | 21426 | 28005 | 55.731 | 42751 | 36.660
Q)
(T(‘QI;)’han VI3 1 40013 | 26383 | 30275 | 42780 | 30.844 | 22.861 | 28.637 | 56215 | 43.570 | 36738
Khoang tu
phan vi 6265 | 0030 | 2473 | 2190 | 2711 | 1435| 0632 | 0484 | 0819 | 0078
(IQR)
Khoang tin | (27313 | (26,105 | (25681 | (38.022 | (25383 | (19912 | (27334 | (55400 | (41,942 | (36,585
cly 95% (2G) | 48461) | 26765) | 32.551) | 45.910) | 33.860)  24.653) | 29258) | 56.566) | 44.547) | 36.830)
Chi phi sau khi két thiic tim kiém
(Tﬂr;mg binh 130011 | 26314 | 24214 | 38330 | 25.180 | 19.620 | 26269 | 54216 | 42214 | 36374
bg léch 1,693 | 0004 | 0502 | 0332 0627 0243 0094 | 0060 0030 0,003
chuan (o)
Hé s bién

¢ 5641 | 0017 | 2075| 0866 248 | 1241 | 0358 | 0,110 | 0071 | 0,009
thién (CV %)
Trung vi 20.840 | 26313 | 24.127 | 38252 | 24911 | 19,562 | 26227 | 54208 | 42.202 | 36373
Taphan Vil | o007 | 26313 | 23.856 | 38.198 | 24.730 | 19417 | 26.184 | 54172 | 42.191 | 36373
Q1)
(T(‘QI;)’han VI3 | 30674 | 26313 | 24538 | 38293 | 25432 | 19.828 | 26363 | 54245 | 42229 | 36374
Khoang tu
phan vi 1867 | 0,000 | 0682 0095 0702 0411 0179 | 0073 | 0038 0001
(IQR)
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Chi so

% " #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
thong ké
Khoang tin | (26,625 | (26305 | (23200 | (37.666 | (23.926 | (19,133 | (26,081 | (54,097 | (42.154 | (36,367
cly 95% (2G) | 33397) | 26323) | 25218) | 38.994) | 26434) 20.107) | 26457) | 54335) | 42274) | 36381)
Ty 1€ giam
chiphi trung | 20,79 046 1684 866 1499 1195 7,16 316 | 238 091
binh (%)
So lwong WP sau khi khoi tao phong doan
(Tﬂr;mg binh 1y 00 | 3340 | 14.080 | 11480 | 12520 | 9.580 | 9.140 | 10580 | 6280 | 3.380
bg léch 7.697 | 0.620 | 2,652 | 3208 | 3413 | 2192 | 1456 | 1372 1150 0485
chuan (o)
He so b1en0 32.802 | 18,563 | 18,836 | 27.942 | 27262 | 22.878 | 15932 | 12,972 | 18306 | 14361
thién (CV %)
Trung vi 23.000 | 3.000 | 14,000 | 10,000 | 12,000 | 9,000 | 9,000 | 11,000 | 6,000 | 3.000
Yéu vi 25 3 12 10 12 8 9 11 6 3
(T()}')le hoi tu 10,0 740 | 260 | 220| 180 | 260 | 340| 340 400 62,0
0
Khoang bach
phan vi [1335] | [35]| [1119]| [818] [717]| [714]| [711]| [813] | [58] [34]
(P5 P95)
S0 lwong WP sau khi két thuc tim kiem
(Tﬂr;mg binh 14520 | 3,040 | 7.100 | 4480 | 6,120 | 5840 | 4080 | 5100 | 4100 3.000
bg léch 3.833 | 0,196 | 2427 | 1330 | 1.925| 1419 0337 | 0300| 0300 0,000
chuan (o)
Hé s bién
A 26396 | 6446 | 34,182 | 29.693 | 31454 | 24303 | 8261 | 5882 | 7317 0.000
thién (CV %)
Trung vi 14,000 | 3,000 7.000 | 4000| 6.000| 6000 4000 5000 4000 3.000
Yéu vi 13 3 4 4 5 5 4 5 4 3
(T()}')le hoi tu 200 960 | 200 780 260 280| 940| 90,0 900 | 100,
0]
Khoang bach
phan vi 9211 | [33] [410]| T[46]| [39]| [48]| [44]| [56] [45] [33]
(P5 P95)
Ty 1 WP
giam theo 3913 0,00 50,00 60,00 50,00 3333 | 5556 | 54,55 3333 0,00
trung vi (%)

bé xem xét vé kha nang t61 vu chi phi duong di, xu huéng gidm chung ¢ tat ca

phan tir robot ciing dugc minh ching rat rd rang qua chi sé thong ké: chi phi trung

binh, trung vi ¢ thoi diém sau khi két thic tim kiém déu gidm so v6i thoi diém sau

khi khoi tao phong doan. Khi xem xét cho tung phén tir, mirc do cai thién da co su

khac biét rd rang, thé hién & chi s ty 1¢ giam chi phi trung binh. Mot s6 duong di
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phtc tap c6 chi phi khai tao 16n da duoc tdi vu manh mé ¢ giai doan tim kiém. Chi
phi giam té6i 19,39% voi R1, 11,14% véi R2 trong bd dir ligu #A3; giam tdi 20,79%
v6oiR1, 16,84% voi R3, 14,99% voi RS trong bd dir 1iéu #A4. Nguoc lai, chi phi gidm
rat nhé 0,07% véi R3, 0,63% véi R9 trong bd dir liu #A3; giam 0,46% v4i R2,0,91%
v6i R10 trong bo dir liéu #A4. Chiing 13 nhitng phan tir robot c6 dudng di duoc khoi
tao tuong doi tot, két qua tim kiém cia thuat toan c6 mirc giam chi phi khong dang
ké. Thuét toan c6 kha nang "nhan thirc" va duy tri dugc muc chi phi ti¢ém can t8i wu
ma khong 1am thay d6i cau triic tot da co.

Hé s6 bién thién (CV) cua chi phi sau khi khéi tao phong doén, tinh theo chi s6
d6 1éch chuan (o), dao dong trong khoang rong: 8/10 phan tir co gia trj tir gan 1% dén
gan 8% (7,757% cta R1 va 5,184 ctia R6), 2/10 phan tir c¢6 gia tri khong qua 0,2%
R2 trong bo dir lidu #A3; 7/10 phan tir co gia tri tir gan 1% dén gan 14% (13,954%
cua R1, 5,899% cua R3 va 7,154% cua RS), 3/10 phén tur co gia tri khong qua 0,7%.
Hé s6 bién thién (CV) cta chi phi sau khi két thac tim kiém nhé hon rat nhiéu, dao
dong trong khoang hep: 8/10 phan tir ¢6 gia tri dudi 0,7%, 2/10 phén tir ¢6 gia tri 1on
hon 1% (2,834% cua R1 va 1,598% cua R6) trong bo dir li¢u #A3; 5/10 phﬁn tor co
gia tri dudi 0,4%, 5/10 phan tir c6 gi tri trong khoang 0,8% dén 5,7% (5,641% cua
R1, 2,075% ctua R3 va 2,489% cua RS5) trong bo dir li¢u #A4. Bén canh do, khoang
tin cay 95% (20) cta chi phi sau khi két thuc tim kiém d thu hep rd rang so véi chi
phi sau khi khéi tao phong doan.

Nhu vay, thuat toan ElasticABC di kham pha va tim ra cac dudng di ngan (ton
it chi phi hon) rat nhiéu so v&i nhitng két qua phong doan ban dau; thé hién kha ning
vuot trdi trong viéc tinh chinh va téi wru chi phi di chuyén; khong chi khic phuc duoc
cac duong di chua dat chit lugng ma con dam bao sy hdi tu chinh xac ddi véi cac
duong di don gian. Tinh 6n dinh cta thut toan ciing dugc thé hién qua xu hudng hoi
tu ctia bo dir liéu #A3 va #A4, khi két thiic vong 1ap ctia thuat toan, quan thé ong déu
ddng thuan tim vé mot ving két qua tdi vu rat sat nhau.

Pé xem xét d6 phuc tap cua dudng di va hoat dong diéu chinh sé luong diém

trung gian, xu huéng giam cua chi sé gia tri trung binh ciia s6 lugng diém trung gian
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& thoi diém sau khi két thuc giai doan tim kiém so v&i thoi diém sau khi khoi tao da
minh ching 16 rang & cac phan tir robot. Nhing phéan tir c6 chi sd gié tri trung binh
rat cao & giai doan khéi tao (17,28 cho R1, 14,42 cho R6 cua bd dir li¢u #A3; 23,4
cho R1, 14,08 cho R3 ctia bo dit liéu #A4) sau khi hoan thanh giai doan tim kiém, so
lugong diém trung gian da giam xuéng (5,96 cho R1, 6,46 cho R6 ctiia bo dir li¢u #A3;
14,52 cho R1, 7,10 cho R3 cua bd dit li¢u #A4). Gia tri trung vi cling giam tuong tu
& tat ca cac phan tir robot da hd trg cho xu hudng néi trén. Bén canh do, ty 1¢ giam
(so sanh gitra gia tri trung vi) cling c6 sy phan hoa 1o rang, phan anh mirc do triét tiéu
luong diém trung gian. Cu thé, 8/10 phan tir c6 mirc d giam trong khoang 15% cho
dén gan 70%, 2/10 phan ttr khong giam (R3 va R9 giit ty 16 0%) trong bo dit lidu #A3;
8/10 phan tir c6 mirc d6 giam trong khoang 33% cho dén 60%, 2/10 phan tir khong
giam (R2 va R10 giir ty 1€ 0%) trong bo dir li¢u #A4.

Phéi hop giita chi sé yéu vi (mode), ty 1 hoi tu va khoang bach phan vi (P5 P95)
cho s luong diém trung gian & thoi diém sau khi két thiic giai doan tim kiém da minh
chting cho céu trac duong di toi wu & mot s6 phan ti robot: 5/10 phan tir (R3, R5, R7,
RO va R10) dat ty 18 hoi tu trén 94% trong bo dir liéu #A3; 3/10 phan tir (R2, R7 va
R10) dat ty 18 hoi tu trén 94% trong bo dir liéu #A4. Cac két qua gan t6i wu dat dugc
& 5/10 phan tir robot trong bo dit liéu #A3 va 5/10 phan tir robot trong bo dit liéu #A4.

Nhu véy, trong khi giai doan khoi tao phong doan da thiét 1ap dudng di ban dau
véi cau trac du thira diém dé dam bao an toan va cham, hoat dong cua cdp toan tu doi
ngau, Co va Dan, ¢ giai doan tim kiém ong tho da tham gia tich cyc vao viéc dinh
hinh cau tric dudng di toi vu voi sé luong diém trung gian giam xudng rd rét. Pong
thoi, lugng giam cudi ciing ¢ sy khac biét 1 rang cho timg dudng di riéng 1é.

Trong bo dir li€u #A4, cac phén tor R1 va R3 co6 ty 1€ hdi tu 20% cling voi khoang
bach phan vi (P5 P95) lan luot 1a [9 21] va [4 10], 1a nhimg ngoai 1 khi két qua tim
kiém c6 sy phan tan. Két hop véi do 1éch chuin (o) va hé sb bién thién CV tuong
g, két qua duong di da phan anh sy ton tai cua nhiéu giai phap kha thi véi chi phi
chénh léch dang ké. Thuat toan ElasticABC d3 kham phé ra nhimg dudng di khac

nhau trong mdi 1an chay va tat ca chung déu hop 16. Mic du s6 lwong diém trung gian
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con & murc cao, thé hién qua gia tri trung binh 14,55 diém; chi phi trung binh da giam
dang ké so v6i khai tao (tir 37,8 xudng 30,0). Piéu nay khang dinh thuét toan ludn
cai thién dugc chéat lugng giai phap dau vao bt chap d6 kho khin ciia moi truong,
bao gém loai bo diém trung gian khong can thiét va giam chi phi.

DPé minh chung cho nhiitng nhan dinh trén, Hinh 4.5 va Hinh 4.6 1an lugt minh
hoa biéu d6 hop cua chi phi cho TH #1 va TH #2, phan anh su cai thién rd rang vé
chi phi & tat ca 10 phan tir robot. Trong dé, chi phi & thoi diém sau khi khoi tao 1a
hop mau hé)ng, dd cao 16n biéu thi sy phan tan cua chi phi sau khi khoi tao; chi phi ¢
thoi diém sau khi két thuc giai doan tim kiém 14 hop mau xanh, luén nam thap hon
hop héng; dd cao gidm ro rét; mot sb phﬁn tor ¢6 do cao hdp xanh rat mong, cho théy

quén thé da dat duoc su hoi tu gén nhu tuyét ddi voi muc chi phi cuc ky déng déu.
Biéu dd chi phi

55 %

50 =
o 45 - T
7 ~ —
)
2 =
(o)} -
5 ——
O T
= 30
o
o =
25 °
— =
20 —— ——
—
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Khé&i tao
[ Tim kiém

Hinh 4.5: Biéu doé hép ciia chi phi cho TH #I
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Biéu d6 chi phi

- %__
50
g
% 45 s
o 40 g
c ——
QD
= e) ——
2 35
o
Q
v % % % =
. . % ‘ ——
25 é %
20 —
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Khéi tao
0 Tim kiém

Hinh 4.6: Biéu do6 hop ciia chi phi cho TH #2

Vi két qua danh gia vé kha nang tdi uu chi phi duong di cling nhu cai thién cau
trac duong di thong qua diéu chinh sd luong diém trung gian, dir liéu cia TH #1 va
TH #2 cho thay su twong quan rat cao. Dau tién 14 kha nang cai thién cac két qua khoi
tao xdu dé cho ra duoc "nghiém dau ra" rat 6n dinh vé chi phi. Tiép dén su twong
dong trong ty 1¢ giam & ca gia tri trung binh va trung vi, udc tinh chi phi téng thé
dugc dam bao cit giam tir 15% dén hon 20%. Thuat toan ElasticABC di hoach dinh
hiéu qua duong di cho cac phan tir robot: tdi wu chi phi va rat gon cau tric dudng di
cho tung phén tor robot. Thudt toan cling thé hién dugc kha nang hoi tu va tinh on
dinh, khi dau vao khoi tao phong doan c6 thé phan tan nhung dau ra ludn 1a két qua
hoi tu vé mot vung hep voi do 1éch chuan thép. Viéc loai bo cac diém trung gian
"khong can thiét" ciing gop phan giam chi phi ham muyc tiéu cua timg phan ti.

Xét truong hop moi truong bién doi (TH #3) véi didu kién hoan toan khac vé

mat do vat can va kich thudc vat can khac so véi TH #1 va TH #2. Hinh 4.7 minh hoa
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vé cau hinh vi tri vat can trong TH #3. Céc phan tir robot ciing dugc khoi tao vi tri
bat dau va vi tri dich dén hoan toan ngau nhién trong viing khong gian trong ciia ban
d6. Bang 4.14 tong hop gia tri chi phi va s6 lugng diém trung gian & thoi diém hoan
thanh khoi tao phong doan va thoi diém két thiic giai doan tim kiém cho timg phan
ttr robot. Hinh 4.8 thé hién d6 thi duong di cua 10 ph;ﬁn tur, 1a két qua hoach dinh cua
thuat toan ElasticABC, hinh tron 1a diém bat dau, hinh vudng 1a diém két thuc, mdi

mau biéu thi hanh trinh di tim duoc cia mdt phan tir robot
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Hinh 4.7: Kich ban thu nghiém TH #3

Bang 4.14: Gid tri chi phi va s6 lwong diém trung gian, B div liéu #A5

Thir tw | Khdi tao phong doan ElasticABC Mirc giam
robot 1 cpi phi WP Chi phi WP | %chi | WP
phi
R1 33,717 12 29,408 6 12,78 6
R2 69,163 46 53,178 22 23,11 24
R3 20,465 3 20,395 3 0,34 0
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Thir tw | Khdi tao phong doan ElasticABC Mirc giam
robot | cp; phi WP Chi phi WP | %chi | WP
phi
R4 100,000 51 24,280 4 - 47
R5 29,400 4 29,183 3 0,74 1
R6 21,946 3 21,898 3 0,22 0
R7 19,531 2 19,531 2 0,00 0
R8 30,822 6 29,923 3 2,92 3
R9 26,389 6 22,511 4 14,70 2
R10 100,000 52 33,969 4 - 48
Tong 451,433 284,276
Elastic-ABC Multi-Robot Path Planning
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Hinh 4.8: Két qua dwong di t6i wu cho TH #3




S liéu vé chi phi va sé lugng diém trung gian cia TH #3 khang dinh sy nhat
quan trong cai thién cdu triic va chat luong giai phap cua thuat toan ElasticABC. Xu
huéng cat giam diém trung gian di dién ra & tat ca 10 phan tir robot, ty 1¢ giam trung
binh diém trung gian Ién tdi hon 39%. Bén canh do, ty 1€ cai thién trung binh cua céc
phan tir robot & mirc khodng 19,66% trong khi ty 1& cai thién tong chi phi 1a 37,03%
(tir 451,433 xudng con 284,276). Thuat toan khong chi tim kiém duong di ngan nhat
thé hién qua nd luc toi wu chi phi ma con tao ra duong di thich nghi theo diéu kién
moi trudng théng qua co ché co dan dé tdi wu cau tric. Xem xét chi tiét hon, dit liéu
clia phan tir R4 va R10 cho thay nang lyc cai thién chat luong giai phap dau vao bat
chap d6 khé khin ctia moi truong cua ElasticABC. Tir hién trang khéi tao cua hai
phan ttr 1a két qua voi muc chi phi va s6 luong diém trung gian rat 16n, giai thuat da
tim kiém dugc giai phap tot hon rat nhiéu: R4 c6 chi phi giam tr 100 xudng con
24,28, sb lugng diém trung gian giam tir 51 xudng 4; twong ty véi R10 ¢6 100 xudng
33,969 va 52 xudng 4. Thuat toan tiép tuc cai thién dugc chat lwong cua giai phap
duong di ban dau ngay ca khi gip phai kich ban khoi tao khong thanh céng do méi
truong cd do kho cao. Dt li€u thir nghi¢m tir kich ban TH #3 da minh ching tinh bén
virng cua thudt toan, hoat dong hi¢u qua trong diéu kién moi truong bién ddi.

S6 liéu cia phan tir R1, thé hién trong Bang 4.13, 1a ngoai 1¢ quan trong khi xem
xét vé sb luong diém trung gian trong giai phap duong di tim duoc boi thuat toan
ElasticABC. Chung 13 cac duong di c6 d6 dai quing dudng khong 16n so véi phén tir
robot khac nhung lai c6 s6 lugng diém trung gian rat 1on, nhu biéu d6 phan tan minh
hoa trong Hinh 4.9. M{t s6 két qua thtr nghiém don 1¢ cu thé hon, thé hién qua vung
danh dau trong Hinh 4.10, da bdc 10 hién tugng gép khuc trong duong di. Cu thé hon,
phan tir robot R1 (Hinh 4.10.a) ¢6 13 diém trung gian, phan tir robot R2 (Hinh 4.10.b)
¢6 19 diém trung gian; ty trong 16n diém trung gian lai tap trung trong khoang khong

gian rat nho, biéu thi duong di tai d6 da d6i hudng lién tuc.
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Hinh 4.9: Biéu do phdn tan cia trung binh chi phi va sé lwong diém trung gian
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Hinh 4.10: Hién twong gap khiic trong dwong di
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Xem xét hoat dong cua k¥ thuat DeZigzagPath trong kich ban thu nghiém cu
thé TH #4 va TH #5; thut toan ElasticABC da hoan thanh viéc tim kiém dudng di
gan t0i wu va DeZigzagPath dugc dung dé xur 1y hién tuong gip khuc. Bang 4.15 tong
hop sb liéu vé chi phi (46 dai duong di) cho ba giai doan: khdi tao, két qua cua thuat
toan ElasticABC, va két qua sau khi 4p dung k¥ thuat DeZigzagPath, xét cho truong
hop TH #4, Bo dir liéu #A6. Tuong tu 1a Bang 4.16 xét cho truong hop TH #5, Bo
dir liéu #A7. Hinh 4.11 va Hinh 4.12 minh hoa db thi duong di ctia 10 phan tir robot
cho hai kich ban thu nghiém cua trude va sau khi ap dung DeZigzagPath, hinh tron
1a diém bét dau, hinh vudng 1a diém két thiic, mdi mau biéu thi hanh trinh di tim dugc
ctia mot phan tir robot.

Pbi chiéu hinh anh duong di ctia céc robot cho thidy DeZigzagPath da khong
khong thay doi cdu tric toan cuc ciia duong di trong khi sé liéu thu duoc di minh
chting 6 rang vé hoat dong loai bé diém trung gian thira va dudi thang cac doan gap
khiic khong can thiét. S6 liéu ndi bat nhat 1 cia hai quy dao "phirc tap": phan tir R2
trong TH #4 véi 25 diém trung gian di giam xudng chi con 7 diém, phan ti robot R1
trong TH #5 v&i 19 diém trung gian di giam xudng chi con 4 diém. Do dai duong di
da giam rd rét twong ing 12% v&i R2 (tir 56,777 xubng con 49,904) va 22% vai R1
(tir 34,497 xudng con 26,771). Bén canh d6, DeZigzagPath di tinh chinh cho cac
phan tir R3, RS, va R6 trong TH #5, cit giam s luong dang ké diém trung gian, 2
dén 3 diém, trong khi do dai dudng di giam khong dang ké, dudi 1%. Cudi cing, sd
liéu dinh lwong cua cac phan tir robot con lai khang dinh tinh chat bao toan cua
DeZigzagPath dbi véi nhitng duong di da t6i wu, quan sat dinh tinh qua do thi duong
di. Nhu vay, di liéu thuc nghiém da cho théiy DeZigzagPath 1a mot budc xir 1y hau
ky can thiét cho nhitng duong di gap khic.

Bang 4.15: Gid tri chi phi va sé lwong diém trung gian, Bé dir liéu #46

Thu tw | Khéi tao phong doan ElasticABC DeZigzagPath
robot | i phi WP Chi phi WP Chiphi | WP
R1 32,483 12 29,199 5 29,199 5
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Thi tw | Khéi tao phong doan ElasticABC DeZigzagPath
robot 1 Chi phi WP Chi phi WP Chiphi | WP
R2 71,08 | 46 56,777 | 25 49,904 | 7
R3 20,452 3 20,395 3 20,395 3
R4 25,597 9 23,893 4 23,893 4
R5 29,374 4 29,183 3 29,183 3
R6 21,92 3 21,898 3 21,898 3
R7 19,531 2 19,531 2 19,531 2
RS 30,899 5 29,906 3 29,906 | 3
R9 23,315 5 22,493 4 22,493 4
R10 100 | 52 33,824 4 33,824 | 4
Téng sb 374,651 287,099 280,226

Bang 4.16: Gia tri chi phi va

6 lwong diém trung gian, Bé dir lidu #47

Thu tw | Khéi tao phong doan ElasticABC DeZigzagPath
robot | i phi WP Chi phi WP Chiphi | WP

R1 52,647 46 34,497 19 26,771 4
R2 27,074 5 26,313 3 26,313 3
R3 29,159 13 23,826 7 23,748 4
R4 41,656 10 38,225 4 38,225 4
R5 31,166 14 25,232 6 25,029 3
R6 23,517 13 20,058 6 19,925 4
R7 27,853 7 26,385 4 26,385 4
R8 55,506 10 54,216 5 54,216 5
R9 43,091 5 42,191 4 42,191 4
R10 36,754 4 36,373 3 36,373 3

Tong so 368,423 327,316 319,176
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Hinh 4.11: Puong di khi dp dung ky thudt khir gdp khiic, TH #4
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Hinh 4.12: Puong di khi dp dung ky thudt khir gap khiic, TH #5
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4.4 Danh gia hoat dong ciia ElasticABC v6i ABC truyén thong

Céc thir nghiém ElasticABC da cho thiy duong di cua robot ¢6 vi tri cac diém
trung gian thich nghi mot cach c6 hi¢u qua vdi do phuec tap ctia méi truong thong qua
co ché co dén sir dung cdp toan tir d6i ngau két hop véi khoi tao phong doan. Thuat
toan luon hoat dong mot cach tin cay trong diéu kién moi truong bién doi, xem xét
vat can c6 dang da giac 10i. Két qua dat duoc cho thiy sy can bang giita kha ning
khém pha va kha nang khai thac. Trén co s& do, ElasticABC dugc thir nghiém so sanh
v6i thuat toan ABC truyén théng (cABC), thong s thiét 1ap duoc liét ké nhu Bang
4.17. Trong d6, gia ti s6 luong diém trung gian duoc giit cd dinh 1a 5, s6 1an thir lién
tiép tang 1én 30; hai thong s con lai gilr nguyén.

Bdng 4.17: Théng sé cho thudt todn ABC truyén thong

Théng sb Gia tri Mb ta
nPop 25 S6 lugng ca thé trong quan thé ong.
1WP 5 S6 luong diém trung gian
o S6 1an thir lién tiép ma ong tho va ong quan sat
Limit 30
thuc hién trude khi tir bo mot giai phap
MaxIt 100 S6 vong lap tdi da cua giai thuat ElasticABC

Hinh 4.13 minh hoa két qua tim kiém duong di cua thuat toan ElasticABC va
cABC. Trong d6, dudng nét lién thé hién duong di tdi vu cua ElasticABC va dudng
nét dat biéu thi két qua ciia cABC. Pudng di ciia mdi robot dugc thé hién bang mot
mau sic khac biét. Bang 4.18 mé ta két qua chi phi va sé luong diém trung gian cia
tuong tng cABC va ElasticABC; mirc giam chi phi (%) va sé luong WP cia
ElasticABC so véi cABC. S6 liéu chi phi cua phan tir R3, R4, R8 va R9 cua thuat
toan cABC truyén thong 1én hon phan anh tinh hudng giai phap duoc tim kiém da vi
pham ham phat va cham. Gia tri chi phi la két qua cudi cung cua ham muc ti€u, tuong

ung véi d dai hanh trinh cua ting robot.
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Hinh 4.13: Két qua ciia ElasticABC (a) va ABC truyén thong (b)
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Bang 4.18: Gid tri chi phi va s6 lwong diém trung gian

Thir tw cABC ElasticABC Mirc giam
robot 1 cpi phi WP Chi phi WP | %chi | WP
phi
R1 26,281 | 7 17266 | 2 3430 5
R2 29338 | 7 25,102 3 1444 4
R3 1.037,300 | 7 40,552 | 6 o
R4 1.021,500 | 7 18,571 | 4 3
RS 54641 | 7 46,624 | 7 1467 0
R6 43,725 7 42,536 4 272| 3
R7 46,065 | 7 41340 5 1026 2
RS 1.037,900 | 7 39052 | 5 2
RY 1.050,700 | 7 50976 | 7 oo
R10 35,664 | 7 35396 | 4 075 3

Dit liéu thu duoc da thé hién r6 rang nhimg loi thé dang ké cua ElasticABC so

v6i mé hinh ABC truyén thong, dic biét 1a vé tinh kha thi va hiéu qua cdu tric cia

hanh trinh cling nhu do 6n dinh trong hoat dong.

- Kha ning thoat khoi biy cuc bo ddi véi phan tir R3, R4, R8 va R9; ElasticABC

van tim dugc giai phap dudng di trong khi thuat toan cABC khong tim duoc.

- Sy ctmg nhic trong cau trac duong di trong thuét todn cABC, s6 diém trung

gian ¢ dinh (7); nguoc lai, ElasticABC da linh hoat diéu chinh giam tuy thudc vao

di€u ki€én moi truong.

- Hiéu qua hoat dong thé hién qua mirc giam chi phi ciing nhu s6 luong diém

trung gian thap hon rd rét giita ElasticABC so véi ABC truyén théng: 10/10 phén tir
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c6 chi phi giam; 4/10 phr:in tir co két qua tim kiém, khong gip bay cuc bo (R3, R4,
R8 va R9); 4/10 phan tir c6 mirc giam hon 10% (R1, R2, R5 va R7); 2/10 phén tir c6
muc giam dudi 5% (R6 va R10).

Nhu vay, ElasticABC c6 kha nang manh mé trong viéc diéu hudng va tim kiém
giai phap gan ti wu trong moi truong phirc tap ma md hinh tiéu chuan khong thé
vuot qua. Khoang cach hiéu suat nay bat ngudn tir mot sy thay d6i mé hinh co ban:
bang cach chuyén tir t6i wu hoa tham sd sang tdi wu héa ciu tric, ElasticABC diéu
chinh dong mat d6 diém trung gian dé phu hop véi cau trac dia hinh méi truong cuc
bo, tur do giai quyét dugce triét dé han ché von c6 cua chién luge tim kiém co kich

thuée cb dinh.
4.5 Thir nghiém va danh gia hoat dong cia DCM

Kich ban m6 phong dugc thuc hién dé danh gia hiéu suat cuia DCM; khong gian
lam viéc dugc thiét lap bﬁng mdt ban dd sd kich thudc 25x25; hé théng da robot gém
¢6 50 phan tir. Do nhing han ché vé kha nang tinh toan ciia may tinh dung dé mo
phong, s6 lugng robot va kich thuéc ban dd duoc gidi han twong tmg nhu da dé cap
trong mo hinh mo6 phong. Thuat toan tim duong A* dugc st dung dé tao dit liéu dau
vao. Tung phén tor dugc phan cong nhi¢m vu di chuyén tr mot toa dd xuét phat dugc
tao ngau nhién (10, G20,---,qno) dén mot toa d6 dich dugc gan ngiu nhién
(q16) Q26 --» Gnc)- Yéu t6 ngdu nhién néi trén 1am cho mdi 1an chay mé phong co
thé tao ra mot tap dit liéu cac diém giao cat dudng di duy nhat. Ngoai ra, su xuat hién
clia cac vat can tinh ciing 1am bién d6i khong gian tim kiém, dan dén sy thay d6i vé
vi tri va mat do cta cac diém giao cit.

Pé xem xét hoat dong cia DCM trong nhiing bbi canh méi trudng cu thé, danh
gia dua trén dir li¢u dinh lugng tir viéc chay mo hinh mé phong. Ba trudong hop duoc
dé xuét nhu sau:

i. Thir nhat 13 dinh luong su bat dinh, DCM duoc chay 100 lan trén cung mot
tap dir liéu diém giao cat duy nhat. Cac chi s6 théng ké mo ta, nhu gia tri trung binh,

dd 1éch chuén, khoang tr phan vi, trung vi, dugc ap dung cho gia tri ham muyc tiéu tdi

110



thiéu va sd lwong robot mdi cu, nham danh gia d6 6n dinh hiéu suét va sy bién thién
c4u hinh cta thuat toan.

ii. Thir hai 1a phan tich d6 nhay, kiém chimg DCM khi c6 bién dong dau vao:
bon tap dir li¢u diém giao cit riéng biét dugc tao ra tir cac cdp diém xuét phat-dich
ngiu nhién khac nhau. DCM dugc chay 100 1an trén mdi tap dir liéu nay dé so sanh
dic tinh phan cum, qua d6 danh gia do nhay cta hé thong dudi cac diéu kién dau vao
thay doi.

iii. Thir ba 1a danh gia kha nang khai quat cia DCM, kiém chung qua hai loai
moi trudng: (1) giam quy mo xudng 25 robot trong ban d6 khong vat can, va (2) giir
nguyén 50 robot trong mdi trudng cd vat can ngiu nhién. V4i 100 1an thyc thi cho
mdi trudng hop, két qua phén tich s& ching minh kha ning ing dung rong rii ciia
thuat toan trudc cac thay doi vé quy mo va do phirc tap moi trudng.

Trong ca ba trudong hop, mé hinh GMM lra chon s6 lwong thanh phan (sé cum)
1a ¢6 dinh, K = 3; duogc thuc day bai su phan chia khéng gian lam viéc theo truc giac
kinh nghiém. Thuat todn EM duoc chay lap voi ) vong lap tdi da 1a 100; thuat toan
hoi tu thong qua gidm sat gia tri kha ning cuc dai tich lily qua mdi vong lip. Mo
phong ding khi bién thién trong gia tri tich luy giita cic vong lap lién tiép thap hon
ngudng 1x107, khi d6 udc luong tham sé di dat dén ngudng 6n dinh.

Phén tich va danh gi4 hiéu sut hoat dong thong qua cac thong sé bao gdm: gia
trj t6i thiéu ctia ham muc tiéu, f,, fmins sO lugng phan tir robot trong timg cum theo
mdi cau hinh va ty 1& robot dugc phan cum, 7. Bang 4.19 tong hop két qua ctia thong
sd noi trén va Bang 4.20 minh hoa chi sb théng ké mo ta ddi voi dit liéu £, jmin VA
$6 lugng robot cua cac cum.

Bdng 4.19: 86 liéu ciia truong hop mé phong thir nhdt

fobjmin Sé lqung phi}in tir Fel fobjmin Sf’) lu’qng phﬁn twr el
trong cum (%) trong cum (%)
#1 #2 #3 #1 #2 #3

0,0593 27 25 43 100 | 0,0564 31 43 25 100

0,0641 25 24 36 100 | 0,0563 26 36 33 100

0,0565 36 25 35 100 | 0,0575 37 25 32 100

111




fobjmin S6 lwong phan tir ra | fobjmin So lwong phan tir Iel
trong cum (%) trong cum (%)
#1 #2 #3 #1 #2 #3
0,0553 36 33 27 100 | 0,0565 37 25 34 100
0,0635 34 28 23 100 | 0,0565 34 25 37 100
0,0558 25 33 41 100 | 0,0519 37 31 33 100
0,0577 29 25 43 100 | 0,0612 39 35 21 100
0,0565 34 37 25 100 | 0,0553 33 27 36 100
0,0557 33 35 27 100 | 0,0614 25 32 29 100
0,0606 23 29 41 100 | 0,0593 27 43 25 100
0,0575 32 37 25 100 | 0,0593 27 43 25 100
0,0565 37 25 34 100 | 0,0544 34 28 35 100
0,0565 36 35 25 100 | 0,0570 25 30 43 100
0,0565 36 25 35 100 | 0,0525 37 30 33 100
0,0558 41 25 33 100 | 0,0565 37 34 25 100
0,0553 33 27 36 100 | 0,0541 33 35 29 100
0,0593 25 27 43 100 | 0,0584 34 39 23 100
0,0565 25 34 37 100 | 0,0531 29 35 35 100
0,0558 33 25 41 100 | 0,0538 31 35 31 100
0,0563 33 36 26 100 | 0,0595 30 24 38 100
0,0531 35 29 35 100 | 0,0584 43 28 25 100
0,0531 29 35 35 100 | 0,0561 32 42 25 100
0,0586 23 33 40 100 | 0,0565 25 37 34 100
0,0565 34 25 37 100 | 0,0577 29 43 25 100
0,0563 33 26 36 100 | 0,0558 25 32 43 100
0,0561 25 42 32 100 | 0,0586 40 33 23 100
0,0558 43 32 25 100 | 0,0563 33 26 36 100
0,0525 32 33 34 100 | 0,0558 32 43 25 100
0,0521 35 32 33 100 | 0,0593 27 25 43 100
0,0565 35 36 25 100 | 0,0553 34 35 27 100
0,0565 37 34 25 100 | 0,0577 29 43 25 100
0,0538 31 35 31 100 | 0,0570 30 43 25 100
0,0570 25 43 30 100 | 0,0565 25 36 35 100
0,0563 36 33 26 100 | 0,0558 25 32 43 100
0,0536 34 35 29 100 | 0,0628 25 34 26 100
0,0564 31 43 25 100 | 0,0565 36 25 35 100
0,0541 29 35 33 100 | 0,0549 28 33 35 100
0,0538 31 35 31 100 | 0,0565 25 34 37 100
0,0521 35 33 32 100 | 0,0538 35 31 31 100
0,0614 29 25 32 100 | 0,0541 33 35 29 100
0,0545 36 28 33 100 | 0,0552 29 35 31 100
0,0539 30 32 35 100 | 0,0589 38 31 24 100
0,0614 29 25 32 100 | 0,0553 33 27 36 100
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fobjmin S6 lwong phan tir Yol fobjmin So lwong phan tir rel
trong cum (%) trong cum (%)
#1 #2 #3 #1 #2 #3
0,0565 37 34 25 100 | 0,0538 31 35 31 100
0,0531 35 35 29 100 | 0,0579 36 38 23 100
0,0586 23 40 33 100 | 0,0579 36 23 38 100
0,0579 36 23 38 100 | 0,0565 25 37 34 100
0,0593 25 43 27 100 | 0,0644 23 36 26 100
0,0558 25 41 33 100 | 0,0614 29 32 25 100
0,0544 28 34 35 100 | 0,0577 25 29 43 100
Bang 4.20: Chi s6 théng ké cua dir liéu, Bé dit liéu #D1
S6 lwong phan tir trong cum
fobjmin #1 ‘ #2 #3
B¢ dir lieu #D1
Trung binh 0,0567 31,38 32,67 31,82
Do léch chuan 0,0026 4,89 5,73 5,9
Trung vi ’ 0,0565 32 33 32,5
(T&F)’han vi thir nhat 0,0553 27 2775 | 25.75
Tw phén vi tha ba (Q3) | 0,0579 35 35,25 35,25
Khoang tir phan vi
(IQR) 0,0026 8 7,5 9,5
Khoang tin cdy 95% (0,0515
(20) 0,0619)

Chi s6 thong ké cua f,), jmin €hO thdy gi4 tri cia ham téi vu dat duoc su 6n dinh

va nhat quan rat cao. Dit liéu c6 xu hudng tap trung, thé hién thong qua sy hdi tu gitra

gia tri trung binh 0,0567 va trung vi 0,0565; d@)ng thoi, murc chénh léch 0,0003 Ia

khong dang ké so v6i do 1éch chuan 0,0026. Sy chénh 1éch nay ciing phan anh phan

phoi dir liéu doi xing voi do 1éch ve bén phai khong dang ké. Hon nira, mot bi€u hi¢n

1d rang vé mirc d bién thién thip cua dit liéu chinh 1 do 1éch chuan 0,0026 va khoang

t& phan vi 0,0026 rat nho, phan 4nh mat do tap trung dir liéu rat 1on quanh gia tri

trung binh, Hinh 4.14 minh hoa biéu d6 phan phéi dir lidu. Su twong dong giita gia

tri khoang tin cay 95% (20) 1a (0,0515 0,0619) va khoang thyc nghi€ém quan sat dugc

ctia dir lidu, tir 0,0518 dén 0,0644 cing cd thém sy nhat quan noéi trén. Ky thuat

bootstrapping da duoc ap dung v6i 10.000 mau tai 1ap dé danh gia thém vé do tin cay
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cuia gid tri trung binh f,p jynin, k§ thudt, minh hoa nhu biéu d6 cua Hinh 4.14. Biéu do
dir liéu tuan theo quy lut phan phdi chuan va c6 mat do tip trung rat cao quanh gia
tri trung binh 0,0567, tring khép vdi trung binh mau gdc, cho thiy day 1a mot wéc
lugng chinh xéac va khong chéch. Do I¢ch chuén cua phan phéi tai mau nay cé gia tri
cuc nho 14 0,00026, thap hon dang ké so vai do 1éch chuan cua dit lidu gde (0,0026),
phan anh do phan tan cia cac diém dir liéu riéng 1¢. Ngoai ra, khoang tin cay 95%
(0,0561 0,0572) rat hep, thu dugc tir phan tich bootstrap, cang khéng dinh nhan dinh

trén.

Histogram of Original fobjmin Data

fobjmin Value

Histogram of Bootstrapped fobjmin Means

0
0.05575 0.05600 0.05625 0.05650 0.05675 0.05700 0.05725 0.05750 0.05775
Bootstrapped fobjmin Mean

Hinh 4.14: Biéu dé tan sudt dit liéu f,, jmin VA gid tri tai lgp
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Céc chi sb thong ké di cho thay xu hudng tap trung tuong dong trong phan chia
phén tu robot gitra ba cum. Cu thé, gia tri trung binh va trung vi cta tAt ca cac cum
déu tap trung trong mot khoang hep tir 31 dén 33 robot; sy gan nhau gitta hai chi sd
nay trong mdi cum goi ¥ rang dir liéu c6 phan bd tuong ddi ddi ximg. Mic du xu
hudng tap trung 1 twong dong, mirc do phéan tan gitra cdc cum c6 sy khac biét nhat
dinh. Cuy thé, Cum s6 3 thé hién do bién thién cao hon (d6 1éch chuan 5,90 va khoang
to phan vi 1a 9,50) so véi tinh 6n dinh cao ctia Cum sd 1 va Cum sb 2. Diéu nay chi
ra rang sb luong robot trong Cum sé 3 phéan tan nhiéu hon so v&i hai cum con lai.
Tuy vay, nhin chung sy phan bo robot van dam bao sy can bang can thiét.

Xét mot cau hinh phan cum cuy thé da tim duogc (35 25 24), Bang 4.21 liét ké cac
phan tir robot theo timg cum, twong ung véi Hinh 4.15.a minh hoa d6 thi diém giao
cit; Hinh 4.15.b 1a d6 thi minh ctia mot cau hinh khac cho cting mét bo dit lidu.

Bang 4.21: Phdn bé robot theo cum
R1 R2 | R3 R4 | RS R6 | R7 | R8 | R9 | R10

Cum 1 X X X X X X X
Cum 2 X X X X X X
Cum 3 X X

R11 | R12 | RI3 | R14 | R15 | R16 | R17 | RI8 | R19 | R20

Cum 1 X X X X
Cum 2 X X X X X X X
Cum 3 X X X X X X

R21 | R22 | R23 | R24 | R25 | R26 | R27 | R28 | R29 | R30

Cum 1 X X X X X X X
Cum 2 X X X X X
Cum 3 X X X X X

R31 | R32 | R33 | R34 | R35 | R36 | R37 | R38 | R39 | R40

Cum 1 X X X X X X X X

Cum 2 X X X X
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Cum 3 X X X X

R41 | R42 | R43 | R44 | R45 | R46 | R47 | R48 | R49 | R50
Cum 1 X X X X X X X X X
Cum 2 X X X
Cum 3 X X X X X X X
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Hinh 4.15: Phdn bé diém giao cdt theo cum
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Két qua mo phong da lam rd do tin cdy vé hiéu suat phan cum cia DCM khi dbi
mit v6i su bién thién ctia ciu hinh cum. Hiéu suat tong thé, duoc dinh luong bang
cac gia tri fop imins thé hién sy 6n dinh. Két luan nay dugc cung ¢ bai khoang tin cay
95% rat hep (0,0561 0,0572) thu dugc thong qua ki thudt bootstrapping. Su nhét quan
nay dic biét ddng chi y khi ddi chiéu véi nhitng bién dong khac nhau trong cac ciu
hinh cum co s, noi s6 luong robot mdi cum thay d6i giita cac 1an chay mo phong
khac nhau. Kha nang duy tri mtrc d6 6n dinh va nhét quan, ngay ca khi phan b robot
thay doi, da chirng minh d¢ tin cy vé hiéu suit ctia phuwong phap DCM. Phuong phap
nay thich tng hiéu qua vo1 cac bién dong ndi bd ma khong lam anh hudng dén muc
tiéu hiéu suét tong thé.

Bdng 4.22: Chi s6 thong ké cua dir liéu, B dir liéu #D2 dén #D5

B6 miu Fobimi S6 lwong phin tir trong cum
tai lap objmin #1 | # #3
Bé dit lidu #D2
Trung binh 0,0642 | 00642 | 2981 | 30,28 | 29,75
D6 léch chudn 0,00021 | 0,0021 7,65 7,88 8,21
Trung vi , 0,0642 | 0,0653 29 29 29
(Té”’l‘)’han vi thir nhat 0,0640 | 0,0646 23 23 2
T phan vi tht ba (Q3) | 0,0643 | 0,0655 | 36,25 38 38
Khoang t&r phéan vi
- 0,00028 | 0,0009 13,25 15 16
(IQR)
Khoang tin cay 95% (0,0638, | (0,0599,
(20) 0,0646) | 0,0685)
Bé dit lidu #D3
Trung binh 0,0611 0,0611 | 29,96 | 2946 | 31,29
D6 léch chudn 0,00014 | 0,0014 6,89 6,13 7,18
Trung vi 0,0611 0,0615 28 27 28
(T&F)’han vi thir nhat 0,0610 | 0,0594 24 24 25,5
T phan vi tht ba (Q3) | 0,0612 | 0,0623 | 37,25 37 38
Khoang tr phéan vi
- 0,00018 | 10,0029 13,25 13 12,5
(IQR)
Khoang tin cay 95% (0,0608, | (0,0583,
(20) 0,0613) | 0,0638)
Bé dit lidu #D4
Trung binh 0,0563 | 00563 | 32,15 | 32,13 | 31,27
D6 léch chudn 0,00017 | 0,0017 5,12 5,33 4,94
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B§ miu Fobimi S6 lwong phan tir trong cum
tai 1ap objmin #1 #2 #3

Trung vi , 0,0563 0,0566 29 29 29
(T(gl‘)’han vi thir nhat 0,0562 | 0,0564 27 27 27
Ti phan vi tht ba (Q3) | 0,0564 0,0570 37 37 36
Khoang tir phan vi

; 0,00022 | 0,0006 10 10 9
(IQR)
Khoang tin ciy 95% (0,0560, | (0,0529,
(20) 0,0566) | 0,0596)

B dit liéu #D5

Trung binh _ 0,0645 0,0645 30,57 29,3 27,69
Do léch chuin 0,0003 0,0031 5,99 6,08 6,32
Trung vi , 0,0645 0,0636 34 32 28
(T(gl‘)’han vi thir nhat 0,0643 | 0,0625 | 255 24 22
T phan vi tht ba (Q3) | 0,0647 0,0667 35 34 34
Khoang tr phéan vi

: 0,0004 0,0042 9,5 10 12
(IQR)
Khoang tin ciy 95% (0,0639, | (0,0584,
(20) 0,0651) | 0,0706)

Céc chi s6 thong ké phuc vu phan tich d6 nhay duoc tong hop trong Bang 4.22;
bao gdm gia tri f,p, jmins sd lwong phén tir robot trén mdi cum, bo mau tai 1ap 10.000
gia tri cua k¥ thuét bootstrapping, ap dung 1én bo dit li€u f,p jmin gbc. Nhin chung, s6
liéu cho th?iy DCM c6 kha nang thich ung cao: (1) duy tri su on dinh ndi tai trong
timg bd dit liéu (do 1éch chuan thap); (2) linh hoat thay ddi ciu hinh phan cum (gia
trj trung binh thay doi) dé phu hop véi dic thu cua timg tap dir liéu ddu vao méi. Pidu
nay chung minh thudt toan khéng bi "rap khuén" ma thuc su bién d6i theo dit lidu
dau vao.

Vi¢c phan tich ting b dir li¢u riéng 1&, tir B dir liu #D2 dén Bo dit liéu #D5,
tiép tuc cho thdy DCM mtc hiéu suat 6n dinh va nhat quan cia DCM; diéu nay twong
tur két qua quan sat duoc trong kich ban moé phong dau tién. Xét trén tong thé ca nim
bd dir lidu, phan tich d nhay lai x4c nhan mot thé manh ¢t 16i khac ciia DCM: su
phu thudc chat ché vao tirng bo dir li¢u cu thé. Diéu nay dugc minh chiing dinh luong

qua cd ham muc ti€u va su phan bo robot. Gia tri trung binh va trung vi cta f,p jmin
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dao dong dang ké, tir murc thép nhét 12 0,0563 & Bo dit liéu #D4 dén mirc cao nhét 1a
0,0645 ¢ Bo dir liéu #D5. Didu nay dugc cung c¢d thém bdi chi s lién quan dén phan
bd s6 lugng phan tir robot theo cum. Trong d6, gid tri trung binh va d6 l1éch chuan
ctia moi cum thay doi dang ké qua cac bo dir li¢u, phan anh sy thanh cong cia DCM
trong viéc tai phan bd robot mét cach linh hoat dé tuong thich véi tap dir licu dau vao
cu thé. Nhu vay, phan tich d§ nhay da xac nhan su thich nghi cia DCM ma khéng bi
rang budc badi mot cau triic phan cum t6i uu duy nhat cho moi truong hop. DCM ¢
kha ning duy tri sy 6n dinh cho mét bai toan cu thé ngay ca khi c6 nhitng thay doi

trong cau hinh ndi bd cla tung cum; dong thoi co6 the tai 1ap hoan toan cau hinh cym

de phu hop vdi cac bai toan méi.

Bang 4.23: Chi s6 thong ké cua dir liéu, Bé dir liéu #D6 va #D7

B6 miu Fobimi S6 lwong phan tir trong cum
tai 1ap objmin #1 #2 #3
B6 dit liéu #D6
Trung binh _ 0,1413 0,1413 | 1324 | 1334 13,82
D6 léch chuan 0,0011 0,0107 33 3.2 3,14
Trung vi , 0,1413 0,1355 14 14 15
T phan vi thir nhat 0,1406 | 0,1355 10 10 11
(QI)
Tw phan vi thu ba
- 0,142 0,15 15 16 16
(Q3)
Khoang tir phan vi
- 0,0014 0,0145 5 6 5
(IQR)
Khoang tin cay 95% | (0,1391, | (0,1200,
(26) 0,1434) 0,1626)
BG dit liéu #D7
Trung binh _ 0,0626 0,0626 | 30,76 | 30,14 31,45
D6 léch chuan 0,00023 0,0023 8,52 8,25 8,41
Trung vi , 0,0625 0,0623 27.5 26 30
(T&F)’han vi thir nhat 0,0624 0,0619 23 23 23
(T&f)’han vi thir ba 0,0627 0,0625 38 37.25 37.25
Khoang tir phéan vi
- 0,00031 | 0,00069 15 14,25 14,25
(IQR)
Khodang tin cay 95% | (0,06210, | (0,05799,
(26) 0,06301) | 0,06712)

119




Céc chi sb thong ké duoc trinh bay trong Bang 4.23 duoc dung kiém chimg kha
ning tong quat hoa cia DCM; 1a s6 liéu tuwong Gng voi hai truong hop cua kich ban
mo phong thir ba. 6 1a trudng hop giam sé luong robot, véi 25 robot hoat dong trong
ban dd 25x25 khong c6 vat can, va trudng hop st dung day da 50 robot trong ban d6
25x25 c6 vat can. Ky thuét bootstrapping duoc ap dung cho dit licu f,p jmin gbc voi
10.000 mau tai lap, dé uéc lugng do 6n dinh cua gia tri trung binh cua f,p jmin. Du
van hanh & quy mé nho don gian (25 robot, khong vat can) hay quy mo 16n phuc tap
(50 robot, c6 vat can), cac chi so thong ké va két qua bootstrapping déu cho thay sy
6n dinh tuong duong. Piéu nay khang dinh tinh chat doc 1ap v6i moi truong cla giai
phap DCM.

Phén tich chi s6 théng ké cua Bo dir liéu #D6 va B9 dir liéu #D7 da cho thay
hiéu suat phan cum 6n dinh va tin cdy qua hai trudng hop van hanh khac nhau. Két
luan nay duoc cing cb thong qua két qua théng ké cho bo dir liéu tai mau. Vi du,
trong B0 dir liéu #D7, trung binh bootstrapping 13 0,0626, ddng nhit v6i trung binh
mau gbc; sai s6 chuan tuong Gmg 14 0,00023, nho hon dang ké so voi d6 1éch chuan
cua dir liéu géc 1a 0,0023. Khoang tin cay 95% hep (0,06210 0,06301) da cung cb
tinh hop 1& va do 6n dinh cta udc lugng trung binh. Hon nita, co ché phan bd phan
tir theo cum dé chi ra duoc xu huéng can bang rd rang trong ca hai trudng hop. Cac
cum thé hién sy tuong dong vé xu hudng tap trung va do phan tan; phan anh phuong
phap phan cum khong bi thién 1éch va bién dong; viéc gan robot 1a dong déu qua cac
lan chay thuc nghiém. Quan trong hon, cac phan tich nay cho thay sy 6n dinh twong
duong trong hiéu suat phan cum ctia DCM dudi hai trudng hop riéng biét: giam sd
luong tac tir voi 25 robot trong ban db khong vat can, va ddy du 50 robot trong ban
d6 co vat can. Khi xem xét két hop voi cac danh gia cho kich ban dau tién, diéu nay
da ching minh bang thyc nghiém kha ning tong quat héa va tinh chat doc 1ap cia
phuong phap DCM véi méi trudng hoat dong ctia hé thong da robot.

Céc phén tich dinh luong da khang dinh hiéu qua phan cum ctia phuong phéap
DCM; dic biét 1 kha nang duy tri can bang tai tong thé thong qua viéc ludn gilr 6n

dinh gia tri ham muc ti€u f;j;. Tuy nhi€n, mt quan sat dang chu y la do 1éch chuin
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vé $6 luong phr:in tur trong cac cum lai bién dong 16n, thé hién nhat quan qua h¢ sb
bién thién (CV) dao dong tir 15% dén 30% trong moi kich ban thir nghiém. Dudi goc
dd hinh hoc, su bién dong s6 lieu nay minh ching cho su tdn tai clia cac vung giao
thoa twong d6i 16n gitra cac cum, phan anh diing ban chat xac suat ciia md hinh GMM.
Thay vi 1a sy thiéu 6n dinh, dic tinh nay biéu hién cho tinh linh hoat va kha nang
thich nghi ndi tai cia DCM trudc sy phirc tap cia moi truong. Dé 1am 13 co ché thich
nghi ndy, phan tiép theo s& tap trung phan tich va danh gia sau hon vé do phan tan
khong gian cua cac cum.

Céc chi s thong ké duoc trinh bay trong Bang 4.24 dugc dung kiém ching sy
sap xép khong gian va tinh nhat quan ctia mdi cum théng qua danh gia dinh luong xu
hudng tap trung va do phan tan cta dit lidu. Cac chi s6 bao gdm gi4 tri trung binh, do
1éch chuéan (SD), trung vi va khoang tr phan vi (IQR) cho dit liéu toa do X va Y cua
ba tdm cum riéng biét trong kich ban mo phong dau tién.

Két qua vé do léch chuan trén tit ca cac cum kha twong dong, dao dong trong
pham vi hep tr 3,84 dén 4,47. Cu thé, Cum #2 c6 su bién dong khong gian 16n nhat,
minh ching bdi toa d0 Y c6 do 1éch chuan cao nhét (4,47) va IQR rong nhét (9,43).
Tuong tu, toa do X cia cum nay ciing c6 dd phan tan cao véi SD 1a 4,06 va IQR 1a
7,88. Cum #3 cho thay d¢ tap trung cao hon, v6i toa d6 X hién thi do 1éch chuén thap
nhat (3,84) va IQR nho nhit (7,41). Toa @6 Y ctia cum nay c6 d trai rong hon mot
chat nhung van thip hon Cym #2. Trén toan b tap dit liéu, gia tri do 1éch chuan ludn
nho hon IQR. Piéu nay chi ra rang phan bd khong gian khong hoan toan dbi xtimg va
chiu anh hudng boi cac gia tri ngoai lai, lam gia tang d¢ trai cua dir li¢u.

Bang 4.24: Chi s6 théng ké cua dir liéu, Bé dit liéu #D8

Trung bo Iéch Trung vi Khoang tir
binh chuan * | phénvi IQR)
Bo dir lieu #D§

Cum #1 X 11,2104 4,1715 12,1503 7,8841
Y 13,7347 4,3226 13,4684 8,0918

Cum #2 X 10,8981 4,0555 11,8624 7,8761
Y 13,7915 4,4685 13,2703 9,4265

Cum #3 X 11,5118 3,8358 12,2046 7,4063
Y 14,0077 4,1988 13,4684 7,9833
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Hinh dang phan b ctia cum duoc boc 16 thong qua so sanh gia tri trung binh va
trung vi giup 1am rd d6 1éch. Bdi véi toa dd X, gia tri trung binh ludn thap hon trung
vi trén ca ba cum, goi y mot do 1éch am do su xuét hién cta cac diém giao cit & toa
do thép. Nguoc lai, ddi voi toa d0 Y, gia tri trung binh lai cao hon trung vi, ngu y do
léch duong nhe. Tuy nhién, bién d6 chénh 1éch gitra hai thudc do nay twong ddi nho,
cho thiy tic dong cta cac diém ngoai lai 1én cdu tric tong thé 1a hitu han va nam
trong ngudng kiém soat cta thuat toan.

Quan trong hon, sy két hop céc chi sb6 do phan tan noi trén voi toa do tam cum
d3 chi ra ddc diém hinh thai hoc quan trong ctia cic cum; d6 13 su giao thoa khong
gian. Cy thé, toa do trung binh cua cd ba tam cum déu hdi tu vé mot khu vuc rit hep,
gia tri X trong khoang (11,0 11,5), gia tri Y trong khoang (13,7 14,0); do l¢ch chuan
duogc duy tri & mic cao, trong khoang (4,0 4,5). Ving bao phu ctia mdi cum déu trai
rong trén mot dién tich 16n ctia ban do va chung khong tach bié€t ma hinh thanh mét
ciu triic chong 14n. Trong cau tric ndy, ranh gidi giita cic cum 13 mém; mot robot di
chuyén trong viing nay s& chiu anh hudng xac suat gan nhu ngang nhau tir ca ba cum.
S4 liéu dinh lugng khéng dinh su tOn tai cta vung giao thoa nay va sy bién dong vé
s6 lwong phan tir phan chia cho timg cum trong cac kich ban thir nghiém. Thay vi ¢b
dinh robot vao mdt nhém cung nhic, DCM tin dung su chéng lan nay dé linh hoat
diéu chuyén robot giita cic nhom, hinh thanh co ché thich nghi ndi tai cia DCM: kha
ning "co dan" khong gian va chia sé tai trong linh hoat dé dat dugc yéu cau can bang
tai ciia toan b hé thong.

Badng 4.25: Chi s6 thong ké cia dir liéu, B dit liéu #D9 va #D10

Trung bo Iéch Trung vi Khoang tir
binh chuan * | phanyvi IQR)
Bo dir lieu #D9
Cum #1 X 12,9062 4,3450 13,7079 4,3731
Y 11,7953 5,0474 12,3247 10,4779
Cum #2 X 11,4155 5,0107 12,5457 11,4618
Y 12,182 4,6467 12,3745 8,2482
Cum #3 X 11,5598 5,0451 12,4675 11,539
Y 11,9362 4,5711 12,2486 8,2493
B¢ dir liéu #D10
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Cum #1 X 13,2477 3,6791 13,4516 4,5116
Y 10,8499 4,6917 10,4646 8,5004
Cum #2 X 13,4294 3,4385 13,4713 3,0461
Y 9,9421 4,5823 8,0729 38,8684
Cum #3 X 12,0134 3,4473 13,4352 53,9579
Y 11,7233 4,9798 10,6778 11,2516

Bang 4.25 tong hop céc chi s6 thong ké cho toa d6 X va Y ctia ba tim cum riéng
biét trong kich ban mo phong thir hai voi hai bd dit liéu khac nhau; dugc dung dé mo
rong cac phan tich tuong tu trong nhirng kich ban thir nghiém khac véi dir 1iéu hoan
toan khac. Két qua théng ké tir hai bo dir liéu ndy cung cap céi nhin da chiéu hon vé
hanh vi khong gian cua cac cum.

Phén tich mé rong trén hai bo dit liéu bo sung cho thdy do phan tan cta cac cum
c6 sy nhay cam dang ké ddi v6i dac thu dir liéu dau vao, dic biét qua chi sd khoang
ta phan vi (IQR). Vi dy, trong khi IQR duy tri & muc trung binh ¢ céc kich ban trudc,
n6 lai mo rong thanh mot phan phéi rat rong trong Bo dir lidu #D9 (IQR 1én téi 11,46),
va sau do dot ngot thu hep thanh mot trang thai tap trung cao do trong B dir li¢u
#D10 (IQR ctia Cum #2 chi con 3,05). Su thay ddi ndy phan anh tryc tiép ban chat
ngau nhién ciia cac cip diém xuat phat/dich; kich ban #10 da vo tinh tao ra mot ludng
giao thong "nut ¢d chai" tai mot khu vuc hep, va thuat toan DCM da phan ung chinh
xéac bang cach thu hep ving 18i cum, twong tng véi 50% dir liéu trung tim, dé bao
pht mat do cao nay. Nguoc lai, do 1éch chuén lai duy tri su 6n dinh tuong ddi, dao
dong trong khoang (3,5 5,0). Mic du hinh dang ving 15, cin ctr theo IQR thay d6i
linh hoat dé khop véi dir li€u, nhung do phu téng thé ctia cum van ludn duy tri mét
pham vi dnh hudng dii rong dé dam bao tinh két ndi.

Tac dong clia cac diém ngoai lai va do léch ciing cung cép nhitng minh ching
1o nét vé kha nang thich nghi hinh hoc cia DCM. Trong B¢ dit liéu #D8, mo hinh
kha nhit quat voi 1éch 4m & X va léch duong ¢ Y; quy ludt nay da bi pha v& hoan
toan trong B9 dir liéu #D9, noi hau hét cac toa do déu biéu hién d6 1éch am. Su thay
d6i dot ngdt vé hinh dang phan phdi nay chirng minh rang cac hinh thai cta cac cum
khong bi ¢b dinh ma chung mang thudc tinh dong, tu dong bién dang dé vuon tGi cac

diém ngoai lai xuat hién ngau nhién trong timg kich ban.
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Bén canh céc chi sb vé do phan tan, dir li¢u thur nghiém cho théy tam cum khong
hé ¢ dinh ma thay dbi theo kich ban thir nghiém. Cu thé, két qua ctia Bo dir liéu #D9
thé hién xu hudng hoi tu trong mot khoang toa do rat hep tuwong tu nhu B dir licu
#D8; muc chénh 1é€ch khong 16n gitra cac tAm cum. Nguoc lai, Bo dir li¢u #D10 cho
thay nhing két qua khac biét. Tam cta Cum #2 da dich chuyén rd rét xubng phia dudi
truc Y (gia tri trung binh Y=9,94), tach biét dang ké so v6i Cum #3 (Y=11,72) va
Cum #1 (Y~10,85). Diéu nay phan anh sy thay doi trong phan bd diém giao cit da
tac dong dén cau trac ciia cac cum.

Nhu vay, két hop nhan dinh tir B dit liéu #D9 va #D10 véi két luan tir Bo dit
liéu #D8, co ché thich nghi noi tai cia DCM vé khong gian dya trén hai nguyén tic:

- Thir nhat 14 kha ning chong lan linh hoat, ngay ca trong truong hop dit liéu
tap trung cuc bd nhu Bo dit liéu #D10, do 1éch chuan van duy tri & murc dii 16n dé tao
ra cic ving giao thoa. Piéu nay dam bao rang du "18i" cum c6 thu hep lai, "vo" cum
van vuon ra dé duy tri lién két véi cac cum 1an can, ngan chan sy dut gy trong ciu
truc khong gian.

- Thir hai 1a kha nang co dan khong gian, DCM khong ap dit cau trac 1én dir
liéu, ma nguoc lai dé dit liéu dinh hinh cdu trac. Pay chinh 14 yéu t ¢t 16i 1am cho
thudt toan duy tri hiéu suét phan cum on dinh bat chép su hdn loan cta dau vao. Su
bién dong cua toa d§ tam chinh 1a minh chirng ro nét nhét cho tinh chét hudéng dir liéu
cua DCM. Theo @0, vi tri ciia cac cum hoan toan duogc quyét dinh bdi tinh huéng thuc
té.

Tom lai, phéan tich chuyén sdu vé d6 nhay va hinh thai khong gian qua cac b
dir liéu da lam sang to ban chat dong ctia phuong phap DCM. Su bién dong dang ké
ctia cac chi s6 IQR, d6 1éch chuan, gia tri trung binh khong phai 1a dau hiéu cia su
bat 6n, ma trai lai, 1a minh chung ro rang cho nang lyc thich tng. Chinh co ché thich
nghi khong gian linh hoat nay 1a nén tang gitp hé thong ludn duy tri duoc sy can bang
tai trong va hiéu sudt phan cum t6i wu, khang dinh tinh wu viét caa phuong phap tiép

can phan cum mém trong mdi trudng da robot phirc tap.
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Phén tich va danh gia dugc mo rong sang kich ban tht ba dé xem xét kha niang
tong quat hoa ciia phuong phép, xét trong hai truong hop; thir nhat 1a moi truong
khong vat can véi s6 luong phan tir giam xudng 25; thir hai 1a moi truong cé vat can
v6i s6 luong phén tir giit nguyén 50. BO dir liéu #D11 va Bo dit liéu #D12, minh hoa
trong Bang 4.26, 12 chi s6 thdng ké twong tmg hai truong hop, bao gdm gia trj trung
binh, d6 1éch chuén, trung vi va khoang tt phan vi (IQR) cho ba tdm cum riéng biét.

Bang 4.26: Chi s6 théng ké cua dir liéu, Bé dit liéu #D11 va #D12

Trung bo Iéch Trung vi Khoang tir

binh chuan * | phanyvi IQR)

B¢ dir lieu #D11
Cum #1 X 11,3759 3,1236 10,4987 6,5131
Y 10,5559 2,0367 10,7478 4,2595
Cum #2 X 11,0005 3,3615 10,4987 7,5278
Y 10,6413 1,8948 10,7478 4,2595
Cum #3 X 9,065 2,81 60,9854 3,515
Y 10,4636 1,7834 10,7478 3,0242

B¢ dir lieu #D12
Cum #1 X 13,908 4,0592 11,5057 7,0225
Y 11,7269 5,1565 11,4828 7,6165
Cum #2 X 14,0918 3,9118 11,4931 6,873
Y 11,5559 5,0124 11,4932 7,6959
Cum #3 X 13,3515 3,7813 11,4369 6,6379
Y 11,8418 5,1516 11,4347 7,6009

Trong B dir lidu #D11 twong g voi didu kién khong gian trong va mat do
robot thép, cac toa d0 Y duy tri d6 tap trung cao va tinh doi xung véi su tuong déng
giita gié tri trung binh va trung vi (d6 1éch chuan trong khoang 1,78 dén 2,03) thi cac
toa d0 X lai phan tan 16n hon (d¢ I¢ch chuan trong khoang 2,81 dén 3,36) va léch
phai. Hiéu (mg nay biéu hién rd rét nhét tai Cum #3, noi gia tri trung binh ctua X
(9,065) 16n hon déng ké so véi trung vi (6,985). Su chénh 1éch nay chi ra rang, ton
tai mot nhom nhé cac diém giao cit ngoai lai c6 gia tri cao theo truc X.

Nguoc lai, khi chuyén sang méi trudng phirc tap chira vat can, tuong ting Bo
dir li¢u #D12, d6 phan tan dir li¢u tdng vot déng loat trén ca hai truc toa d9, phan anh
qua viéc d6 1éch chudn va IQR déu ting 1én dang ké & tat ca cac cum. Dic biét, mot

xu huéng nhat quan di xuat hién: gia tri trung binh cao hon dang ké so vdi trung vi
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trén moi chiéu dit liéu, chi ra sy 1éch phai phé bién. Hién tuong nay phan anh tac
dong ctia moi trudng, robot phai di chuyén theo cac quy dao phirc tap hon dé tranh
vat can, xuat hién nhiéu hon cac diém giao cAt ndm xa tam.

Céc két qua dinh luong da cung cip minh ching rd rang vé kha ning tong quat
hoa ctia phuong phap DCM: sy thich nghi cao ddi véi cac diéu kién méi trudng thay
d6i. Phuwong phép so hitu co ché diéu chinh dong hanh vi phan cum dé phan anh chinh
xdc cac rang budc vat ly, khang dinh tinh linh hoat va kha ning g dung rong rai
ctia thudt toan trong nhiing tinh hudng van hanh da dang ma khong can tinh chinh thi

cong cac tham sd hinh hoc.
4.6 Thao luin vé thuit toan ElasticABC va DCM

ElasticABC

ElasticABC 14 bién thé cua ABC, tap trung cai tién yéu td noi tai cta thuét toan
ABC nguyén ban; d6 1a t6i vu cau trac st dung cip toan tir d6i ngdu Co va Dan trong
giai doan tim kiém cua ong tho, chién lugc khoi tao phdong doédn & giai doan khéi tao
quan thé. Nhitng dong gép nay goép phan hinh thanh tinh méi cua ElasticABC, d6 1a
sO lwong diém trung gian thich nghi theo diéu kién ciia khong gian 1am viéc va quy
dao cho timg phan tir robot, khac biét v6i co ché thiét 1ap sb lugng diém trung gian
c¢d dinh ciia ABC nguyén ban. Sy khac biét cta ElasticABC so v&i nhitng bién thé
khac da duoc cong bd gan diy vé thanh phan cip toan tir ddi ngau Co va Dan duogc
mo ta trong Bang 4.27; vé k¥ thuat DeZigzagPath dugc mo ta trong Bang 4.28.
Bang 4.27: Péi chiéu déng gép khoa hoc ciia cdp todn tir doi ngau Co va Déan

Bién thé M ta

ElasticABC Tich hop cip toan tir d6i ngau Co va Din trong giai doan tim

kiém cua ong tho; khdi tao phong doan str dung toan tir Dén.

Co-GLABC [71] | Str dung khung ddng tién hoa cho hai nhom doc 1ap thude quan
thé, tich hop thém thong tin clia giai phap tot nhat toan cuc trong

phuong trinh tim kiém.
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Bién thé

Mo ta

ADL-ABC [74]

Co ché gidi han thich nghi thay thé tham s6 giéi han tinh.

ABC-MNT [72]

Chia quan thé thanh nhi€u nhom nho véi céc cau trac lién két

mang khac nhau, nhu Von Neumann, Moore hay Hexagonal.

FOABC [75]

Tich hop thém phép tinh vi tich phan phén s trong phuong trinh
tim kiém, str dung dic tinh cta phép dao ham dé ghi nhé két qua

tim kiém trong qua khu, giup ting do chinh xac cua giai phap.

FLABC [73]

Luya chon phuong trinh tim kiém pht hop véi ting loai dia hinh:
tron nhan hay go ghé; chia quan thé thanh nhiéu nhém dong cho
giai doan tim kiém; str dung toan tur tim kiém 1an cén toan cau
cai tién dé bao luu kinh nghiém qué khir thay vi khoi tao ngiu

nhién tur dau.

DABC [83]

Diéu chinh phuong trinh tim kiém dé xtr 1y dir li€u roi rac cia

bai toan 1ap lich.

ABC-PRM-EP
[65]

Khoi tao quan thé bang két qua tim dudng theo phuwong phap
PRM.

HABC-GA [67]

Tich hop cac toan tir lai ghép va dot bién thich Gng dic trung

ctia GA vao giai doan tim kiém ctia ABC.

IACO-IABC
[66]

Két hop sitc manh tim kiém dudng di chi tiét cia ACO véi kha
ning khéi tao nhanh ctia ABC, ap dung co ché t6i wu hoa dudng

di loai bo cac nut du thira.

Bang 4.28: Péi chiéu déng gép khoa hoc cia ky thudt DeZigzagPath

Bién thé

Mo ta

ElasticABC

Thiét ké chuyén dung cho ElasticABC, xur Iy van dé gip khuc

cuc bd dua trén co ché kiém tra tham so bién d6 "dao dong".
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Bién thé Mo ta

ADL-ABC [74] | Sir dung da thirc bac 3 dé ndi cac diém trung gian v6i nhau.

IABC [78] Tich hop chién lugc tuyén tinh hoa duong di trong ham muc
tiéu thong qua kiém tra tAm nhin thang trong ban d6 ludi, két

hop trong giai doan tim kiém.

Hai bién thé c6 dic diém hoat dong gén tuong tu nhu ElasticABC 1a HABC-
GA [67] va IABC [78]. Thuat toan thir nhét sir dung toan tir Lai ghép va Dot bién,
dic trung ctia GA, tich hop trong giai doan tim kiém cua ABC; cho phép dich chuyén
diém trung gian nim qua gan ving nguy hiém sang vi tri an toan hon. Thuat toan thir
hai sir dung ham muyc tiéu tich hop chién lugc tuyén tinh hoa dudng di thong kiém tra
tam nhin thang trong ban do ludi, két hop trong giai doan tim kiém; cho phép loai bo
cac diém trung gian "thira" ra khoi duong di tim duoc, rit ngan sé luong diém trung
gian cudi cung. Bang 4.29 tong hop cac diém khac biét giita ba bién thé.

Bang 4.29: Péi chiéu ElasticABC véi HABC-GA va IABC

ElasticABC

HABC-GA

TIABC

cham véi vat can.

va thanh phan phat va

cham véi vat can.

Lop bai | Hoach dinh duong di | Hoach dinh duong di | Hoach dinh duong di
toan cho hé théng darobot. | cho cho modt robot di | cho mot robot di
dong. dong.
Yéu t6 ki | Cap toan tir d6i ngdu | Toan tir Lai ghép va | Chién luoc tuyén tinh
thuat cdt | Co va Dan hoat dong | Dot bién cua GA. hoa duong di véi toan
161 trong giai doan tim tir "cat".
kiém.
Ham muc | Téng d6 dai Euclid va | Téong do dai Euclid, | Téng do dai Euclid va
tiéu thanh phan phat va | d6 tron ciia hanh trinh | thanh phan phat va

cham vo1 vat can, tich
hop chién lugc tuyén

tinh hoa duong di.
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ElasticABC HABC-GA IABC

Khéitao | Khoi tao phong doan | Khoi tao phong doan | Khoi tao ngiu nhién.
dua trén toan tr Dan. | dua trén phan nhom
quan thé st dung

RRT.

Xu ly hau | DeZigzagPath duoc | - -
ky tich hop xur 1y van dé
gap khuc cuc bo.

DCM

Su két hop giita kha nang "phan cum mém" ctia m6 hinh GMM véi ham muc
toan phuong dua trén tham sb chi phi 8, da lya chon duoc cau hinh phan cum cin
bang vé sd lugng phan tir trong mdi cum. Két qua thir nghiém sb 1a minh chtng rd
rang vé tinh ning can bang tai nay cia DCM, cho phép md hinh hoéa sy phéan bd dir
lidu theo xéac suat va chap nhan su chong lan giita cac ving quan 1y theo cum. Xét vé
dic diém k¥ thuat, DCM tuong tu nhu cac phuwong phép phan cum dya trén thuét toan
K-means thudc phan nhom thir ba trong trong phan loai cac cong trinh dugc khao sat

thudc muc 1.4.

Bang 4.30: Péi chiéu DCM véi phirong phdp sir dung K-means

DCM Phwong phap sir dung K-means
[125][129] [130] [131] [135]

L&p bai toan | Phan chia phan tir trong hé | Phan cong tac vu cho hé théng da
thong da robot thanh cac | robot.

nhom.
bac diem - SO0 cum duogc lya chon ¢0 | - SO cum tuong ung véi sO phan tr
dinh. robot.
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- Can bang s6 lwong phan tir | - Can bang khéi luong cong viéc theo

trong tirng cum. ham muc tiéu.

Loai dit liéu | Tap hop diém giao cit. Tap hop diém nhiém vu.

dau vao

Ham  muc | T6i uu theo tham s6 chi phi | Téi uu theo quang duong di chuyén
ti€u 8, chi s6 danh gia do phtic | trong ndi bd cum hodc thoi gian hoan

tap quan 1y ciia hé thong. thanh cum nhiém vu.

Su phan biét phan cym cting ctia K-means voi phan cum mém cia GMM trong
DCM cé ngudn goc tir linh vuc Gmg dung chinh ciia hai giai phap: xir 1y dir liéu. K-
means phan cum dir liéu dua trén khoang cach, phan chia tap dir liéu thanh nhitng
cum phan biét sao cho tong binh phuong khoang cach tir mdi diém dir liéu dén tam
cum cta né 13 nho nhat. Nguoc lai, GMM phan chia dir li¢u theo xac suat, mdi diém
dr liéu khong bi gan ciing vao mot cum ma s& c6 xac suét thudc vé tung cum khéc
nhau. Bang 4.30 md ta su khac biét cuia DCM so véi nhitng phuong phap phan cum
khac str dung thuat toan K-means, da duoc cong bd gan day.

Khd nang mé rong va trién khai gidi phép

Khi quy mé vé s6 lugng phén tir ciia hé théng da robot ting 1én, téng thé hoat
dong cua hé thong co tac dong rat rd rang, trong d6 mirc do twong tac giita cac phan
tir voi tram diéu khién trung tdm duoc thé hién rd rang nhat. Céc chi tiéu k¥ thuat
chiu anh hudng bao gom:

- Thoi gian xir 1y tinh toan, lién quan tryc tiép dén do phtrc tap tinh toan, xir 1y
ctia phan mém;

- Luu luong va bing thong cing véi do tré truyén thong, lién quan tryc tiép dén
dir liéu chia sé hai chiéu giita cac phan tir robot va tram diéu khién trung tdm (md
hinh giao tiép toan cyc);

- Hiéu suat hoat dong tong thé gan lién v6i nhitng chi tiéu nhu: thoi gian hoan
thanh nhiém vy trung binh, nang suit hé théng (sé lugng nhi€ém vy hoan thanh trén

mot don vi thoi gian), ty 1€ hoan thanh nhi€ém vy, thoi gian cho trung binh v.v...
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Bén canh d6, mirc d6 twong tac cuc bd giita cac phan tir robot khi hoat dong trén cling
mot khong gian chung cung c6 tac dong nhét dinh. Ty 18 xung dot c6 xu hudng ting
1én, biéu hién qua su gia ting cua tap hop diém giao cat. Do vay, kha ning md rong
quy md gan lién vé6i viéc trién khai giai phap trong hé thong da robot thuc té.

Khi duoc trién khai, thuat toan ElasticABC va DCM 1a nhiing giai thuat phan
mém dugc cai dat trong tram diéu khién trung tam. M&i lién hé gitra ElasticABC va
DCM duoc minh hoa nhu Hinh 3.1, trong d6 ElasticABC 14 giai phap MRPP cu thé.
Hai giai thuat dugc phat trién cho hé théng da robot véi khung thuét toan c6 kha ning
xt 1y dit liéu theo mang, dap tmg dugc viée thay doi (ting hodc giam quy mo vé sd
lugng). Ngoai ra, DCM dugc thiét ké v&i muc dich chuyén bi¢t cho hé théng da robot,
chia nho cac phan tir robot theo cum twong quan, cung cap co sd ki thudt tin cay cho
viéc quan 1y & cAp do hé thdng. Cac thir nghiém s6 di dugc thuc hién véi mé hinh 10
phan tir (d6i v6i ElasticABC) va 1én dén 50 phan tir (d6i véi DCM). Khi mé rong quy
mo hé thdng, mot s6 anh hudng cé thé xay ra:

- O cap d6 hé thdong, thoi gian xir Iy tinh toan cta hai giai thuat du kién gia ting,
phu hop véi nhan dinh vé chi tiéu k¥ thuat & trén.

-0 cép do phén tur robot, tac dong gidi han cuc b trong ndi bd tirg cum do ¢o6

su phan chia cia DCM duya trén co sé duong di tim dugc tir ElasticABC.
4.7 Kétluian chuong 4

Noi dung chuong da tap trung trinh bay vé thir nghiém va dénh gia hoat dong
cua thuat toan ElasticABC va DCM cung véi mot s6 thir nghiém phu trg vé mo hinh
quan thé bay ong tap trung/phi tap trung va ddi ching hoat dong ElasticABC véi
thuat toan ABC truyén théng. Nhitng két qua chu yéu di dat dugc nhu sau:

i. ElasticABC véi cai tién c6t 151 1a toi uu cau trac két hop khai tao phong doan
d3 minh chtng kha ning can bang giita kham pha va khai thic; tim kiém dugc hanh
trinh gan tdi vu va thich nghi hiéu qué véi didu kién moi truong thong qua diéu chinh

¢ chon loc sb lugng diém trung gian. Thuat toan thé hién tinh 6n dinh cao, c6 kha
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nang xur 1y cac kich ban khai tao "xau" hodc moéi trudng phuc tap dé tim ra giai phap
kha thi véi chi phi thdp nhat.

ii. K§ thuat DeZigzagPath duoc thiét ké chuyén dung cho ElasticABC, da minh
chtng duogc kha nang xur 1y van dé gip khiic cuc bo trong két qua tim kiém, hoan
thién duoc chat lugng hanh trinh thyc té va thé hién tinh ung dung rit cao.

iii. Két qua ddi sanh hoat dong cua ElasticABC véi thuat toan ABC truyén thong
da khéng dinh duogc chat lugng vuot trdi cua thuat toan dé xuét: su can béng trong
kha nang kham pha va kha nang khai thac; dong thoi giai quyét duoc triét dé han ché
cua chién luge tim kiém c6 kich thudc b dinh.

iv. DCM véi cach tiép can mém trong phan cum da thé hién dugc su 6n dinh va
tin cay trong hoat dong, thich nghi linh hoat v6i nhiing bién dong ctia mo1 truong
cling nhu khi thay d6i quy mé hé thong. Pong thoi, hinh thai cum c6 sy giao thoa va
chap nhan chong l4n, cho phép hip thu sy phire tap cua dit liéu dau vao va moi trudng.
Tham s chi phi va ham muc tiéu toan phuong da hoat dong nhu mdt "cong cu" lya
chon céu hinh cum phtt hop. Do d6, DCM 1a giai phap phan cum hoan toan pht hop
dé 1am nén tang cho viéc t6 chirc quan 1y trong hé thdng da robot.

Két qua thir nghiém di khang dinh ElasticABC hoan toan dap ung muc dich
nghién ctru thir nhat va DCM hoan toan dap tmg muc tiéu nghién ctu tha hai cia
Luan an.

Nhitng cong b lién quan dén Chuong 4 bao gom:

- Vé thuat toan ElasticABC: Cong trinh 4 trong Danh muc cac cong trinh khoa
hoc. Ngoai ra, nghién ctru sinh da ngp ban thao Cong trinh 7 cho tap chi Array thudc
nha xuat ban Elsevier.

- Vé phuong phap DCM: Céng trinh 1 va 3 trong Danh muc céc cong trinh khoa

hoc.
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KET LUAN VA HUONG PHAT TRIEN

Nghién ctru sinh di tién hanh nhimng nghién ciru khac nhau dé phat trién dugc
thuat toan ElasticABC, dam béo t6i wu toan cuc trong hoach dinh dudng di dong thoi
duy tri nang lyc tim kiém dé ung ph6 véi nhitng bién ddi cuc b, va phuong phap
phan viing DCM hd tro quan 1y hé thong da robot, phan chia robot thanh nhimg nhém
nho qua d6 giam khoi lwong dir lidu van hanh cia hé thong can trao doi. Nhimng dong
g6p chinh duoc tom tit nhu sau:

- Tim hiéu vé ung dung thuc tién ctia thuat toan hoach dinh duong di két hop
v6i quy tic giao thong cu thé dé van hanh robot trong méi trudng thuc té. Pong thoi,
tap trung nghién ctru vé khia canh t6i wu cia thuat toan ABC truyén théng, xem xét
& hai mo hinh quan thé tp trung va phi tip trung. Két qua da duoc cong b trong
Cong trinh 2 va 4 thudc Danh muc cac cong trinh khoa hoc.

- Phat trién bién thé ElasticABC ung dung cho hoach dinh duong di hé thong
da robot, cai tién thuat toan ABC truyén thong vé toi uru cau triic sir dung cip toan tir
d6i ngau Co va Din két hop chién luge khai tao phong doan, tich hop k¥ thuat xir 1y
hau ky chuyén dung DeZigzagPath. ElasticABC c¢6 kha ning can bang giita kham
phé va khai thac; dudong di cua robot thich nghi véi d¢ phirc tap cua moi truong thong
qua viéc co ché tu dong diéu chinh sb lugong diém trung gian. Thuét toan hoat dong
6n dinh va tin cdy trong diéu kién thir nghiém mo phéng véi nhiéu kich ban khac
nhau, c¢6 kha niang xir 1y tinh hudng khai tao "x4u" dé tim kiém giai phap gan téi wu
v6i chi phi thap. Két qua da duoc hoan thién trong Cong trinh 7 thuéc Danh muc céc
cong trinh khoa hoc, dd ndp ban thao cho tap chi "Array" thudc danh muc
WoS/Scopus.

- B¢ xuat phuong phap phan cum DCM theo céch tiép can phan cum mém cua
mé hinh GMM két hop thuat toan EM, st dung tham s6 chi phi §; va ham muc ti€u
toan phuong fo, dé Iya chon c4u hinh cum c¢6 s6 lugng phén tir tvong ddi can bang.
Mo hinh phan cum phén b theo xac suat va chap nhan sy chdng l4n linh hoat. Thong

qua cac thir nghiém mo phong véi nhiéu kich ban khac nhau, DCM d3 thé hién duoc
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tinh 6n dinh, kha nang thich nghi linh hoat vé hinh thai cum va tinh doc lap voi diéu
kién méi trudng cling nhu quy md hé théng. Két qua da dugce cong b trong Cong
trinh 1 va 3 thudc Danh muc cac cong trinh khoa hoc.

- PBé xuét hai giai phap k¥ thuat xac dinh trang thai chuyén dong cing véi diéu
chinh hudng phat hién vat can cho cac phan tir trong hé théng da robot; giai phap da
duogc cip bang doc quyén giai phap hitu ich s6 3615 va bang doc quyén sang ché sd
48666. Chung thudc vé tinh nang nhan thirc ciia phan tir robot va hd trg cho tinh ning
diéu hudng cung v6i bai toan hoach dinh dudng di. Két qua di duoc cong bd trong
Cong trinh 5 va 6 thudc Danh muc cac cong trinh khoa hoc.

Huéng phit trién ciia ludn dn

Véi mdi phuong phap dé xuét trong luan an, nghién ciru sinh van dé ngé céac
van dé can xem xét k¥ ludng hon trong cac nghién ciru tiép theo. Cu thé nhu sau:

- Nghién ctru co ché lua chon thich nghi h¢ s6 K, s6 lugng cum, trong giai thuat
DCM duya trén cac chi sb dinh luong tir dit liéu dau vao dé tdi uu mo hinh.

- Panh gia hoat dong cua giai thuat ElasticABC trong diéu kién mdi truong c6
vat can bién dang phtrc tap, nhu da giac 16m, chit U hodc V, xir 1y bai toan bay cuc
tri dia phuong.

- Panh gia hiéu suat hoat dong cia giai thuat DCM va ElasticABC khi tmg dung

cho cac hé théng da robot trong diéu kién van hanh thyuc té.
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