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Tém tit

Bai bao ndy nghién ciu viéc ndng cao hiéu sudt cia thudt todn Soi xam (GWO) bang
cach két hop vdi thudt toan di truyén (GA) va tich hop thém budc tim kiem cuc bg loc xody
nham cai thién kha nang toi wu hoa. GWO la mot phwong phdp dya trén hanh vi san moi cua
Soi xam, trong khi GA la thudt toan tién hoa mé phong qua trinh chon loc ty nhién. Viéc két
hop nay tan dung kha nang khai thac cia GWO, kha nang kham phda ciia GA va s tinh chinh
bang phiwong phap tim kiém cuc bé loc xody. Thue hién cdc thi nghiém trén cac ham kiém tra
chudan cho thdy phwong phap GWO-GA cai thién dang ké dj chinh xdc va toc dé héi tu so voi
cac phuong phap. truyén thong. Phwong phdp ndy mé ra mot cach tiép cin méi trong linh viee
16i wu hoa, voi tiém nang ung dung rong rdi trong nhiéu linh viee khéc nhau. Cdc hudng phat

trién twong lai bao gom 16i wu héa tham soé thudt todn va thir nghiém trén cdc bai todn toi wu
héa thiee té phike tap hon.

Tw khoa: GA, GWO, hiéu sudt toi wu, tim kiém cuc bo léc xody, 16i wu héa két hop.
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Abstract

This paper investigates the enhancement of the Grey Wolf Optimizer (GWO) by
integrating it with the Genetic Algorithm (GA) and an additional tornado local search
step to improve optimization performance. GWO is inspired by the hunting behavior
of grey wolves, while GA is an evolutionary algorithm that simulates the process of
natural selection. This hybrid approach leverages the exploitation capability of GWO,
the exploration strength of GA, and the refinement potential of local search.
Experiments on standard benchmark functions demonstrate that the GWO-GA
approach significantly improves both accuracy and convergence speed compared to
traditional methods. This novel approach to optimization promises applications across
various fields. Future research includes optimizing algorithm parameters and testing
on more complex, real-world optimization problems.

Keywords: Combination optimization, genetic algorithm, Grey Wolf Optimizer,
optimal performance, tornado local search.
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1. Pat van dé

Trong bdi canh phat trién nhanh chong ciia khoa hoc va cong nghé, cac bai toan tbi wu
hoa phtre tap xuét hién ngay cang nhiéu trong cac linh vuc nhu k¥ thuit, y hoc, kinh té va quan
ly. Nhirng bai toan nay khong chi doi hoi cac giai phap chinh xac ma con can phai duoc tim
kiém trong thoi gian hop 1y, didu nay dat ra thach thirc 16n ddi véi cac phuong phap toi wu hoa
truyén théng (Mirj alili, 2014)

.....

cach mo phong cac hién tuong ty nhién va st dung tl‘l’lh ngau nhién, thay vi dya vao mét quy
trinh x4c dinh. Cac thuat toan nay thudong st dung quan thé va qua trinh tién héa dé kham pha
khong gian 161 giai (Tomar & cs., 2023).

Trong s6 céac thuét toan metaheuristic, thudt toan S6i xam va thuét toan di truyén da
chtng t6 hiéu qua dang ké. GWO duogc biét dén véi kha ning giai quyét hiu qua cic bai toan
t6i wu da muc tiéu, trong khi GA véi su linh hoat va manh mé da tr¢ thanh mot céng cu quan
trong trong viéc tim kiém va t6i wu hoa 10i giai (Abdel-Basset & cs., 2018).

Bai bao c4o nay s& tip trung vao viéc nang cao hiéu suét va t6i wu hoa thuit toan GWO
thong qua su két hop voi thuét toan GA va tich hop thém budce tim kiém cuc bo 16¢ xoay (Abd
& Oliva 2018). Bing cach két hop hai phuong phap manh mé nay cung v6i tim kiém cuc b0,
ky vong s& dat dwoc hiéu qua tdi wu héa cao hon va cai thién kha ning tim kiém 101 giai cho
cac bai toan phuc tap.

2. Co s 1y thuyét
2.1. Thuét toan Téi wu Séi xam (GWO)

Thuét toan GWO duoc phat trién vao nim 2014 boi Mirjalili va cong su. Lay cam himg
tir hanh vi x4 hoi cta loai soi, hé thong phan cap xa hoi ctia bay so6i xam thuong 1a bén nhom
dugc goi tén theo thir tw 1an luot tir cao dén thap Alpha (), Beta (B), Delta (8) va Omega (o)
nhu thé hién ¢ hinh 1 (Mirjalili, 2015) (Mirjalili & cs., 2014).

A
AR
AR
A

Hinh 1. Phén cip xi hdi ciia dan séi trong tw nhién

MJi con so1 s& nhan mot nhiém vu riéng: Alpha (a) la con dau dan, dua ra cac quyet
dinh chién lugc vé sin mdi va phan chia thirc an. Beta (B) hd tro Alpha trong viéc ra quyét
dinh. Delta (8) dam nhan vai trd dao tao va bao vé bay dan (Mirjalili & cs. ,2016). Omega ()
12 nhém c6 vi thé thip nhit, tuan theo Iénh cta cac nhom trén. S6i xam sdn moi theo chlen
luge hop tac, mot vai con dudi theo con mdi trong khi cac con khac dam bao khong dé moi
thoat.Chién luoc sin mdi ciia by s6i bao gdm:

2.1.1. Bao vdy con moi

Céc budc bao vay trong GWO bang cac phuong trinh sau day:

D=[CX,0 - X (1)
Xt+1D=X,)- AD ()
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Trong d6 t cho bi€t sy 1ap lai hién tai, X, 1a vecto vi tri cia con moi va X biéu thi vecto vi tri
cia mot con s6i. A va C la cac vecto hé so dugc tinh nhu sau:

A=2747-7d 3)
T=27 4)

Trong d6 d s& dugc giam tuyén tinh tir 2 xudng 0 trong qua trinh lap lai va r1, 72 1a cac vecto
ngau nhién trong [0, 1]. Vi v@y, mot con s06i c6 thé cdp nhat vi tri cia nd theo toa d6 (X, Y)
trong khong gian xung quanh con moéi ¢ bat ky vi tri ngau nhién.

2.1.2. San méi

So1 Xam co kha nang nhén biét va bao vay con moi trong qua trinh san. Trong t01 uu
héa, Alpha (o)) huéng dan cac con séi khac. Khi khong co thong tin rd rang Ve vi tri t01 uu,
Beta (B) va Delta (6) dong vai tro nhu cac giai phap tmg ctr vién cd kién thtrc tot hon vé vi tri
tiém nang ciia con modi. Thuat toan GWO luu trit ba giai phap tot nhat (o, B, d) va yéu ciu
Omega (0) cap nhat vi tri dya trén vi tri ciia cac con so6i c6 kha nang tim kiém t6t nhat (Fu &
cs., 2021). Cong thirc duoc d& xuét cho van dé nay nhu sau:

Di= [0 % - X|,0s = 6. %y - X D5 = [G5. % — | )
X, =Xy — A1.(Do), X, = Xg- A;.(Dg), X3 = X5 — As.(Ds) (6)

V6i cac phuong trinh trén cho thdy alpha(a), beta(B) va delta(d) s& xdc dinh vi tri cua
con mdi va con sdi omega(m) s& cap nhat vi tri ciia minh xung quanh con mdi theo cach ngau
nhién (Zhang & cs., 2017).

2.1.3. Tin céng con moi (khai thac)

Dan s6i chi két thuc cudc sin bang cach tin cong con mdi khi né ngirng di chuyén. Thuét
toan GWO mo phong qué trinh nay bang cach giam gid tri d tir 2 xudéng 0 . Bién do dao dong
ciia A ciing giam theo @ véi A 1a mot gia tri ngau nhién trong khoang [-2a,2a]. Khi cac gia tri
ngau nhién cua A ndm trong [-1,1], vi tri tiép theo ctia con so6i tim kiém c6 thé & giita vi tri
hién tai cia nd va vi tri cia con moi.

2.1.4. Tim kiém con méi (tham do)

Qua trinh tim kiém bét dau khi cac s6i alpha(a), beta(B) va delta(3) woc tinh vi tri cua
con moi va cap nhat khoang cach. Cac con so6i tach ra dé tim kiém va hoi tu dé tan cong. Dé
tao su da dang, gia tri A ngau nhién 16n hon 1 hodc nho hon -1 dugc st dung dé bat budc céc
con sdi phai chuyén hudng khoi con moi. Tham s6 “d dugc giam dan dé tham do va khai thac.
Khi |A| > 1 s6i di chuyén xa con mdi, khi |A| <1 séi di chuyén gan con moi. Thuét toan s&
ket thuc khi théa man mot tiéu chi cuoi cung (Panda & Das, 2019).

2.2. Thuit giai di truyén (GA)

GA 1a mot ky thuét t61 wu hoa dua trén di truyén hoc va sinh hoc tién hoa, tuong tu voi
cau trac di truyén va hanh vi cua nhiém sac thé trong quan thé lay cam hang tir hoc thuyét
Darwin (Tuhus & Krarti, 2010). GA m6 phdng qua trinh thich nghi cia quan thé sinh hoc dé
tim giai phap t6i uu cho cac van d€ phuc tap. Sau day la qua trinh thuc thi cua GA dua trén
cac nguyén ly nay:

- Chc cé thé trong quén thé tranh gianh tai nguyén. Khi c6 nhiing c4 thé khoe manh nht
s€ giao phdi dé sinh ra nhiéu ca thé con hon nhitng ca thé khong khde manh.

- Cac gen tlr bd me “khoe nhat” dugc truyén qua nhidu thé hé, nghia 1a d6i khi b me

53



Tap chi Khoa hoc Pai hoc Pong Thap, Tap 14, S6 8 (2025): 50-66

tao ra con cai tot hon bd hoac me s€ phu hgp hon véi méi trudong.

Sau khi da hinh thanh y tuong vé cach thuét toan nay mé phong su tién hoa tu nhién,
cac budc trong quy trinh toi vu hoa cua GA bao gom (Mondal & cs., 2023):

2.2.1. Khoi tao

Budce dau tién trong thuat toan di truyén la khéi tao quﬁn thé ban dau, mdi ca thé duoc
tao ra ngau nhién hodc bang cac phuong phap heuristic. Moi thi€t ke trong quan thé dugc dai
dién bdi mdt nhiém sac thé. Cong thirc biéu dién quan thé khéi tao la:

P(0) = {x1, x5, ..., xn} (7)

Trong do, P(0) la quan thé ban dau va x; 1a cac ca thé trong quan thé véi N 1a kich
thudc quan thé (Yao & Xu, 2024).

2.2.2. Panh gia ham muc tiéu va mirc do phu hop

Sau khi khéi tao qu?m thé, ham muc tiéu dugc su dung dé danh gia muc d6 thich nghi
cua tung ca thé trong quan the.

2.2.3. Lwa chon

Y tudng 14 wu tién nhitng c4 thé c6 diém thé lyuc tot va c6 thé truyén gen ctia minh cho
cac the h¢ ke tiép. Trong do xac sudt chon mdt ca thé nhat dinh ty 1€ thuan voi fitness cua no.

2.2.4. Trao déi chéo

Qua trinh trao ddi chéo thuc hién su giao phdi giita cac ca thé. Hai ca thé duoc chon
bang cach st dung toan tur lya chon va cdc vi tri trao d6i chéo duoc chon ngau nhién. Cac gen
tai cac vi tri trao d6i chéo nay dugc trao doi dé tao ra cac ca thé moi Rafaely & Bennell, 2006).

2.2.5. Dot bién

Qua trinh d6t bién thuc hién cac thay ddi ngau nhién nho dé ting su da dang cho quan
thé va ngan chén sy hoi tu sém vao cac giai phap kém.

2.2.6. Thay thé
 Qua trinh thay thé dién ra bang cach thay thé thé hé cii bang tl}é hé méi, bao gdm cac
thiét ké ban dau, cac thé hé con lai va cac thiét ké da trai qua dot bién. Cong thirc cho budc
nay la:
P(t+1) ={M1,M2,,MN} (8)
Trong d6, P(t + 1) 1a quan thé méi sau khi thay thé.
2.2.7. Tiéu chi két thiic

Qua trinh 13p lai tr budc lya chon dén thay thé cho dén khi dat djéu kién két thac, chfmg
han nhu so the h¢ toi da hodc khi khong con thay su cai thién dang ké nham tim ra giai phap
toi uu hodc gan toi uu cho bai toan (Shial & cs., 2023).

3. Phwrong phap két hop thuit toan GWO-GA tich hep tim kiém cuc bd 1oc xody

3.1. Ly do lwa chon két hop

GWO va GA la hai thuat toan ti uu hoa metaheuristic ph6 bién, mdi thuat todn c6
nhimg vu diém va nhuge diém riéng. Viéc két hgp chung nham muc dich khai thac hi¢u qua
cac uu diém va giam thi€u cac nhugc diém cua tung thuat toan. GWO ndi bat véi kha nang
khai théc chi tiét khong gian tim kiém, mo6 phong hanh vi sdn moéi cua bay s6i xam, giap duy
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tri sy can bang giita viéc kham phé va khai thac khong gian tim kiém. Tuy nhién, GWO dé&
mic ket tai cac cuc tri cuc bo do thiéu kha nang kham pha rong. GA m6 phong qua trinh chon
loc tu nhién, ndi bat v6i kha ning kham pha khong gian tim kiém rong 16n théng qua cac qué
trinh lai ghép va dot bién, giup duy tri da dang di truyén va tang kha ning thoat khoi cac cuc
tri cuc bd. Tuy nhién, GA c6 kha nang khai thac chi tiét khong cao va qua trinh héi tu co thé
cham hon.

Viéc két hop GWO va GA tén dung diém manh cia ca hai phuong phap, tang kha nang
kham pha va khai thac, tranh méc ket tai cac cyc tri cyc bd va néng cao hiéu suét t6i wu hoa.
GWO dam nhén vai trd khai thac chi tiét cac ving tim kiém tiém ning, trong khi GA m& rong
kha nang kham pha, gitp tim kiém cac giai phéap t6i wu toan cuc hiéu qua hon. Tuy nhién, dé
khai thac t6i da tiém ning cia GWO va GA, phuong phap két hop nay con tich hop thém ky
thuat tim kiém cuc b theo quy dao 16¢ xoay nham tiang cudng kha nang tim kiém chi tiét trong
cac vung cuc bg. Cach tlep can nay giip néng cao kha nang thoat khoi cyc tri cuc bo va cai
thién hiéu suat t6i vu hoa tong thé.

3.2. Qua trinh két hgp GWO va GA tich hop tim kiém cuc bd
3.2.1. Qud trinh két hop

Qua4 trinh t6i wu héa bt dau bang viéc tao ra mot quan thé ngiu nhién, trong dé cac ca
thé dwoc phan b trong khéng gian tim kiém D-chiéu v6i cac gidi han x4c dinh. D6 thich nghi
ctia mdi c4 thé s& duge danh gia dya trén ham muc ti€u. Sau khi danh gia, vi tri cac ca thé duoc
cap nhat theo co ché sin mdi cua thuét toan GWO. Trong GWO, cac ca thé dan dau alpha,
beta va delta dong vai tro diéu hudng va tin cong muc tidu, mo phong hanh vi bao vay con
moi tir nhidu hudéng khac nhau.

3.2.2. Tim kiém cuc bé léc xoay

Sau khi vi trf cac ca thé duoc cap nhat, budc tim kiém cuc bo theo quy dao xoén dc¢ duoc
trién khai dé ting cuong chit lugng cua timg cé thé. Phuong phap nay tim kiém sau hon trong
khong gian 1an can, ddc biét hiéu qua trong viéc kham pha cac diém lan can da hudng, gitp
giam nguy co méc ket tai cac cuc tri cuc bd.

Trong tim kiém cuc b6 16¢ xo4y, mdi ca thé s& di chuyén quanh vi tri hién tai theo mot
quy dao xoan oc, voi ban kinh dich chuyén thu hep dan qua moi budc, tao diéu kién mé rong
pham vi tim ki€m trong khong gian. Cong thirc moé ta quy dao xoan oc la:

Xnew = Xcurrent T 7 [Z?rf é(());] ©

Trong do, x;,e,, 12 Vi tri m6i clia cd thé, X yprens 18 Vi tri hién tai. Ban kinh r cua quy dao xoén
oc va 0 1a géc xoay ngau nhién trong khoang tir 0 dén 27 Ban kinh r giam dan qua cac budc,
duoc tinh toan dya trén cong thirc:

T = Tyt * (shrink_factor)SteP (10)

Trong do6 1y, 12 ban kinh ban dau va shrink_factor 1a h¢ s6 diéu chinh toc d6 giam dan ciia
béan kinh. Géc xoay ngiu nhién 0 trong timg budc di chuyén gitp ting tinh linh hoat ctia qua
trinh tim kiém, dam bao viéc tiép can khong gian lan can mot cach toan dién.

Qué trinh niy cho phép cac ca thé tiép can khong gian 1an can mot cach toan dién, tir 46
tang kha nang khai thac t6i da xung quanh vi tri hién tai, dong thoi linh hoat trong viéc tham
do (exploration) theo nhiéu hudng khac nhau. Viéc giam dan ban kinh va tao goc ngiu nhién
gitip c4 thé duy tri sy linh hoat trong qua trinh tim kiém, tir d6 ting hiéu qua dat giai phap tdi
uu va tranh tinh trang bi ket trong cac cuc bo.
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3.2.3. Ap dung thudt toin GA

Sau qua trinh tim kiém cuc bo, thuat toan di truyén duoc ap dung dé duy tri sy da dang
trong quﬁn thé va dam bao kha nang kham pha toan cuc. Qué trinh dot bién dugc thuc hién
voi mot ty 1€ xac dinh trudc, giap tao ra cac ca thé méi vi bién thé khac biét, nho do tang kha
nang kham pha khong gian tim kiém rong hon (Emary & cs., 2016). Céc cé thé con sau dot
bién s€ duoc lai ghep voi cac ca thé alpha, beta va delta trong GWO nham két hop nhing dac
diém tét nhat tir cac ca thé uu tu. Viéc lai ghép nay gitp cai thién chat lugng ctia quan thé,
nang cao kha ning tim ra giai phap tdi wu.

3.2.4. Qud trinh chon loc va duy tri quan thé

Sau khi thyc hién dot bién va lai ghép, cac ca thé trong quan thé sé trai qua qua trinh
chon loc. Chi nhing ca thé c6 do thich nghi cao nhét s€ dugc gilr lai, giup dam bdo rang quan
thé tiép tuc phat trién theo huéng tim kiém giai phap t6t hon. S6 lugng ca thé trong quan thé
dugc duy tri 6n dinh theo quy mé ban dau, dong thoi cac budc tir danh gia, cap nhat, tim kiém
cuc bd va GA s& duoc 1ap lai lién tuc cho dén khi dat dén diéu kién dirng cta thuat toan (vi du:
s6 vong lap t6i da hodc do chinh xac tdi wu).

3.2.5. So do khoi

Khdi tao
dim, popSize, Iter, lb, ub,
mutation_rate, n,i=0
crossover_rate, fitness_func

!

.| Quén thé khdi tao ngdu nhién
trong khodng (lb, ub)

Véi méi wolf méi trong wolves:
Néu rand() < mutation_rate:

Dénh gié d6 thich nghi clia wolves  mutate(wolf)
Néu rand() < crossover rate:
crossover(wolf, alpha)
¢ crossover(wolf, beta)

crossover(wolf, delta)
Sép xép wolves theo fitness Thém céc offspring vao wolves
Chon alpha, beta, delta tét nhét

v
'l Bdénh gid d6 thich nghi cda wolves
Tinh todan gid tri
a =2 - 2*(vdng l&p hién tai/lter) v

va cGp nhét vi tri theo GWO vdi

alpha, beta, delta 8p dung local search

Xnew = Xcurrent + r*(cos(0), sin(0))

v
Thém fitness t&t nhét Chon loc wolves._list 9&
vao fitness_history < oir l(gl popSlze
i=i+l cé thé tét nhét

Hinh 2. So' 6 mé ta qua trinh thyec thi ctia thuit toan két hop

Thuét toan bat ddu véi cac tham sd dau vao nhu sd chidu bai toan (dim), kich thudc
quan thé (popSize), so vong 1ap (Iter), gidi han mién tim kiém (Ib, ub), ty I&¢ dot bien
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(mutation_rate), ty 1€ lai ghép (crossover_rate) va ham d¢ thich nghi (fitness_func). Quan thé
ban dau dugc tao ngau nhién trong mién giGi han dé dam bao tinh da dang.

Mai vong lap, thuat toan danh gia do thich nghi cua quan thé, sép xep va chon ba c4 thé
t6t nhat (alpha, beta, delta) dé dan dét qua trinh tim kiém theo co ché GWO. Sau dé, cac toan
tir 46t bién va lai ghép ctia GA dugc ap dung nham tiang cudng khai thac khong gian tim kiém.
Ngoai ra, thudt todn tich hgp budc tim kiém cuc bd (local search) dé tinh chinh nghiém, cai
thién d6 chinh xac.

Cudi cung, thuat toan chon loc cac ca thé c6 do thich nghi cao nhét dé duy tri kich thuéc
qu?m thé, tiép tuc Iap lai cho dén khi dat sb vong lap tdi da. Két qua thu duogc 1a lich su tién
hoéa ctia céc ca thé ti wu theo timg vong lap. Hinh trén minh hoa so @b khdi ciia qua trinh nay.
Qua trinh 13p lai dén khi dat s6 vong lap t6i da (n), két qua 1a lich sir d6 thich nghi ctia cac ca
thé t6t nhat. Hinh 2 minh hoa so d6 khdi ctia qua trinh nay

3.2.6. Ma gid

Khéi tao(dim, popSize, Iter, 1lb, ub, mutation_rate,
crossover rate, fitness func):
Ham initialize population():
Tao quidn thé ngidu nhién trong khoang (lb, ub)
Tra vé quan thé ban diu
Ham calculate_fitness(wolves):
Panh gia dé thich nghi ctia méi ca thé trong wolves
Tra vé danh sach dé thich nghi
Ham mutate (wolf) :
Néu rand() < mutation_rate:
Thyc hién dét bién gene cho wolf
Tra vé wolf dia dot bién
Ham crossover (wolfl, wolf2):
Tao offspring bidng cach lai ghép wolfl va wolf2
Tra vé offspring
Ham local_ search (wolf):
Tao bién ngdu nhién r dé diéu chinh vi tri
Cap nhat vi tri méi cua wolf:
Xnew = Xcurrent + r * [cos(0), sin(6)]
Tra vé wolf véi vi tri dd dugc diéu chinh
Ham optimize() :
wolves = initialize population()
fitness_history = []
Cho mdi vong ldp ti 1 dén Iter:
fitness = calculate fitness(wolves)
Sdp xép wolves theo fitness
Chon alpha, beta, delta la ba ca thé cé fitness tét nhit
a=2-2 * (vong 1l38p hién tai / Iter)
wolves list = []
Cho méi wolf trong wolves:
Cap nhat vi tri cua wolf theo chién lugc cua GWO:
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wolf .position = vi tri méi theo alpha, beta, delta
va a
Néu rand() < mutation rate:
wolf = mutate (wolf)
Néu rand() < crossover rate:
Chon ngdu nhién mét trong ba cid thé alpha, beta,
delta dé lai
wolf = crossover (wolf, ca thé da chon)
Thuc hién tim kiém cuc bé:
wolf = local search (wolf)
Thém wolf vao wolves_ list
Chon loc wolves list dé giir lai popSize ca thé tdt nhat
Cap nhat quan thé wolves = wolves list
Thém dé thich nghi tét nhit vao fitness history
Tra vé fitness history

4. Thuc nghiém va danh gia trén cac ham thir nghiém

bé danh gia hiéu qua cta thudt toAan GWO-GA, nhom thyc hién thyc nghiém trén mot
loat cac ham thir nghiém (Jamil & Yang, 2013) phd bién bao gom F1, F2, F3, F4, F5, F6, F7,
F8 va F9. Cac ham nay dugc lya chon nhim kiém tra kha nang cua thudt toan trong viéc tim
kiém cuc tri toan cuc trong cac khong gian tim kiém phtc tap va da dang.

Dudi day la bang mo6 ta chi tiét cac ham thir nghiém bao gom cong thirc, pham vi bién va
s6 lugng bién str dung trong cac thi nghiém. Tt ca cac két qua kiém chimng trong bai bao nay
déu duogc thyc hién trén may tinh c6 cau hinh AMD Ryzen 5 3550H, 16GB RAM va toc do
xtr 1y 2.10 GHz, sir dung phién ban Python 3.11.2. Cac thir nghiém dugc tién hanh trong méi
truong nay nham dam bao tinh nhat quan va do tin cdy cta cac két qua dat duoc tir phuong
phap GWO-GA.

Bing 1. Cong thirc toan hoc va thong so ciia cac ham thir nghi¢m
dwgec sir dung trong thuc nghiém

S6 Muc
Ha ono thi Ph i 3 oA
am Cong thire am vi chidu ticu
F1 2 [—2,2] 10,30,50 0
§ X

£ 2|xi| + Hlxil [—10,10] 10,30,50 0

: 2
F3 2" (Zl x_) [-5.12,5.12] | 10,30,50 | 0
i=1 j=1 J

F4 [-30,30] 10,30,50 0

max|x;|
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. N , . So Muc
Ham Cong thire Pham vi chidu titu
F5 nt 2 —30,30] [10,30,50 | 0

Z_ 1 [100(xis1 — x2)" + (i — 7] [ ] 30,
1=
1 1
F6 | —20exp —0.2 EZ 2— expgz coS2mx; [-32,32] |10,30,50 | 0
+ 20 + expl

T 5 x1+1
ElOsm n(1+ )

+Z (x+1> (1

xl-+1+1>> [-50,50] | 10,30,50 | 0

F7 ,
+ 10sin?nw (1 +

@)

+ Z U(x,10,100,4)

4

0.1 [sin2 (3mx,)

n-1
132

+ Zi:l (x; — D?*(1

+ sin®(3mx;41))

+ (x, — 1?(1 + sinz(ann))]

+ Z U(x,5,100,4)

F8 [-50,50] | 10,30,50 | 0

n

i=1

4.1. Thiét 1ap thuc nghiém

Céc ham thtr nghiém dugc chon bao gdm chin ham phd bién véi do phirc tap va tinh
chit khac nhau, duoc kiém tra trén cac sb chiéu khac nhau (10, 30, 50) dé dam bao tinh téng
quat cua két qua. Cac tham sd cua thuat toan duoc thiét 1ap nhu sau: kich thudc quan thé
(popSize) 1a 50, s6 chiéu (dim) duoc thir nghiém véi cac gia tri 10, 30 va 50, s6 vong 1ap (Iter)
1a 500, ty 1¢ dot bién (mutation_ rate) 12 0.1 va ty 1€ lai ghép (crossover_rate) la 0.8. Mobi ham
thir nghiém dugce chay 10 lan dé giam thiéu anh huéng cua yéu to ngau nhién va dam bao tinh
khach quan cua két qua. Két qua do thich nghi trung binh qua cac 1an chay duoc sir dung dé
danh gia hiéu qua cta thuat toan.

4.2. Két qua thye nghiém
Trong phan nay, chiing i trinh bay két qua thuc nghiém cia thuat toan GWO-GA-CLS
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trén tap cac ham thir nghiém chuan F1-F9 véi s6 chiéu lan lugt 1a 10, 30 va 50. Ngoai viéc
bao cdo cac gia tri fitness dat dugc theo sb vong lap (duoc thé hién trong cac Bang 2, 3, 4),
chung t6i con bo sung phan dién giai nham gitp ngudi doc dé dang nim bat y nghia cua cac
s6 liéu va hinh minh hoa (Hinh 3-5).

4.2.1. Thyc nghiém voi s6 chiéu la 10

e — wef S . wry
Wl N S N
w4 \ w1 N
wn]

Hinh 3. Biéu d0 két qua thwe nghiém véi s6 chiéu 13 10

Bang 2. Bing thong ké két qua sau mdi 100 vong lip voi sé chiéu 1a 10

Algorithm 100 200 300 400 500
GA 5.09E+00 1.67E-04 1.92E-05 5.93E-06 3.32E-06
F1 | GWO 6.79E+00 8.53E-30 3.07E-58 1.38E-72 1.75E-79
GWO-GA 2.89E+00 6.00E-40 1.28E-67 1.80E-83 2.64E-91
GA 6.14E+01 1.89E-01 5.22E-02 2.72E-02 2.28E-02
F2 | GWO 3.54E+02 1.52E-14 2.29E-31 2.53E-40 5.95E-44
GWO-GA 1.17E+01 1.10E-21 8.70E-40 3.58E-49 2.55E-53
GA 4.64E+01 3.19E-01 6.65E-02 1.91E-02 5.42E-03
F3 | GWO 4.19E+01 4.02E-10 1.39E-24 1.81E-34 5.96E-40
GWO-GA 1.59E+01 2.97E-21 4.71E-36 4.70E-46 5.39E-52
GA 1.23E+07 6.67E+01 1.51E+01 5.78E+00 | 2.75E+00
F4 | GWO 5.22E+06 | 6.88E+00 | 6.50E+00 6.34E+00 | 6.23E+00
GWO-GA 5.14E+06 | 3.41E+00 1.48E+00 1.39E+00 7.33E-01
GA 1.10E+04 2.49E-01 3.23E-02 1.13E-02 1.06E-02
F5 | GWO 1.21E+04 4.66E-02 1.39E-02 7.44E-03 1.95E-03
GWO-GA 3.15E+03 8.49E-03 3.03E-03 2.05E-04 1.82E-04
GA 1.94E+01 4.16E-01 1.32E-01 7.56E-02 4.85E-02
F6 | GWO 2.02E+01 2.38E-13 4.00E-15 4.00E-15 4.00E-15
GWO-GA 1.82E+01 4.00E-15 4.00E-15 4.44E-16 4.44E-16
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Algorithm 100 200 300 400 500
GA 4.56E+07 5.84E-03 4.93E-04 7.19E-05 5.07E-05
F7 | GWO 9.32E+07 6.52E-03 3.63E-03 6.08E-04 3.19E-04
GWO-GA 1.07E+06 3.56E-04 1.63E-04 8.00E-05 4.41E-05
GA 1.15E+08 9.54E-02 1.90E-02 9.37E-04 2.90E-04
F8 | GWO 3.05E+07 4.74E-02 1.47E-02 7.12E-03 2.03E-03
GWO-GA 2.43E+06 1.38E-03 1.24E-03 1.08E-03 1.06E-04
GA 8.40E+01 7.21E+00 | 7.05E+00 | 6.98E+00 | 6.97E+00
F9 | GWO 1.19E+02 1.51E+01 2.19E+00 | 2.06E+00 | 2.03E+00
GWO-GA 7.38E+01 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00

Bang 2 thé hién gia tri thich nghi trung binh ciia cac thuat toan GA, GWO va GWO-GA
sau mdi 100 vong lap trén cac ham kiém thir F1 dén F9. Quan sat s6 lidu cho thay thuét toan
GWO-GA c6 tc do hoi tu nhanh hon dang ké so véi GA va GWO, dong thoi dat gia tri toi wu
thép hon, chirng té kha nang khai thac va tim kiém cuc trj toan cuc hiéu qua hon.

Cu thé, trén ham F1, gi4 tri thich nghi ban diu cia GWO-GA 1a 2.89E+00 va giam
xudng 2.64E-91 sau 500 vong lap, trong khi GWO dat 1.75E-79 va GA chi giam dén 3.32E-
06. Diéu nay phan anh rd rang kha nang két hop cta hai thuét toan da cai thién hiéu suat tim
kiém dang ké. Hinh 3 minh hoa qua trinh hoi tu ctia ba thuat toan, cho thiy GWO-GA khéng
chi dat gia tri t8i wu nhanh hon ma con duy tri su on dinh trong hoi ty, dac biét trén cac ham
¢6 nhiéu cuc tri cuc bo nhu F4 va F9.

Trén cac ham F5 va F6, GWO-GA tiép tuc cho thdy hiéu sudt vuot troi khi dat gia tri
thich nghi cudi cting thip hon it nhit mot bac s6 mii so véi GWO va GA. DPiéu nay ching
minh rang viéc lai ghép giita GWO va GA khong chi gitp khai thac tét hon trong giai doan
dau ma con hd trg qua trinh tinh chinh giai phap & cac giai doan sau ciia qua trinh t6i vu hoa.

4.2.2. Thuc nghiém voi $6 chiéu la 30

Hinh 4. Biéu d6 két qua thye nghiém véi so chidu 1a 30

Khi ting sb chiéu 1én 30, do phure tap cua bai toan tbi uu hoa gia tang, gay kho khan
hon cho cac thuét toan tim ki€ém. Tuy nhién, két qua & Bang 3 tiép tuc khang dinh rang GWO-
GA duy tri dugc toc dd hoi tu nhanh hon so véi GA va GWO, dac biét trén cac ham F1, F3 va
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F5. Piéu nay cho thay thuat toan lai c6 kha nang thich nghi t6t v6i khong gian tim kiém c6 s6
chiéu cao.

Vi dy, trén ham F3, gia tri thich nghi cudi cung cua GA 1a 1.16E+00, trong khi GWO
giam xubng 9.22E-07, va GWO-GA tiép tuc giam manh xudng 1.37E-18. Py la mot sy cai
thién dang ké, cho thiy su két hop gitta kha nang tim kiém toan cuc cia GWO va co ché khai
thac cuc bo ciia GA gitip thuat toan hdi ty dén nghiém t6t hon.

Hinh 4 minh hoa sy khac biét rd rét trong toc do hoi tu cia cac thuét toan. Duong hoi tu cua
GWO-GA cho thay su suy giam gid tri thich nghi 6 6n dinh va manh mé& ngay tir giai doan dau
clia qué trinh t6i uu hoa. Pidu nay la nho vao co ché lai ghép giup thuat toan cin bang giira
khai thac va kham pha, tranh bi mac ket tai cac cuc tri cuc bd.

Bang 3. Bang thong ké két qua sau mdi 100 vong lip voi so chiéu 1a 30

Algorithm 100 200 300 400 500
F1 GA 1.82E+01 6.12E-02 1.24E-02 7.07E-03 3.46E-03
GWO 3.21E+01 2.86E-13 2.24E-26 8.45E-34 1.05E-37
GWO-GA 1.50E+01 5.73E-18 8.20E-32 2.60E-40 9.61E-45
GA 2.06E+04 | 7.58E+00 1.88E+00 1.27E+00 9.31E-01
F2 | GWO 8.54E+11 5.74E-07 8.29E-15 6.53E-19 7.02E-21
GWO-GA 5.25E+04 1.09E-09 2.83E-18 2.44E-23 1.20E-25
GA 3.27E+02 1.68E+01 5.74E+00 1.80E+00 1.16E+00
F3 | GWO 3.03E+02 | 2.23E+00 5.64E-03 4.03E-05 9.22E-07
GWO-GA 1.66E+02 4.46E-06 1.50E-11 7.55E-16 1.37E-18
GA 2.04E+08 | 4.19E+04 | 3.51E+03 2.86E+03 | 2.63E+03
F4 | GWO 1.56E+08 | 2.77E+01 2.71E+01 2.71E+01 2.71E+01
GWO-GA 1.36E+08 | 2.54E+01 2.49E+01 2.43E+01 2.41E+01
GA 6.10E+04 1.97E+02 | 3.85E+01 1.40E+01 7.25E+00
F5 | GWO 6.67E+04 9.83E-01 5.76E-01 3.46E-01 2.82E-01
GWO-GA 3.74E+04 2.44E-01 4.74E-02 2.81E-02 9.70E-03
GA 2.04E+01 6.06E+00 | 2.80E+00 1.62E+00 1.15E+00
F6 | GWO 2.07E+01 4.25E-06 3.42E-13 1.47E-14 1.47E-14
GWO-GA 1.98E+01 6.37E-08 1.47E-14 7.55E-15 7.55E-15
GA 6.84E+08 | 4.24E+01 3.11E-01 4.29E-02 2.64E-02
F7 | GWO 6.26E+08 4.85E-02 2.69E-02 1.76E-02 1.32E-02
GWO-GA 1.00E+08 3.33E-02 7.14E-03 1.22E-03 4.57E-04
GA 6.10E+08 | 4.04E+03 1.83E+00 7.90E-01 5.20E-01
F8 | GWO 8.60E+08 3.78E-01 2.77E-01 2.01E-01 1.18E-01
GWO-GA 4.28E+08 3.68E-01 1.99E-01 1.04E-01 7.12E-03
GA 4.34E+02 | 7.90E+01 6.92E+01 6.70E+01 6.53E+01
F9 | GWO 4.64E+02 1.21E+02 1.21E+02 | 6.35E+01 4.39E+01
GWO-GA 3.44E+02 7.72E+01 4.30E+01 3.90E+01 3.00E+01
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4.2.3. Thuee nghiém voi s6 chiéu la 50

Hinh 5. Biéu d0 két qua thwe nghiém véi s6 chiéu 1a 50

Bang 4. Bing thong ké két qua sau mdi 100 vong lip voi s6 chidu 1a 50

Algorithm 100 200 300 400 500
GA 4,55E+01 | 8,97E-01 | 8,54E-02 | 498E-02 | 3,64E-02
F1 | GWO 471E+01 | 3,73E-09 | 6,32E-20 | 135E-25 | 123E-28
GWO-GA | 3,98E+01 | 1,85E-12 | 9,43E-23 | 4,60E-29 | 2,56E-32
GA 4,75E+17 | 5,00E+01 | 1,14E+01 | 520E+00 | 4,38E+00
F2 | GWO 430E+17 | 2,56E-04 | 1,52E-10 | 9,07E-14 | 223E-15
GWO-GA | 2,12E+14 | 1,30E-06 | 2,30E-13 | 3,33E-17 | 5,94E-19
GA 729E+02 | 1,18E+02 | 6,23E+01 | 3,65E+01 | 2,15E+01
F3 | GWO 1,IIE+03 | 7,48E+01 | 4,13E+00 | 9,78E-02 | 7,29E-03
GWO-GA | 7,22E+02 | 2,92E-02 | 621E-06 | 620E-09 | 1,69E-10
GA 2,50E+08 | 1,74E+06 | 9,74E+03 | 2,86E+03 | 1,66E+03
F4 | GWO 4,82E+08 | 4,83E+01 | 4,78E+01 | 4,78E+01 | 4,78E+01
GWO-GA | 3,07E+08 | 4,69E+01 | 4,69E+01 | 4,69E+01 | 4,69E+01
GA 2,50E+08 | 1,74E+06 | 9,74E+03 | 2,86E+03 | 1,66E+03
F5 | GWO 4,82E+08 | 4,83E+01 | 4,78E+01 | 4,78E+01 | 4,78E+01
GWO-GA | 3,07E+08 | 4,69E+01 | 4,69E+01 | 4,69E+01 | 4,69E+01
GA 2,07E+01 | 1,41E+01 | 4,66E+00 | 3,52E+00 | 3,04E+00
F6 | GWO 2,08E+01 | 5,70E-04 | 3,19B-09 | 4,53E-12 | 1,67E-13
GWO-GA | 2,07E+01 | 944E-06 | 2,76E-11 | 3,95E-14 | 2,89E-14
GA 934E+08 | 3,69E+04 | 9,33E+00 | 2,00E+00 | 7,36E-01
F7 | GWO 1,LI9E+09 | 1,33E-01 | 9,63E-02 | 6,85E-02 | 5,53B-02
GWO-GA | 6,11E+08 | 241E-01 | 1,84E-01 | 1,69E-01 | 6,67E-02
GA 1,6IE+09 | 1,90E+06 | 6,84E+01 | 1,07E+01 | 6,02E+00
F8 | GWO 1,89E+09 | 2,17E+00 | 1,46E+00 | 1,17E+00 | 9,45E-01
GWO-GA | 7,46E+08 | 1,55E+00 | 1,39E+00 | 7,57E-01 | 2,66E-02
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Algorithm 100 200 300 400 500

GA 7,36E+02 2,75E+02 2,48E+02 2,35E+02 2,32E+02
F9 | GWO 7,52E+02 1,13E+02 6,54E+01 4,73E+01 3,42E+01

GWO-GA 6,49E+02 6,98E+01 3,57E+01 3,04E+01 2,47E+01

Véi s6 chiéu tiang 1én 50, khong gian tim kiém mo rong dang ké, khién cac thuat toan
phai d6i mit v6i nhiéu thach thirc hon trong viée hoi tu dén nghiém ti wu. Bang 4 cho thay
GA ¢6 diu hiéu cham hoi tu hon so v&i hai thuat toan con lai, trong khi GWO-GA van duy tri
duoc tde do tim kiém hiéu qua.

Trén ham F2, GA chi dat gia tri thich nghi 4.38E+00 sau 500 vong lap, trong khi GWO
giam xudng 2.23E-15 va GWO-GA tiép tuc cai thién dang ké voi gia tri 5.94E-19. Diéu nay
cho thdy ring GWO-GA khong chi t6i wu hoa nhanh hon ma con duy tri duoc kha ning tim
kiém hiéu qua trong cac khong gian tim kiém phirc tap.

Hinh 5 minh hoa 15 qua trinh hoi tu cta ba thuat toan trén khong gian ¢ s chiéu cao.
GWO-GA duy tri toc do suy giam gia tri thich nghi nhanh hon va 6n dinh hon, trong khi GA
¢6 dau hiéu ding lai ¢ gia tri cao hon do kha nang khai thac han ché. Pay 1a bang ching thuyét
phuc cho thay thuét toan lai gitup can bang gilta qua trinh kham pha va khai thac, ddng thoi tan
dung dugc diém manh ciia ca GWO va GA d cai thién chat luong nghiém tdi wu.

4.3. Panh gia thuit toan tir két qua thuce nghi¢m

Nghién ctru nay danh gia hidu qua cia thuat toan GWO-GA thong qua cac ham kiém
thir tiéu chuan F1 dén F9, v6i kich thude 10, 30 va 50 chiéu va thuat toan dugc chay 500 lan
trén moi truong hop dé dam bao do tin cay. Thuat toan ciing tich hgp thém budc tim kiém cuc
b6 16¢ x04y, giup cai thién kha nang hoi tu va tdi vu hoa toan cuc. Két qua thuc nghiém cho
thay:

4.3.1. Kha nang hoi tu va tim kiém cuc tri toan cuc

GWO-GA thé hién téc d6 hoi tu nhanh va nhét quan, ddc biét trén cac ham F1, F2, F3
va F5. Thuét toan dat dugc cac gia tri t6i wu hodc gén t8i wu trén tt ca cac kich thude bién,
nhd vao bude tim kiém cuc bd gitp tinh chinh va cai thién d chinh xac trong qua trinh tdi wu
hoéa.

4.3.2. Kha nang xut ly cac ham co nhiéu cuc tri cuc bo

Véi cac ham chira nhiéu cuc tri cuc bd nhu F4 va F9, GWO-GA d3 dat cac gia tri t61 wu
tdt hon nho su két hop cia GWO, GA va tim kiém cuc bd cho phép thuat toan thoat khoi cac
cuc tri cyc bd va tang cuong kha nang kham pha khong gian giai phap.

4.3.3. So sanh voi cdac thudt toan GWO va GA don lé

So v6i GWO va GA riéng 1¢, GWO-GA cho thr?iy dd chinh xéac va toc do hoi tu vuot
trgi, dac biét trén cac ham F5 va F7. Thuat toan nay nhanh chong dat dugc cac gia tri tt nhat,
nhd vao vai trd cia tim kiém cuc bd 16¢ xody trong viée tinh chinh vi tri cac c4 thé va giam sb
vong lap can thiét dé dat dén ti uu.

4.3.4. Kha nang duy tri sw da dang ciia quan thé
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GWO-GA duy tri tot su da dang trong quén thé, gitp thuét toan tranh hoi tu sdém va
khong bi mic ket tai cac cuc tri cuc bd. Su da dang nay cai thi¢n kha nang kham phé khong
gian giai phap, dic biét quan trong vdi cac bai toan cd nhiéu cuc tri cuc bo.

Tom lai, GWO-GA 1a mét phuong phép téi vu héa manh mé, c¢6 kha ning can bing
giita khai thac va kham pha. Két qua thuc nghiém cho thiy thuat toan nay 1a mot phuong phap
hiéu qua va déng tin cay cho cac bai toan t6i wu hoa phirc tap.

5. Két luan va phuwong huéng phat trién

Nghién ciru nay da gidi thiéu va danh gia thuat toan GWO-GA, mot sy két hop giita
GWO va GA, tich hop thém budc tim kiém cuc bd dé cai thién kha niang tim kiém chi tiét va
hoi tu dén cuec tri toan cuc. Két qua thyc nghiém cho théy GWO-GA vuot trdi hon cac phién
ban GWO va GA riéng 1¢ vé tdc d6 hoi ty, do 6n dinh va hiéu qua tim kiém cuc tri trong cac
khong gian t6i wu hoa phirc tap.

Tim kiém cuc b 16¢ X04ay gop ph?m nang cao hi¢u suit cia GWO-GA, dic biét khi kich
thudc bién ting 1én, giup thuat toan hoat dong hidu qua ngay ca trong cac khong gian tim kiém
16n va nhiéu cuc tri cuc bo. Diéu nay khéng dinh GWO-GA 1a mgt cdng cu manh mé va tiém
nang cho cac bai toan ti wu hoa thuc té phirc tap.

Két qua nghién ctru cho thy su két hop gitra GWO, GA va tim kiém cuc bd 16c xody
trong GWO-GA gitip khai thac téi da vu diém cua timg thanh phan, mang lai mot giai phap
t6i wu hoa hiéu qua. Cac hudng phat trién tiép theo bao gdm tinh chinh thém thuét toan GWO-
GA va thir nghiém trén cac bai toan phtrc tap hon, ing dung trong da linh vuc dé khing dinh
gia tri va kha nang trng dung cua thuét toan nay.
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