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Tém tit

Bai bao mang dén mét bude dot pha trong linh vuee t6i wu héa bang cach két hop hai
thudt toan ldy cam hing tir tw nhién: Arctic Puffin Optimization (APO) va Artificial Rabbits
Optimization (ARO). Nghién ciru dé xudt nam chién luoc lai nhu tuan t, ludn phién va song
song, nham tdn dung kh,d nang tham do toan cuc cua APO va khai thac cuc bo hiéu qud cua
ARO. Cac phwong an két hop dwoc danh gia qua sau ham benchmark chudn voi so chiéu bai
todn khac nhau. Két qua cho thdy cdc chién lugc ket hop, dac biét la ludn phién va song song,
Vo't troi h0'n, ARO va APO déc lap vé toc do hoi tu, do chinh xdc va kha nang tranh cuc tri
cuc bo. Su ket hop nay tan dung kha nang tham do todn’cuc cua APO va ]chai thac cuc bo cﬁg
ARO, mang lai giai phap hiéu qua cho cac bai toan toi wu hoa da chiéu. Huong phat trién
twong lai tap trung vdo tw dong diéu chinh chién lugc lai va ing dung thuc tién nhu toi uu
tuyén duwong hodc quan ly nang luwong.

Tw khoa: APO, ARO, Thudt toan lai ghép, T 6i wu hoa.
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Abstract

The paper delivers a breakthrough in the optimization field by combining two nature-
inspired algorithms: Arctic Puffin Optimization (APO) and Artificial Rabbits Optimization
(ARO). The research proposes five hybrid strategies, which include sequential, alternating,
and parallel, to take advantage of the global exploration capability of APO and exploit the
local efficiency of ARO. These strategies are evaluated by using six standard Benchmark
funtions with different problem dimensions. The results show that the hybrid strategies,
especially the alternating and parallel ones, outperform ARO and APO independently in terms
of convergence speed, accuracy, and local extreme avoidance. This combination deploys the
global exploration capabilities of APO and the local exploitation capabilities of ARO,
providing effective solutions to multidimensional optimization problems. Future development
direction should focuse on automatic tuning of hybrid strategies and practical applications,
such as route optimization or energy management.

Keywords: APO, ARO, Hybrid Algorithm, Optimization.
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1. Pat van dé

Trong bdi canh phat trién nhanh chéng cua khoa hoc va cong ngh¢, cac bai toan t6i wu
phtre tap ma cac phuong phap truyen thng khong thé xir 1y hiéu qua do khong gian tim kiém
qua 16, phi tuyen tinh hogc ¢6 nhiéu cyc tri cuc bd. Trong nhiéu truong hop, viée tim 101 gidi
t6i wu tuyét ddi 1a khong kha thi trong thoi gian hop ly, déc biét d6i v6i cac bai toan NP-hard.
Nhirng bai toan nay khong chi yéu cau cac giai phap chinh xac ma con phai dugc tim kiém
trong thoi gian hop 1y, tao ra thach thirc 16n cho cac phuong phép toi uu hoa truyén thong
(Mirjalili, 2014).

_Thuat toan metaheuristic ra doi nhu: mot giai phap hiéu qua, VOi kha ne“mg tim kiém loi
nhién thay vi dya vao quy trinh xac dmh. Cac thuat toan nay thuong su dung quan thé va qua
trinh tién hoa dé kham pha khong gian 10i giai mot cach linh hoat (Tomar, 2023).

Metaheuristic ¢6 thé duge chia thanh nhiéu loai, bao gém cac thuat toan dya trén tién
hoa, hanh vi quﬁn thé, va vat ly, mdi loai déu c6 vu diém riéng trong viéc giai quyét cac bai
toan da dang. Mot khao sat vé 110 thuét toan metaheuristic nhu Genetic Algorithm — GA
(Holland, 1992), Particle Swarm Optimization — PSO (Kennedy, 1995), Firefly Algorlthm -
FFA (Yang, 2010) di cho thdy sy phat trién manh mé va tiém ning tng dung rong rii cua
ching trong cdc bai toan thuce tién. Tuy nhién, viéc lya chon thuat toan phu hop va cai tién
hiéu suét van 1a mot vin dé can nghién ctru siu hon (Alorf, 2023; Abdel-Basse, 2018).

Thuat todn Artic Puffin Optimization (APO) va Artificial Rabbits Optimization (ARO)
1a hai thuat toan meta-heuristic hién dai léy cam hung tir hanh vi sinh hoc trong ty nhién. APO
mo phong hanh vi sinh ton ctia loai chim hai au Bic Cuc, két hop gitra kha nang tim kiém cuc
bd va bude nhay Levy (chién luoc thoat sin moi) dé thoat khoi cuc tri dia phuong (Wen-chuan
Wang, 2024). Trong khi d6, ARO md phong hanh vi kiém an va an nau cua loai tho, khai thac
co ché chuyén dong ngau nhién c6 hudng dé t&i wu hoa qua trinh tim kiém (Liying Wang,
2022). Ca hai thuat toan déu cho thay hiéu qua vuot troi trong viéc gidi cac bai toan tdi wu
phirc tap, nhd kha ning can bang tot giita khai thac (exploitation) va kham phé (exploration).
Bai bdo nay dé xuét va so sanh 5 chién lugc lai gitra APO va ARO nhim khai thac vu diém
cta ca hai thuat toan, cai thién hiéu sut trén cac bai toan toi wu hoa da chiéu.

2. Co s 1y thuyét
2.1. Thuat toan Chim hai 4u Bic Cuc (APO)

Thuat toan Arctic Puffin Optimization (APO) 1a mot thuat toan t6i uu héa mo phong
qué trinh sinh ton va tim kiém thirc an ctia loai chim hai au Bac Cyc. Thuat toan nay khai thac
hanh vi tim kiém, hop tac va sin mdi cua chim hai au dé tim kiém giai phap t6i vu (Wen-chuan
Wang, 2024).

Hanh vi chinh cua chim hai au trong thuat toan nay dugc chia thanh ba giai doan: khoi
tao qu?m thé, tham do va hanh vi khai thac. Cac mé hinh toan hoc cho mdi giai doan dugc md
ta nhu sau (Wen-chuan Wang, 2024):

2.1.1. Khéi tao quan thé

Mdi chim hai 4u Bic Cyc dai dién cho m{t giai phap tiém ning tham gia vao qué trinh
t6i ru hoa. Qua trinh tao ra quan thé khoi tao dugc mo ta bang phuong trinh sau:

X{ = rand * (ub — Ib) + Ib,i = 1,23...N (1)
Trong d6 X¢ dai dién cho vi tri ctia ca thé hai au thir i tai thoi diém t, rand tao ra mot sb

ngiu nhién tr 0 dén 1; ub va Ib lan lugt dai dién cho gi6i han trén va dudi trong khong gian
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giai phap, N 12 s6 cé thé trong quan thé.
2.1.2. Hanh vi tham do
Chién heoc tim kiém trén khong, phuong trinh cap nhat vi trf lién quan dén hanh vi kiém
an trén khong duogc thé hién nhu sau:
VT = XE+ (XF - XE) <L) + R @
Trong @6, Yt*1 1a vi tri méi cua ca thé hai &u i trong khong gian tim kiém. Ca thé hai
au di chuyén theo mot ca thé tham chicu. H¢ so bo sung R tinh bang:
R = round(O.S * (0.05 + rand)) * 3)

Chién luoc sa xuong san moi dung dé mo6 hinh héa hanh vi lao xudng san moi, hé so
van toc S dugc st dung d€ diéu chinh do dich chuyén cia hai au trong qua trinh lao xuong.
Duo¢i day la phuong trinh cdp nhét vi tri cta hai au:

th+1 — Ylt+1 xS (4)
S =tan((rand — 0.5) * & (5)

Trong chién lugc bay nay, chim hai au diéu chinh d6 dich chuyén ctia minh trong giai
doan dau tién bang cach dua vao hé so van toc S.

2.1.3. Hanh vi khai thdc dwoi nwoc

Thu thdp kiém an 1a chién lugc ma nhitng con chim & trén mat bi€n sé quan sat hanh vi
cua cac thanh vién khac dé xac dinh cac di€m lan hoac nguon thuc an. Dudi day 1a phuong
trinh mo ta cach cép nhat vi tri clia hai au:

W = (XI, + F « L(D) * (X5, — X&) rand 2 0.5 (6)
X—)ﬁl+F*(X—)ﬁZ—X—)ﬁ3)rand<0.5 (7)

Trong cac phuong trinh nay, khi rand < 0.5, chim hai 4u tham gia kiém an hop tac voi
cac hdi au khac X5;, Xf,, Xt; v6i cac bien ry, 15, 1512 cic sO nguyén ngau tr 1 dén N — 1

(khéng bao gdm i), sir dung hé sé hop tac F = 0.5 dé kham pha méi trudng xung quanh.

Tang cuong tim kiém chim hai 4u phai thay déi vi tri dudi nudce ciia minh dé tim kiém
thém c4 hoac cac nguon thirc an dudi nude khac. Phuong trinh cap nhat vi tri dugc thé hién
nhu sau:

FEL =W (14 ) ®
f=01x%(rand —1) * % €))

Trong do6 T biéu thi téng s6 lan lap lai vat biéu thi sb lan 13p hién tai. Tham s6 f1a mot
yeu to thich g dugc sir dung dé diéu chinh vi tri cua hai au trong nudc.

2.1.4. Tranh ké siin méi

Phuong trinh cép nhat vi tri cho chién lugc nay dwoc thé hién nhu sau:

ZET = (X} + F + L(D) » (X& — X% ) rand 2 0.5 (10)
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XE+ B+ (XE — X5 ) rand < 0.5 (11)

Trong do f 14 s6 ngiu nhién phan phdi déu giira (0,1). Khi rand > 0,5 chi ra rang c6
ké sdn moi & gan, chim hai 4u chon né tranh ngay 1ap tirc. Nguogc lai, hanh vi cua chim hai &u
¢6 xu hudng than trong hon bang cach thay doi vi tri ngau nhién.

2.2. Thuét toan Thoé nhén tao (ARO)

Artificial Rabbits Optimization (ARO) 1a mot thuét toan téi wu hoa 1dy cam himg tir
hanh vi tim kiém thirc dn va tron tranh ké thu cua loai thé trong ty nhién, m6 phong cach tho
can bang giua Viec kham pha moi truorng xung quanh va tap trung khai thac cac khu vuc cod

.....

Hanh vi chinh cua tho trong thuat toan nay dugc chia thanh 2 chién luoc: kiém an vong
quanh va &n nau ngau nhién, cung vdi co ché thu nho nang luong (energy shrink) d€ di€u chinh
chién lugc tim kiem (Liying Wang, 2022).

2.2.1. Khéi tao quan thé

Khéi tao ngau nhién mot qu?m thé cac tho nhan tao, mdi tho dai dién cho mot giai phap
tiém nang tham gia vao qua trinh t6i wu hoa. Qua trinh tao ra quan thé khéi tao dugc mo ta
bang phuong trinh sau:

Xt = rand * (ub — Ib) + Ib,i = 1,2,3.. (12)

Trong d6 X! dai dién cho vi tri ctia ca thé tho i tai thoi diém t, rand tao ra mot sd ng?tu
nhién tr 0 dén 1, ub va b lan luot dai dién cho gidi han trén va dudi ctia bai toan (khong gian
gidi phap), N 1a so cé thé trong quan the.

2.2.2. Co ché thu nhé ning lrong

He¢ s6 ning luong A(t), quyét dinh thuat toan dang & giai doan kham pha hay khai thac,
hé sb nang luong duoc tinh biang cong thirc sau:

t 1
Ay =4x(1- ;)xlnz (13)
Trong d6, t 1a vong lap hién tai, T 1a sb vong lap tdi da, r la sb ngau nhién trong khoang
[0, 1].
2.2.3. Tinh d¢ dai chay L

Do dai chay L m6 phong mirc d6 di chuyen cta tho, phan anh sy thu hep pham vi di
chuyén khi thuat toan tién gan dén giai phap tdi uu, dugc tinh bang cong thirc:

t 2
L= (e— e_(f) ) X sin(27ry,) (14)
Trong d6, e 1a co s6 logarit ty nhién (= 2.718), r, 1a s6 ngau nhién trong [0, 1].
2.2.4. Tinh toan tir chay R

Toén tir chay R xac dinh hudng va do 16n cua bude di chuyén trong khong gian tim
kiém. R dugc tinh tir d6 dai chay L va mdt vector ngau nhién c¢ trong do:
1 if k=g
k) = 15
c(k) {0 else (1)

Trong d6, k = 1,2, ...d chi s6 chiu ctia bai toan, g = randperm(d) la hoan vi ngiu
nhién cac so nguyén tir 1 dénd,l = [r3 - d] la so chiéu dugc chon dé bién doi, 3 € (0,1) la
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s6 ngau nhién, con [.] 1a ham 1am tron 18n. Toan tir R duoc tinh:
R=Lxc (16)
2.2.5. Hanh vi kiém an

Diéu kién va muyc dich: néu A(t) > 1. Tham do cic ving méi trong khong gian tim
kiém dé tim ra vung giai phap tiém nang, dugc cap nhat bang cong thic:

vi(t+ 1) =X, (t) + R x (X,(t) — X, (t)) + round (0.5 x (0.05 + 1)) X n, (17)
Trong d6 X;(t) la vi tri tho j dugc chon ngiu nhién véi (j # i), r4: SO ngau nhién trong

khoang [0,1], ny: S6 ngdu nhién theo phan phdi Gauss chuan N(0,1), round(O.S x (0.05 +
7‘4)) X n,: thém nhidu ngau nhién dé ting kha niang kham pha.

Sau d6 kiém tra va cép nhat: Sau khi cap nhat vi tri Z(t + 1), kiém tra néu fit; <
fobj(xpest), cap nhat: Xpese = X, (t + 1) vi nguge lai, gilt nguyén X,(¢).

2.2.6. Hanh vi dn ndu

Piéu kién va myc dich: néu A(t) =1. Mo phong hanh vi tho tao nhiéu hang quanh t6

va chon ngau nhién mot hang dé an nau, nham t5i wu hoa cuc bd xung quanh vi tri hién tai.
Pau tién tinh tham sb 4n nau H theo cong thirc:

T-t+1
H =

X s (18)

Sau d6 sé tao cac hang quanh vi tri hién tai, voi mdi chiu k = 1,2, ..., d, mdi thé i tao
d hang (ing vién) quanh vi tri hién tai X, (t):

buic(6) = X;(£) + H x (g x (1)) (19)

Trong d6, gy 1a vector don vi chon ngéu nhién dé bién doi theo chiéu k (chi phan tr thir
k bang 1, cac phan tir khac bang 0). Sau d6, mét chi sb r tir 1 dén d, lay hang b, (t), voiTg
1a s6 ngau nhién trong doan [0, 1], cip nhat img vién vao hang dugc chon theo cong thirc:

Tt +1) = X,(8) + R X (16 X by () = X;() (20)
Kiém tra va cap nhat giai phap nhu hanh vi kiém an.
3. Ly do két hop va cac phwong an dé xuat

APO va ARO 14 hai thuat toan tdi vu hoa metaheuristic manh mé, tuy nhién mdi thuat
toan van ¢ nhimg uu diém va nhuoc diém riéng. Viéc két hop ching nhim muc dich khai
thac hiéu qua cac wu diém va giam thiéu cac nhuoc diém cua timg thuét toan. APO nbi bat voi
kha ning khai thac khong gian tim kiém manh mé ctia cic c4 thé chim hai u Bac Cuc, gitp
duy tri sy cAn bang giira viéc kham phé va khai thac khong gian tim kiém. Con ARO mé phong
hanh vi loai tho trong tu nhién, nbi bat voi kha nang khai thac manh mé& théng qua cac hanh vi
kiém an va an nau, giup duy tri quan thé va tang kha ning thoat khoi cac cuc tri cuc bd.

Bén canh nhimng wu diém, ca ARO va APO déu ¢ nhimg han ché. ARO c6 thé gip kho
khan véi hoi tu sdém trong cac bai toan nhiéu chiéu, trong khi co ché thich nghi ciia APO co
thé t6n kém vé mit tinh toan dbi voi mot sb ham. Dé khic phuc nhitng han ché nay, nghién
clru nay dé xuat nam chién lugc két hop co hoc nhim két hop mot cach higu qua giira ARO
va APO. Viéc lya chon két hop 5 phuong 4n thay vi chi sir dung mot phuong an duy nhat xuat
phat tir nhu ciu danh gia toan dién hiéu qua cta su két hop giira hai thuat toan APO va ARO
trong cac truong hop khac nhau. Mdi phuong an dai dién cho mét cach tiép can riéng biét:
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tuan ty gitta APO-ARO va nguoc lai, luan phién APO-ARO va nguoc lai, cudi ciing 1 phuong
an chay song song chia sé ca thé tot nhat. Cac phuong phap nay gitip khai thac cac khia canh
da dang cua hai thuat toan, tir kha nang thiam do, khai thac dén tinh tuong téc gitta chiing. Sau
d6 so sanh hiéu suét trén nhiéu khia canh, nhu tdc d6 hoi tu, kha nang tranh cyc tri cyc bo va
tinh 6n dinh trén cac ham benchmark.

3.1. Phuong 4n két hop tuin ty
3.1.1. Tuan tw APO-ARO

Thuét toan lai tuan ty APO—ARO nham giai quyét bai toan t6i wu toan cuc bang cach
chia qua trinh tim kiém thanh hai giai doan: tham do va khai thac. Giai doan dau sir dung APO
v6i kha ning thim do manh nhd co ché chién lugc thoat sin moi, chay trong nira du sb vong
lap dé kham pha khong gian tim kiém va x4c dinh ving tiém ning. Giai doan sau chuyén sang
ARO, dung két qua tir APO 1am déu vao, tiép tuc khai thac cuc bo nham tinh chinh nghiém va
cai thién gia tri fitness. Phuong phap khong tao ra phuong trinh lai truc tiép, ma két hop tuan
ty hai thuat toan: X,po < Xapo , VOi qua trinh cAp nhat vi tri va gia tri fitness dién ra lién tuc
trong ca hai pha.

Pseudocode

Khoi tao N c& thé hai au, X it (i=1,2,...,N), st dung Eq. (1) // Khoi tao
quan thé ban dau

Panh gid d6 phu hop mdi cd thé X it, tim mot ca thé cé d6 phu hop tét nhit
X‘t

t 1
while (t < T)
// BAPO (T/2 vong ldp ddu tién)
if t £ T/2
update to APO
else // ARO (T/2 vong ldp coédn lai)
update to ARO
end 1if
end while

return X ¢t

3.1.2. Tuan tw ARO-APO

Phuong an nay dao nguoc thr tur so voi APO-ARO: ARO duoc thyc thi trude dé can
bang gilta tham do va khai thac, sau do APO tiép tuc tham do sau va tinh chinh nghiém. Trong
nira dau vong 1p, ARO kham pha va khai thac khong gian tim kiém dé tao ra mot quan thé
ban dAu chat lugng cao. Nira sau, APO dugc ap dung nham m& rong khong gian tim kiém, tan
dung chién luge thoat sin moi dé thoat khoi ti wu cuc bd va nang cao d¢ da dang. Cach két
hop nay phu hop véi bai toan yéu cau giai doan dau 6n dinh va giai doan sau ting cudng thim
do. Tuong ty phuong an trudce, qua trinh lai khéng dung phuong trinh két hop tryc tiép ma
thuc hién tuan tu: X,pp < Xaro, vOi fitness toan cuc duoc cap nhat xuyén sudt hai giai doan.

Pseudocode

Khéi tao N c& th& hai au, x it (i=1,2,...,N), st dung Eqg. (1) // Khéi tao
quan thé ban dau
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Panh gid d6 pht hop mdéi cd thé X :it, tim mét cd thé cé d6 phu hop tbdt
nhit X~ ¢

t 1
while (t < T)
// ARO (T/2 vong lip dau tién)
if t £ T/2
update to ARO
else // APO (T/2 vong ldp coédn lai)
update to APO
end 1if
end while

return X7t

3.2. Phuwong 4n két hop luén phién
3.2.1. Luan phién APO-ARO

Phuong an nay ket hop luan phién APO va ARO nham duy tri sy can bang giita tham
do va khai thac trong subt qua trinh t6i wu. Cy thé, ARO duoc 4 ap dung ¢ cac vong lap chin dé
khai thac va kham phéd khéng gian tim kiém nho co ché cin bang dong; APO duoc ap dung &
céc vong 1¢ dé tham do sau va tranh tdi wu cuc bo nho chién luge thoat sin mdi. Viéc luan
phién hai thuat toan giup duy tri d6 da dang quan thé va tan dung diém manh cua timg phuong
phap. Cach tiép can nay phu hop voi cac bai toan phirc tap doi hoi kha ning thich tmg lién tuc
gitra kham pha va khai thac.

Pseudocode

Khéi tao N c& thé hai &u, X it (i=1,2,...,N), su dung Eqg.(1l) // Khdi tao
quan thé ban dau

Panh gid d6 phu hop mdi cd thé X it, tim mot ca thé cé a6 phu hop tét nhit
X‘t

t 1
while (t < T)
ift $2 !=0
update to APO
else
update to ARO
end 1if
end while

return X7t

3.2.2. Ludn phién ARO-APO

Khac véi phuong an luan phién APO-ARO, chién luoc nay dao nguoc thu ty: ARO
thyc thi & vong 1é va APO & vong chin. ARO khai thac va kham pha khong gian tim kiém qua
co ché can bang dong, dam bao quan thé da dang va chat lugng. APO, véi chién luge thoat
san mdi, tiép tuc tham do sdu va tinh chinh nghiém, gitp tranh ket ¢ t6i wu cuc bd. Cach két
hop nay duy tri can bang gitta thim do va khai thac trong sudt qua trinh, ddng thdi cho phép
danh gia anh huéng cta thir ty luan phién dén hiéu qua t6i wu hoa, dic biét voi cac bai toan
phuc tap.
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Pseudocode

Khdi tao N c& thé hai au, X it (i=1,2,...,N), su dung Eq. (1) // Khdi tao
quan thé ban dau

Panh gid d6 phu hop mdéi cd thé X :it, tim mét cd th& cé d6 phu hop tét nhét
X’t

t 1
while (t < T)
ift %2 !=0
update to ARO
else
update to APO
end 1if
end while

return X ¢t

3.3. Phwong 4n két hop song song theo phwong phap chia sé ca thé

Phuong 4n niay chay ARO va APO song song trén hai quan thé riéng biét, dinh ky (mdi
k vong ldp) trao dbi ca thé tot nhat nham duy tri da dang va thic day hoi tu. ARO khai thac
khong gian tim kiém qua co ché cin bang dong, trong khi APO st dung chién lugc thoat sin
moi de tham do va tinh chinh nghiém. Sau mdi k vong, c4 thé tot nhat cia ARO duoc chén
vao quan thé APO va nguoc lai: Trao ddi ca thé: Xapo < Bestaro va Xaro < Bestaro.

Co ché chia s€ nay két hop hiéu qua wu diém cua ca hai thudt toan, gitip cai thién chat
luong nghiém va téc d6 hoi tu, ddc biét voi cdc bai toan ti wu phtrc tap. Phuong phap khong

xdy dung phuong trinh lai truc tiép ma két hop song song, hd tro trao doi thong tin giai phap
gitra hai bén.

Pseudocode

Khdi tao N ca thé cho APO va ARO

Danh gid X it APO va X it ARO, tim ca thé c6 gid tri fitness tdt nhét trong
X’t

current iteration < 0
while (current iteration < T)
for It « 1:k
if current iteration + It > T
break
cdp nhét theo APO
end for
// Giai doan kham ph& va khai théac:
for It « 1:k
if current iteration + It > T
break
cdp nhédt theo ARO
end for

// Trao dbi ca& thé tbt nh&t gitta hai qudn thé
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best APO « Tim ca thé tdt nhdt trong X t APO
best ARO « Tim ca thé tdt nhdt trong X t ARO
rand index APO ~ Chi sb ngdu nhién trong X~ t APO
rand index ARO ~ Chi sb ngdu nhién trong X~ t ARO
X"t APO[rand index APO]  best APO
X"t ARO[rand index ARO] « best ARO
// Cap nhat giad tri fitness tbt nhit toan cuc
best fitness APO — Gia tri fitness tét nhdt trong Xt APO
best fitness ARO « Gi& tri fitness tdt nhdt trong X t ARO
X"t « C& thé c6 gid tri min(best fitness APO, best fitness ARO)
current iteration « current iteration + k
end while

return X ¢t

4. M6 hinh thuc nghiém
4.1. Thiét 1ap thong s6 va cac ham muc tiéu

Dé danh gia hiéu suat nam chién luoc lai dé xuat, nhom thyc hién thuc nghiém trén sau
ham chuin F1-F6 tir Jamil & Yang (2013), bao gdm ca ham don va da dinh, nhdm kiém tra
kha ning thim do va khai thac trong khong gian tim kiém phuc tap (Layeb, 2022; Adam P.
Piotrowski, 2023). Thyc nghiém duoc trién khai bang Python trén may tinh cau hinh CPU
Intel Core 15-10700 (2.9 GHz), RAM 16 GB, Windows 11; st dung cac thu vién NumPy va
Pandas cho tinh toan va phan tich.

Céc tham s6 chinh: kich thudc quan thé N = 50, s6 vong lap toi da T = 1000, va s6 chiéu
(dim) 12 20 va 70. Tat ca thuat toan (bao gdm ARO va APO doc lap) str dung ciing quan thé
khoi tao nham dam bao tinh cong bang. Cac ham muc tiéu duoc thiét 1ap v6i gidi han tim kiém
[Is, up] twong ng.

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

Ham Cong thirc Pham vi S.(; MAu ¢
: chiéu | tiéu
n
F1 _ 2
(Sphere) Flx) = Z x; [-5,5] | 20,70 | 0
F2 TR
(Schwefel’s Flx) = zlxil + 1_[|xi| [-10,10] | 20,70 | ©
Problem 2.22) i=1 i=1
F3 B [-100,
(Max Absolute) f(x) = max<icn x| 100] 20,70 0
F4 n
(Generalized flx)= Z EAE [-2, 2] 20, 70 0
Power) =1
F5 -
D D -
(Composite f(x) = E (x? + 5 X x? + 5 X x; [11)%(])’ 20,70 | 0
Quadratic) —
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1
f(x) = —20exp — 0.2 /—z x?
F6 n
[32,32] | 20,70 | 0

(Ackley) 1
—exp n Z CcoS2mx;
+ 20 + expl
Sphere Schwefel 2.22 Max Absolute

(4%

‘
ws s
=388 8

4 4
Composite Quadratic

Hinh 1. Biéu dién 3D ciia cac ham benchmark

4.2. Quy trinh thuc nghiém

Khoi tao: Tao quan thé ban dau cho mdi ham chuén bang cach sir dung phan phéi ngau
nhién dong nhat trong khoang [Ib, ub].

Két qua: Gia tri ham muc tiéu tdt nhat duoc ghi lai sau mdi vong ldp va luu vao cac tép
CSV tuong ung.

Thuec thi cac thuat toan:

ARO va APO déc ldgp: Chay ARO va APO trén mdi ham muc tiéu trong 1000 vong lap.

Két hop tuan ty APO-ARO va ARO-APO: Chay APO trong 500 vong lap, sau do sir
dung két qua lam dau vao cho ARO trong 500 vong lap tiép theo va nguoc lai. (sau day s€ lan
luot ky hi¢u la PA1 va PA2).

Két hop ludn phién APO-ARO va ARO-APO: Luén phién gitta APO va ARO tai moi
vong lap (APO cho vong lap l¢, ARO cho vong 1ap chan) trong 1000 vong ldp va nguoc lai.
(sau day s€ lan luot ky hiéu 1a PA3 va PA4).

Két hop song song APO-ARO voi chia sé cd thé: Chay APO va ARO song song, sau do
trao doi c4 thé tot nhét giita hai quan thé sau mdi k vong 1ap (k = 10), lap lai cho dén khi dat
1000 vong lap. (sau day s€ ky hi€u la PAS).
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4.3. Két qua thuc nghiém

Best Fitness (log)

Best Fitness (log)

sphere schwefel 2 22 max_absolute
104
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@ jo-s N & 107
~ N
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. >, S
- 10 = 10 <y
° 200 400 600 800 1000 ° 200 %00 600 800 1000
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I
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Hinh 2. Biéu dd két qua thuc nghiém véi s6 chiéu 1a 20

Bang 2. Két qua gia tri hAm muc tiéu tot nhat véi so chiéu 1a 20

F1 F2 F3 F4 F5 Fo

APO | 7.74E-09 6.00E-04 2.49E-05 1.26E-11 1.23E-05 8.80E-04

ARO | 4.28E-58 7.98E-29 1.50E-21 1.61E-37 1.02E-60 | 4.44E-16

PA1 | 1.50E-39 | 2.01E-19 6.50E-15 9.82E-30 1.21E-33 4.00E-15

PA2 | 2.67E-31 4.37E-19 3.64E-12 4.59E-32 1.12E-30 4.00E-15

PA3 | 3.81E-16 3.99E-89 1.12E-70 2.20E-112 | 7.54E-155 | 4.44E-16

PA4 | 2.08E-16 4.16E-84 3.45E-64 591E-123 | 2.75E-163 | 4.44E-16

PAS | 3.79E-88 7.10E-51 1.76E-39 1.17E-90 3.69E-90 | 4.44E-16

Best Fitness (log)

Best Fitness (log)
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Hinh 3. Biéu dd két qua thuwc nghiém véi s6 chiéu 1a 70
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Bang 3. Két qua gia tri hAm muc tiéu tot nhat véi so chiéu la 70

F1 F2 F3 F4 FS Fé6
APO | 7.18E-05 7.00E-03 1.00E-03 5.00E-00 4.65E-06 | 2.00E-04
ARO | 2.13E-61 2.28E-33 6.00E-25 | 6.77E-42 9.92E-54 | 4.44E-16
PA1 1.12E-31 2.54E-18 | 5.45E-14 | 7.37E-34 1.17E-34 | 4.44E-16
PA2 2.10E-27 3.80E-15 1.17E-11 1.14E-29 4.02E-28 | 2.88E-14
PA3 3.18E-16 4.90E-86 | 3.02E-65 | 2.01E-134 | 6.47E-162 | 4.44E-16
PA4 5.06E-16 5.29E-82 | 4.17E-70 | 6.32E-143 | 1.26E-156 | 4.44E-16
PAS 6.15E-92 6.20E-50 | 3.11E-38 | 3.35E-95 2.12E-86 | 4.44E-16
4.4. Panh gia

Nghién ciru nay danh gia hiéu qua cia cac phuong an lgét hop APO-ARO thong qua cac
ham kiém thir tiéu chuén F1 dén F6, voi kich thudc bai toan lan lugt la 20 va 70 chi€u, va thuét
toan dugc chay 1000 vong lap trén moi trudng hop dé dam bao do tin cdy. Cac phuong an két
hop (PAI1 dén PA5) tich hop cac chién lugc tuan ty, luan phién va song song, nham cai thién
kha ning hoi tu va tdi wu hoa toan cuc. Két qua thuc nghiém cho thiy:

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

Céc phuong 4n két hop, ddc biét PA3 va PA4 thé hién téc d6 hoi ty nhanh va nhét quan,
dac biét trén cac ham F1, F4 va F5. Theo Bang 2, ¢ 20 chieéu, PA3 dqt gia tri :[6i uu 3.81E-167
trén F1 va 2.20E-112 trén F4, trong khi PA4 dat 5.91E-123 trén F4. O 70 chiéu (Bang 3), PA3
va PA4 tlep tuc vuot troi voi F1 (PA3: 3.18E-160, PA4: 5.06E-162). Cac phuong an nay dat
gia tri gan tdi wu trén tat ca kich thudc chiéu, nho sy két hop giita kha nang tham do toan cuc
cua APO va khai thac cuc bd cua ARO.

4.4.2. Kha nang xu ly cac ham co nhiéu cuec tri cuc bé

So v6i APO va ARO riéng I¢, cac phuong 4n lfét hop cho thiy dé chinh xac va toc do
hoi tu vuot troi, dic biét trén F1, F4 va F5. O 20 chiéu‘, APO chi dat 7.74E-09 trén F1, trong
khi PA3 dat 3.81E-167 (Bang 2). Tuong tw, 6 70 chi€u, ARO dat 9.92E-54 trén F5, nhung
PA3 dat 6.47E-162 (Bang 3). Hinh 2 va Hinh 3 cling cho thdy PA3 va PA4 héi tu nhanh hon,
dat gia tri gan toi uu sau 400-600 vong lap, nho kha nang tuong tac dong gitta APO va ARO
trong cac chién lugc luan phién va song song.

4.4.3. So sanh voi cac thudt toan APO va ARO don lé

So v6i APO va ARO riéng I¢, cac phuong 4n lfét hop cho thiy dé chinh xac va toc do
hoi tu vuot troi, dic biét trén F1, F4 va F5. O 20 chiéq, APO chi dat 7.74E-09 trén F1, trong
khi PA3 dat 3.81E-167 (Bang 2). Tuong tu, & 70 chiéu, ARO dat 9.92E-54 trén FS5, nhung
PA3 dat 6.47E-162 (Bang 3). Hinh 2 va Hinh 3 cling cho thdy PA3 va PA4 h¢i tu nhanh hon,
dat gia tri gan toi uu sau 400-600 vong lap, nho kha nang tuong tac gitta APO va ARO trong
cac chién lugc luan phién va song song.

4.4.4. Kha ndng duy tri sw da dang ciia quan thé

Céc phuong an két hop, déc biét PAS, duy tri t6t su da dang trong quan thé, gitp thuét
toan tranh hoi tu sém va khong mac ket tai cac cuc tri cuc b(:). O 20 chiéu, PAS dat gia tri 6n
dinh 1.76E-39 trén F3 va 3.69E-90 trén F5 (Bang 2). Co ché chia sé ca thé trong PAS va su
luan phién dong trong PA3, PA4 gitp tang cuong tinh da dang, déc biét quan trong vdi cac bai
toan da dinh nhu F5 va F6.

Nhin chung, cac phuong an két hop APO-ARO, dic biét la PA3, PA4 va PAS, 1a nhiing
phuong phap t61 wu hda manh mg, c6 kha nang can bang gitra khai thac va kham pha. Két qua
thyc nghiém cho thdy cac phuong én nay hiéu qua va dang tin cdy cho cac bai toan t6i uu hoa
da chiéu phuc tap, vuot troi hon APO va ARO don 1€ vé toc dd hoi tu, d6 chinh xac va kha
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nang xir 1y cuc tri cuc bo. Piéu nay cho thiy tiém ning ap dung hiéu qua vio cac bai toan tdi
uu hoa da chicu phtrc tap.

5. Két luan va phuwong huéng phat trién

Nghién ctru da dé xuét nam chién lugc lai gitra APO va ARO, gdm cac mo hinh tudn tu,
luan phién va song song c6 chia sé cé thé, nham két hop hiéu qua kha nang tham do cua APO
va khai thac cia ARO. Thuc nghiém trén sdu ham benchmark cho thay cac moé hinh lai, dac
biét PA3—PAS, cai thién ro rét vé toc do hdi tu, do chinh xac va kha nang tranh cyec tri cuc b
$0 voi cac thuat todn don.

Su ph01 hop gitra APO va ARO giup cén bing giita tham do va khai thac, tir d6 ning
cao hiéu sudt trén cac bai toan t6i uu hoa phtre tap va da dinh. Tuy nhién, cac mé hinh chua
tich hop co ché tu dleu chinh tham sd, chi m&i thir nghiém trén ham chuan va mot s6 mé hinh
nhu PA5 con tiéu ton tai nguyén tinh toan.

Hudng phat trién tiép theo gdm: (1) xay dung co ché tu thich nghi theo bai toan; (2) tich
hop v6i hoc sdu dé ting kha ning du doan; va (3) Gmg dung vao cac bai toan thyc té nhu lap
lich, diéu phdi nang luong, hodc quan 1y chudi cung tng trong hé théng thong minh.
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  f  ( x ) =   ∑  i = 1  n     |   x  i |  i


  f  ( x ) =   ∑  i = 1  n  (   x  i 2 +   D 2 ×   x  i 2 +   D 2 ×   x  i 4


  f  ( x ) = − 20 e x p − 0 . 2   1  n  ∑    x  i 2 − e x p  1  n  ∑  c o s 2 𝜋   x  i + 20 + e x p 1

