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Bai bao dé xuét mot bién thé cta thuat toan tbi wu dan kién (Ant Colony Optimization - ACO)
v&i co ché phan tAng H/F (tir t6 va tir méi) két hop cap nhat pheromone hai chiéu. Phuwong
phap s& dung thuat toan duyét theo chiéu rong (BFS) dé gan l6p khodng céach
H-layer va F-layer, tr d6 thu hep khoéng gian tim kiém va giam chi phi tinh toan. Céac tac
nhan di chuyén trong pham vi cdm bién, lwa chon dwéng di dwa trén phan bd pheromone
tr phan tdng H/F, ddng thoi cap nhat pheromone theo ca hai hwéng di - vé& nham cting cb
duwong di va tang tbc do hoi tu. Két qua md phdng cho thay thuat toan dé xuéat xac dinh
dugc dwdng di ngan nhat kha thi trong méi trwéng nhiéu nat ngau nhién, déng thoi dat do
4n dinh va toéc do hdi tu cao hon ACO cb dién. Cach tiép can nay hira hen cho céc tng
dung swarm robotics trong tim kiém - van chuyén va c6 thé mé réng sang méi trudng dong
ho&c tich hop véi cac ky thuat téi wu héa hién dai nhw PSO va Deep Reinforcement
Learning.

Ant Colony Optimization, phan tang H/F, pheromone 4o, swarm robotics, tim dwéng téi wu.

The paper proposes a variant of the Ant Colony Optimization (ACO) algorithm with a H/F
hierarchy (from nest and from bait) combined with a bidirectional pheromone update. The
method uses a breadth-first search (BFS) algorithm to assign H-layer and F-layer distance
classes, thereby narrowing the search space and reducing computational costs. Agents
move within the sensor range, select paths based on pheromone distribution from the H/F
hierarchy, and simultaneously update pheromones in both directions to strengthen the path
and increase the convergence speed. Simulation results show that the proposed algorithm
determines the shortest feasible path in a random multi-node environment, while achieving
higher stability and convergence speed than the classic ACO. This approach holds promise
for swarm robotics applications in search-and-go and can be extended to dynamic
environments or integrated with modern optimization techniques such as PSO and Deep
Reinforcement Learning.

Ant Colony Optimization, H/F stratification, virtual pheromones, swarm robotics, optimal
path finding

1. GIOI THIEU chtrng minh hiéu qua cao trong giai quyét cac
Céc thuét toan liy cam himg tir tw nhién, dic  bai toan tim dudng va t6i uru hoa t hop [1], [2].
biét 1a thuat toan tdi wu dan kién (ACO), d@ K& thira nén tang ACO ¢6 dién cua Dorigo &
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Stiitzle (2004), co ché khuéch tan pheromone
va quy tic lwa chon canh dugc md hinh hoa
béng chudi Markov, dam bao tinh hoi tu gén
chic chédn t6i nghiém tdi wu khi sb vong lap
tién t&i vo han [1].

Trong bdi canh swarm robotics, do robot khong
thé tiét pheromone sinh hoc nhu loai kién,
nhidu nghién ctru di phat trién co ché
pheromone 4o (virtual pheromone) dé diéu
phdi hanh vi tap thé. Cac cong trinh tiéu biéu
nhu Hoff et al. (2010) va du an SSR cua
Harvard d3 chtng minh rang pheromone 4o ¢
thé tai tao hiéu qua hanh vi tim kiém va van
chuyén moi [3], [4]. Ngoai ra, co ché
pheromone-inspired con dugc md rong sang
cac tmg dung nhu giam sat dudi nudc, didu
phdi UAV va hé thdng phan tan dic thu, cho
thay tinh kha thi va da dung ctia pheromone 4o
[5].

Tuy nhién, ACO c¢b dién van ton tai cac han
ché: (i) dé hoi tu sém; (ii) hiéu qua thp trong
mdi truong phuc tap, nhiéu chudéng ngai vt
[6]. Cac nghién ctru gan day da chi ra rang viéc
mé rong ACO theo hudng tim kiém hai chiéu
(bidirectional search) hodc céu trac phan cip
(hierarchical/layered ACO) c6 thé ting tc hoi
tu va cai thién hiéu qua téi wu hoa [7].

Trén co s& d6, dé xuat mot bién thé ACO phan
tang H/F. Y tuong chinh 1a sir dung co ché phan
tang tr 6 (H-layer) va  mbi
(F-layer) dé rut ngan khong gian tim kiém, tap
trung vao cac khu vuc tiém ning va giam kha
nang méc ket trong cuc tri cuc bo [8]. Trong
mo hinh nay, mdi tac nhan (kién 40) di chuyén
qua d6 thi phan tang tir to — moi va nguoc lai;
pheromone dugc cdp nhat tai cac nut, tich liy
dan qua nhiéu vong lap, tir d6 hinh thanh duong
di toi uu hai chiéu.

Pong gop chinh cua bai bao: (i) Dé xuét thuat
toan ACO phan ting H/F giup giam do phirc

tap tinh toan va nang cao hi€u qua hodi ty;
(ii) Phat trién co ché cip nhat pheromone hai
chiéu, cing cb duong di t6i vu t6 — mdi mot
cach 6n dinh.

2. DOI TWUONG VA PHUONG PHAP NGHIEN
clu

2.1. Phan tang H/F bang BFS

Mang robot dugc mé hinh hoa thanh mat tap
hop cac nut ngau nhién trong khong gian 2D.
Tt vi tri t6 va moi, ta sit dung BFS (Breadth-
First Search - tim kiém theo chiéu rong) dé xac
dinh khoang cach cac 16p (layer) dén cac robot
lan cén trong pham vi cam bién Msensor. Gia str
mang robot dugc mo hinh héa béi do thi vo
huéng ¢ = (V, E) trong do:

V: tip cac robot (bao gdm to T va mdi F);
E: tap cac canh, tdn tai khi khoang cach Eucid

gitta hai robot khong vugt quad pham vi cam
blén Msensor-

Khoang cach cac 16p (layer) dugc xéac dinh

bang s6 budc BFS tdi thiéu tir mot niit ngudn

dén cac nut khac:

H@w)=min{€|3T - v qua £ bubc BFS},Vv eV
1)

F(v) =min{f |3 F - v qua £ bubéc BFS},Vv €V
(2)

Trong do:

H(v): H-layer ctia robot v, biéu dién sb budc tir

t6 T dén v

F(v): F-layer ctia robot v, biéu dién s budc tir

moi F dén v

Do vay: Moi canh hop 1€ (i,j) € E phai thoa

méan quan hé phan tang:

HG)=H@{) +1 3)

FG=F@{)+1 4)

hoiac
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Nho diéu kién nay, tdp canh ding trong tim
duong duoc rat gon:

E'={@G)HEEIHGH=HO+1V F(§) =
F()+ 1} (5)

So v6i tap E ban dau E’ nho hon rit nhiéu, qua
d6 gitip thuat toan ACO phan tang H/F giam s6
duong di can duyét va rat ngan thoi gian hoi tu

2.2. Di chuyén va cap nhat pheromone

Trong md hinh robot bay dan dya trén thuat
toan ACO phan tang H/F, mdi kién a0 c¢6 hai
pha di chuyén: tir t6 dén moi va tir moi vé to.
Cu thé:

» Di chuyén tw t6 dén moi

M3di kién k bit dau tir t6 va di chuyén qua cac
nut theo 16p H (Food layer).

Quan hé di chuyén giita cac 16p F dugc biéu
dién bang:

F 1i—F (i-1), =L _max,L max-1,...,1

Trong d6 F i 1a 16p hién tai cia kién va
F_(i-1) 1a 16p tiép theo gan mdi hon.

= Di chuyén tir méi vé té

Khi kién da dén méi, no quay vé to di qua cac
16p H (Home layer) theo quan h¢:

H i—H (i-1), i=L_max,L max-1,...,1

Qué trinh nay dam bao kién truyén thong tin vé
duong di toi wu tro lai to.

= Cap nhdt pheromone tqi nut

Khi kién di qua mot nut i, ndng d6 pheromone
Ci(t) tai nat dugc ting 1én theo quy tic:

Ci(t +1) = C;(t) + AC;(¢) (6)
V6i AC,(t) € {0,1)

Trong ACO cb dién (Iy thuyét), pheromone
thuong dugc mo ta bang:

7t + 1) = (1 — p)ry;(6) + X ATikj(t) (7

Vi p 1a i 18 bay hoi (evaporation) dé tranh hoi
tu so6m va A‘rf‘j (t) dong gop cua kién k [1]

Pheromone nay s& gitip cac kién khac c6 kha
ning chon dudng di tdi vu cao hon trong cic
vong lap tiép theo.

Pheromone C; dong vai tro thong tin cuc b,
cho phép cac kién phdi hop gian tiép thong qua
moi truong.

Viéc tang C; tai cac nat qua lai gitp tang kha
ning chon dudng ngan nhat tir to dén moi theo
thoi gian.

2.3. Suy luan dwong téi wu

Sau nhiéu vong di chuyén cia cac kién ao,
ndéng do pheromone tai cac nut duoc cap nhat
lién tuc. Nhimg nat thudc cac dudng di ngin
nhit va hiéu qua nhit s& tich liy luong
pheromone cao hon nhd cac lugt di qua nhiéu
lan, xac dinh duong di t6i wu:

= Goi C; 1a ndng do pheromone tai nit I;

* Puodng to1 vu tir to6 dén moi dugce suy ludn
bang cach chon day cac ntt lién tiép sao cho:

max Yi=1 Cij}

i1,l9, .., iy, = ar
{1’ 2 9 suomg t e den mbi

)

= Tuong tu, dudng tir mdi vé to dugce chon
theo cling nguyén tic dua trén 16p H;

= Cdc nat c6 ndng dd pheromone cao thé hién
tan suat qua lai lon, tic 1a cac kién uu tién di
qua céc nuat nay;

* Suy ludn nay giip mdé hinh chon duogc
duong di tdi vu ma khong can tinh toan tat ca
cac duong kha thi.

Puong di tir t6 dén mdi (qua 16p F) va tir moi
vé t6 (qua 16p H) co thé khac nhau nhung déu
dua trén pheromone hai chiéu, giup cin bang
giita tim kiém hiéu qua va toi uu hoa thoi gian.
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2.4. Thuat toan ACO phan tang H/F
2.4.1. Lwu dé thuéat todn

Bat dau thudt toin

[

Tm hifu vao: tap robotR}
vitriHvaF, Pham viM
Tm hitu ra: Brong &i toi ru
H—F vaf=H

A4
Tinh H-layer vaF-layer
bing BFS

Ehditao pheromone
Ciiy=0

}

For t =1 =T Tenl

Duyét timg kién L =R}

CovYes o Khing No
< Kitnk #HhoicF_>

= v
Chon it khéi du theo PR
(i) 16m nhit e

" Di chuyén téi mﬁ"":;,
o T _hayvetd
Téd moi e
Vétd
Y

Chon jentizghbor
Ve H(j) =Hfj) - 1

-

Chon j ensighbor
VE Fij) =Fii) - 1

Néun.hi.e;ulguhm—}
chon xac mat ty 18 C{j)

Ciip nhit pheromone
€)= Cifi) +1

ECét thiac vimg lap kidn k

Bét thitc vomg lap t

il

h 4
Suy lufin dwdng tﬁvn{{]_n_m
diy nut <6 Ci) cao nhat

Kt thic
Hinh 1. Lwu d6 thuat toan ACO phan tan H/F
2.4.2. M6 ta thuat toan

Tin hi€u vao (Input): tap robot {R}, vi tri t6 H,
moi F, pham vi cam bién M.

Tin hiéu ra (Output): duong di téi vu tr H-F
va F—H.

1. Tinh H-layer va F-layer cho tat ca cac nut
bang BFS.

2. Khoi tao pheromone: C(i) = 0 cho moi nut i.

3.Fort=1—T total:
For mdi kién k € {R}:
Néu kién k dang ¢ t6 T hodc moi F:
Chon niit khoi dau theo C(i) 16n nhat
trong 16p dau
Néu kién k dang & nit i:
Néu di chuyén t6i moi:
Chon nit j € neighbor(i) thoa F(j) = F(i)-1
Néu quay vé to:
Chon ntit j € neighbor(i) thoa H(j) = H(i)-1
Néu c6 nhiéu lya chon:
Chon theo x4c suat ti 1é véi pheromone C(j)
Cap nhat pheromone tai nat hién tai:
Ciiy=C(i)+1
4.Sau T total vong lap:
Chon dudng t6i wu bang cach di qua cac nut
¢6 C(i) cao nhat
Lua chon theo 16p giam dan (tir F_max —
F 1hodac H max — H 1).

3. KET QUA VA THAO LUAN

Dé danh gia hiéu qua cua thuat toan phan tang
H/F hai chiéu, ta tién hanh mé phong trén
Matlab v&i cac tham sb sau:

= S luong robot: N=30, duoc phan bd ngau
nhién trong mién khong gian [0,50]%[0,50]
(don vi: cm).

* Pham vi cam bién: Msensor = 30 cm, tic 1a
mot robot chi c¢6 thé két ndi voi cac robot khac
trong khoang cach nay.

= S luong kién ao: M = 1000.

* Thoi gian mé phdng Tppqx = 300 s, budce
thoi gian roi rac At = 0,5 s.

Mang robot dugc mo hinh hoa thanh dd thi vo
huéng G = (V, E), trong d6 mdi robot 1a mot
nat va mot canh (i,j) ton tai khi khoang cach
Euclid gitta hai robot théa man d(i,j) <
Mgensor- Cac 16p H/F duoc xac dinh bang BFS
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tir vi trf t6 va moi dé rat gon tap canh tim kiém,
qua do6 giam chi phi tinh toan khi 4p dung ACO.

= Két qud mé phéng phan tang H-layer (tir t6)
nhw Hinh 2

Phan ting H (tir td)
He2

He= =
eF=2 c=0 . T
C=0 H=2 ® Robot
45 OF=1
Wl &9
=2
o & -
H=2 H=3 i
BF=1 F=1 5
H=2}e: c=0 C=0 He
* orgr-; Fag . He=3
C‘F—Z =0 WFs1
c=0
H=2
= o OE2
o C=0 H=2
= &0 r=2
g2 Ca0 e
5 H=2 Sen
a WFa2 H=2
C=OF=2
20 c=0
H=1
©F=3 H"1 ey
15 COF=3gr; oF=2 N =2
C=0 Fa2
G=0 et o
oF=2
1
0 1 c=0
2, Het
9%10 @F=3 H=1
5 €F3 c=0 OF=3
c=0 c=0 H=2
He1 He2  OF=2
0 - I $rs A Dt B 2
0 10 of 0 40 50

X (cm)
Hinh 2. Phan ting H-layer tiv t&

Két qua mo phong trén Hinh 2 cho thiy mang
robot dugc to chirc thanh cac 16p H-layer xuét
phat tir to (toa do gdc). Cac robot gan t6 hon co
gia tri H nho va dugc t6 mau xanh lam, trong
khi cic robot ¢ xa dan c6 gia tri H 16n va
chuyén sang gam mau vang. Diéu nay phan 4nh
chinh xac nguyén 1y phan tang dya trén thuat
toan BFS, khi s6 16p H tang dan theo khoang
cach mang ludi tir t6.

Céc duong nbi thé hién quan hé 1an can trong
pham vi cam bién, giup bao dam két ndi toan
cuc cua mang. Nhan di kém mdi robot biéu
dién déng thoi chi s H(i) va néng do
pheromone C(i) tai thoi diém quan sat. Két qua
ching minh mé hinh phan ting H-layer khong
chi gitp x4c dinh rd céu trac lién két tir to dén
cac robot ma con tao co s¢ dé cac budc tiép
theo (lan truyén tin hiéu H/F, cap nhat
pheromone va tim dudng t6i wu) dugc thuc
hién hi€u qua.

= Két qud mé phong phan tan F-layer (tir moi)
nhuw Hinh 3

Két qua mod phong trén Hinh 3 thé hién cdu trac
phan tang F-layer duoc xay dung tir vi tri moi.

Twong ty nhu H-layer, cac robot gan mdi co gia
tri F nho (mau xanh lam), trong khi cac robot
xa dan c6 gia tri F 16n (mau vang). Diéu nay
xac nhan kha nang dinh huéng cua mo hinh khi
xuat phat tir moi vé phia to.

Phan tang F (tir moi)

X (cm)

Hinh 3. Phan tang F-layer tir méi

Céc canh két ndi (mau tim) biéu dién pham vi
lién lac giita cac robot, bao dam rang thong tin
lan truyén tir mdi c6 thé truyén di toan mang.
Céc nhén F(i), C(i) cho thdy hé thong dong thoi
duy tri thong tin 16p F va mirc pheromone tai
tung nut.

Két qua cho thiy viéc xdy dung song song
H-layer va F-layer gip mo6 hinh duy tri hai
hudng lan truyén tin hiéu (t6 — moi va mdi —
t6). Pay chinh 14 co sé cho qué trinh hoi tu
pheromone hai chiéu, tir d6 hinh thanh dudng
di va vé ti uu trong cac budc md phong tiép
theo.

= Két qud mé phéng dwong t6i wu di tir té dén
moi nhw Hinh 4

Két qua cho thay nong do pheromone C; phan
bd khong déng déu trén mang, tap trung manh
tai cac nut thuc duong di tbi uu tir td dén moi.
Gia tri pheromone cuc dai dat C,,,,,, = 10342
tiép theo 1a cac gid tri cao khac 9924, 195 va
107, déu nam trén duong t6i wu. Trong khi do,
cac nut ngoai hanh lang ndy c6 gia tri gan nhu
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bang 0.

Duwomg téi wu di (T — Mbi) & pheromone
e

[Ta T8

®  Robot
Duirng Ki wru (&)

Hinh 4. Pwong téi wu di tir td dén mbi

Su chénh léch 10 rét gifta C,q, =~ 10* va
Cnax = 0 chiing minh kha nang loc chon
duong hiéu qua cua thuat toan ACO phan tang
H/F. Déng thoi, viéc hinh thanh mdt hanh lang
pheromone rd rét xac nhan co ché hoi ty nhanh
va 6n dinh cua phuong phap, giup hé thong
chon ra duong di ngan nhét va hiéu qua nhat
trong khong gian c6 nhiéu lya chon.

= Két qua mé phong dwong di t6i wu tir moi vé
16 nhw Hinh 5

Pwong toi wu vé (Mdi — To) & pheromone
o

.- T

® Robot
Budmg tdi vy (v&)

Hinh 5. Pwong téi wu di tir moi vé td

Mo phong cho thidy hé théng di tim duoc
duong t6i wu mdi — t6. Gid tri pheromone curc
dai dat Cyq = 9924 tai mot nlt trung gian
trén hanh lang tdi uu, trong khi cac nut 1an can
trén tuyén c6 gia tri trung binh C = 65 = 195

gan t6, pheromone phén tan véi mirc C = 98 +
107 con ngoai hanh lang t6i wru thi gan nhu triét
tiéu (C = 0).

Su chénh 1éch 10 rét gilra gid tri pheromone trén
duong t6i wu (10%) va cac khu vuc khac (0)
khéng dinh thuat toan da hoi tu nhanh, loai bo
duong khong hiéu qua, va duy tri 6n dinh
duong di toi vu.

= Két qua mé phong dwong ddc tinh
pheromone theo thoi gian Hinh 6

4 o
25 %10

f— C forward
C backward

Téng pheromone (sum C)

051

0 . I . . . |
0 50 100 150 200 250 300

Théi gian (s)

Hinh 6. Bwong dac tinh pheromone theo th&i gian

Hinh 6 biéu dién tong pheromone C tich liy
theo thoi gian trong hai huéng T6 — Moi
(forward) duong mau do va Mdi — To
(backward) dudng mau xanh 14 cay. Két qua
cho thay:

+ Trong thoi gian t = 20 s dau, pheromone tang
cham (dudi 1000 don vi), phan anh giai doan
khoi tao khi cac kién ao bat dau phéan tan va
kham phé khong gian tim kiém.

+ Tur thoi gian t = (20 = 100) s, tdc d6 tich luy
pheromone tdng nhanh dat khoang 6000 don vi
& ca hai huéng. Giai doan nay hé théng budc
vao qua trinh hdi ty, cac 19 trinh ngén dan dugc
clng cb.

+ Sau thoi gian t = 170 s, tong pheromone tich
luy dat khoang 10.500 = 11.000 don vi ¢ ca hai
huéng. Hai duong C forward va C backward
gan nhu tring nhau
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Diéu nay chimg minh thuat toan khong chi tim
ra dudng t6i vu ma con dam bao sy can bang
hai chiéu va tinh 6n dinh lau dai trong mang
robot bay dan.

= Két qud mé phong so sanh dwong di t6i uu
ACO ¢6 dién va ACO phan tang H/F két hop
pheromone hai chiéu nhw Hinh 7

So sanh duérng di tdi vu: ACO cb dién va ACO phén ting HIF = T
. .

Xiem\

Hinh 7. Buong Eéi wu ACO cé dién )
va ACO phan tang H/F ket hop pheromone hai chieu
Hinh 7 so sanh duong di t6i wu gitta ACO cd
dién (duong mau do) va ACO phan tang H/F
két hop pheromone hai chiéu (dwong mau
xanh). Két qua:

+V6i ACO c6 dién: duong di thu duoc cé dang
zigzag voi nhiéu khiic ngodt, tong chidu dai
quang duong dat L. ACO = 72,4 cm. Quaé trinh
hoi tu yéu cau trung binh 35 vong lap, va
pheromone phan bd rai rac trén nhiéu nut trung
gian, dan dén chi phi di chuyén cao va do tin
cay chua 6n dinh.

+ Véi ACO phan ting H/F két hop pheromone
hai chiéu: nho co ché phan 16p H va F két hop

lan truyén pheromone hai chiéu, dudng di tim
dugc gan nhu tuyén tinh véi tong chiéu dai chi
L_H/F = 56,7 cm, ngan hon 21,7% so véi ACO
¢d dién. Thuat toan hoi tu sau trung binh 18
vong lap (giam gan 50%). Pheromone tap trung
chu yéu trén tuyén chinh, cho thay tinh 6n dinh
va kha ning loai bo hiéu qua cac 16i di kém t6i
uu.

4. KET LUAN

Bai béo da dé xuat va trién khai mot mo hinh
thuat toan tdi wu dan kién phan tang H/F két
hop pheromone hai chiéu trén nén tang
MATLAB. Cach tiép can nay khong chi giai
quyét duoc han ché cia ACO truyén thong
trong moi trudng phic tap, ma con ddm bao
kha ning tim ra dudng di tdi wu véi sy thich
nghi hai chiéu (tir T6 dén Moi va nguoc lai).

Két qua mo phong cho thay pheromone dan tap
trung tai cac nut trung tdm, hinh thanh 16 trinh
hoi tu 6n dinh; dong thoi qué trinh lan truyén
pheromone theo hai chiéu c6 xu hudng can
bang, minh ching tinh higu qua va d¢ tin cay
cua m6 hinh. Trong tuong lai nghién ctru sé€
dugc mé rong theo cac hudng: (i) Tich hop co
ché cép nhat pheromone Bayesian nham ting
cuong kha nang khai thac - kham pha. (ii) So
sanh hiéu qua vai cac thuat toan t6i uu khac nhu
PSO, Dijkstra va cac bién thé heuristic lai ghép.
(iii) Ung dung vao cac bai toan thyc té trong diéu
phdi robot bay dan, tim kiém - ctru hd va mang
cam bién khong day.
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