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Abstract

Traveling Salesman Problem (TSP) is an important type of network
problems and the foundation of several applications such as vehicle
routing problems (VRP), communication network testing, etc. Recently,
animal habits, biological evolutions and physical phenomenon have
inspired various heuristic algorithms that are expected to be more
efficient and robust. Examples include Genetic Algorithm (GA), Tabu
Search(TS), Ant Colony Optimization(ACO).

Recently, Ant Colony Optimization(ACO) is one of the most popular
Meta-Heuristics and has been successfully applied to several NP-hard
combinatorial optimization problems. Since Ant System was developed,
there were many scholars devoted to improve the robustness and
efficiency of AS. This study developed a new improved AS algorithm
Ant Memory System(AMS), that has a memory box to efficiently control
pheromone updating avoid local minima.

Commonly used the benchmark problems were tested in this study
and the result are compared with the results from other revised
algorithms. The comparisons show that AMS provides better
approximation solution than the other algorithms.The study compare the
performance of AMS to that obtained with Ant System(AS), Ant System
elitist (ASe), Rank-Based Version of Ant System(ASrank), Ant Colony
System(ACS) , MAX-MIN Ant System(MMAS).The computational
results was that generally AMS achieves the best performance. The only
exception is ATSP instance ft70, for which MMAS+pts has a better
average performance.

Key word Traveling Salesman Problem Meta-Heuristic Ant Memory
System Ant System Ant System elitist Rank-Based Version of Ant
System Ant Colony System MAX-MIN Ant System.
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MMAYS) (Ant Colony

Optimizaiton with multiple ant clans, ACOMAC)

1.3

1. (Euc-lidean distance)
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TSP
(Meta-Heuristic)
TSP 2.1
2.2 2.3 TSP
2.1
G (Vertices,V) (Edges,E)
G=(V,E) V={ (Vertices)} E={
(Edges)}
2.1.1 TSP
TSP [3]
Minimize Zn: .n O R U SN (o )
Subject
X; =1(J =1.on) coii (2-2)
i=1
DR T T T 1) O (2-3)
j=1
X = (Xij) ES (2-4)
X; =01 (2-5)
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1~ #r gk
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2.2.1 TSP

(Genetic Algorithm, GA)[1,5-6,23,28]
Holland[28] 1975
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3
4
GA 1985 Brady[23]
GA TSP GA
GA TSP TSP
(1) (2)
(3)
2.2.2 TSP
(Simulation Annealing, SA)[6,11,29]
Metropolis 1953 SA
SA
SA
K
(K-1) SA

P(AE) — e—AE/Tk

P(AE) K
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0,1 R
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K P(AE) K
SA ( )
1 Xo f (%)
To Xp = Xo f(Xb) = f(xo)
T.=T, k=0
2 ( )
3 f(x) < F(x) X =% F(x)="f(x)
f(x)> f(x) 0,1
R R> P(AE) K
R< P(AE) Kx, =% f(x)="7(x)
4 Ta=aT, T,=T,-6(a o )
5 (1) (2)
%  F(x%)
Kirkpatrick[29] SA TSP
20* 20
2.2.3 TSP
(Threshold Accepting, TA)[2,4,7,13] Dueck
Scheuer[13] 1990
(TA) SA C(k) C(k-1)
TA SA TA
T, Kk TA
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Ty
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X, = X,
4
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5

13 15 17 19 21 23 25 27 29
Scheuer
)
Xo (%)
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SA
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1
TA
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0 L
24TA  SA
2.2.4 TSP
(Tabu Search, TS) [6,24-26] Glorver[24]
(Tabu List)
(Move) (Tabu List)
(AspirationLevel) (Candidate List)
(Stopping Criterion)
1. (Move)
(Neighborhood)
2-opt/3-opt
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2.
3.
4.
5.
(3)
TS
1
2

(Candidate List)

(Tabu List)

(Aspiration Level)

(Stopping Criterion)

(1)
(2)
CPU (4)
( )
XO XO
X* f(x) k=0
T=¢
Xk
(T )
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3 (%) < f(x*) X
(T ) f (%) > £(x*)
(T )
4
2.3
2.3.4
Dorigo[14-16]
Dorigo[14-16]
Dorigo[16]
E E E
t=0 t=1
30ants 30ants
D 15ants D 10ants D 20ants
BN N \

H C

H C
R / d=0.5 \ /4
B B 15ants

15ants
{ 30ants

A A

(a) (b)
2.5
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2.8 t(t=1,2...) 1(d=1)
t 1(z=1)
2.8-(a) H-D H-B d=1 1 C-D CC-B
d=0.5 0.5 2.8-(b) t=0 30
A E 30 E A 30 B
B-H B-C
1/2 15 B-H 15 B-C
30 E D 15
D-H 15 D-C t 0 1 B-H-D
2(d=2) B-C-D 1(d=1)
B-C-D B-C D-C 30
30(7=30) B-H-D
B D H B-H D-H
15 15(7=15) 2.8-(c) t=1
A E 30 B
B-C
7gc (30) _2 B-H 7gc (15) _1
Tgc(30) + 754, (15) 3 75c(30) + 75, (15 3
20(30*%) B-C 10 (30*%) B-H
2 1
D-C 3 D-H 3 20
D-C 10 D-H t
B-C-D

2.3.5

(Ant Colony Optimization,ACO)[19-21]
(Hard Combinatorial
Optimization Problems)
(Ant System, AS)
ACS[17-18,27] ASrank[8-10] MMAS [32-35]...
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(ACO)
[19-21]

Procedure ACO algorithm for TSP

Set parameters, initialize pheromone trails

While(termination condition not met)do

Construct Solutions
Apply Local Search

Pheromone update

#optional

end ACO algorithm for TSP

End
2.6 ACO
[ (Construct Solutions)
[ (Pheromone update)
[ (Apply Local Search)
Stitzl e[ 35]

construciton)

ACO TSP

pl‘Jf(t) oot Kk

19

(probabilistic solution
(hybrid algorithms)
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z; (1) t i j
7;; I J
J, (i) k i
a p (77ij)
o p
SNONER
s®(t) t
q
%
Q
1.
(Ant System, AS) [14-16] ACO
(Traveling Salesman Problem)
> (solution construction )
()] *[n.1° )
L7, ()] 0[,2”] =, if jeJ ()
pi(t) = >[5, @O1 * ] >
uedy (i)
0, otherwise|

i ] [Tij O] [77ij 1/
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> (Pheromone update)

Tij(t):(1—5)*rij(t)+ AKX

"M

Q it kth ant uses edgeij in its tour

Ari'j( =< L,
0, otherwise
kzn:;Ari'i‘ L k Dorigo[16]
(s*m) (Ant

System elitist, ASe)

2.
(Ant Colony System, ACS) [17-18,27] Dorigo
[14-16]
> (solution construction )
q=d
L a B
. 1 if j =ag mudk(i)[riu(t)] [77iu]
pij (t) = 0 otherwise
4>0q,
(O19 *[1. 17 )
L5, (1) CEZ”] ~, if jeJ ()
pllj‘(t): Z [, (O *[77,] g
ued (i)
0, otherwise,
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a=qo i | [z; OI
[7; I i a>q [z;; (D] [7; 1
J
> (Pheromone update)
k
[ (Local Pheromone update )

1, ()= (1-5)*r, () +5* At

At = (L,* n)™

[ (Global Pheromone update )

Tij ()=0Q-p)* Tij (H+p* ATij

Ap = (s®(t))*, if ij e global —best —tour
"o : otherwise

- (MAX-MIN Ant System, MMAS) [32-35]

T > T
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ij max ij max ij max
> (solution construction )
[ ] j [ 20
(D1 *[n.1°
L7, ()] CEZ”] —, if je ()
pl‘; (t) = u;i)[fiu(t)] [77.]
0, otherwise
20
max [z;; (1)]“[17;]”
> (Pheromone update)
[Tmin’Tmax]
T (t+D)=p- T (t)+ Azﬁmt
g _ (s°(t)), if(i, j) eiteration—best —tour
! 0 , otherwise
Sttzle[ 35] pts(pheromone trail smoothing )

T.J (t) =7, (t) + 5 (7,0 (1) — 7;; (1))

A0 pts 7 (1) pts

23 47 % # eThesys(93 ¥ & 3 )



LA Ty Ry Sy Iy

4.
(Rank-Based Version of Ant System, ASrank)[8-10]
m
w=0-1 (ranking index)
> (solution construction )
. (% *[n.1°
5, 1) (EZ”] =, if jed ()
pl‘j‘(t) — JZ;_)[Tiu 1" *[n,]
0, otherwise
| j [Tij 1" [77ij 1/
J
> (Pheromone update)
7 (t+D = p* 7, (t) +Az, +Ari*j
(c—u)*Q/L, if theu—thbest ant travelson edge(i, j)
Az = 0 otherwise
AL = o*Q/s® if edge(i, j)is part of thebest solution
! 0 otherwise
L, 7, Ari*j
o
5.

(Ant Colony Optimization with
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Multiple Ant Clans, ACOMAS)[22] (Parallel
Genetic Algorithm, PGA)
ACOMAS[22]
( )
> (solution construction )
q=<0
L a B
. 1 if j=ag mueJk(i)[Tiu (t)] [77iu]
pij (t) = 0 otherwise
a>q,
7. (O1% *[n. B
Lyl EZ”] —, if jed, ()
pl'j‘(t) — JZ%_)[Tiu O *[7,.]
0, otherwise
g=d, i j [Tij 1”
[77ij I8 I a>q [Tij Ol [77ij 1/
J
> (Pheromone update)

ACS[17-18,27]

Clan =Clan *(1-w)+Clan*w, ifi=1
Clan =Clan_,* (1-w)+Clan *w, otherwise
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Fa Tsai[22] ACOMAS (nearest
neighbor, NN) (Dual nearest neighbor approach,
DNN) (nearest neighbor, NN)

(Multiple nearest neighbor approach)
DNN(Dual nearest neighbor
approach)

TSP
2.1
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2.1 TSP
Oliver30 |AS TA SA
Dorigo[ 16] AS
1 50 |ACS GA EP
Dorigo and 75 100 SA
Gambardel ACS
[17] 2 TSPLIB
_ 1 50 [ACS SA
Dorigo and
EN SOM
Gambardel ACS
2 TSPLIB F1 GA EP
[18]
AG
m 1 ASrank SA
Oliver30 SAnn GA
2 AS ASe
Bullnheim,
Hartl and | ASrank
Strauss|[ 8]
1 TSPLIB MMAS ACS
2 ACS
Stutzle,
MMAS
Hoos[33]
TSPLIB
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2.1( )

TSP

Stlutzle,
Hoos[35]

1 TSPLIB

ACS
TSPLIB

MMA S+pts
ACS

ASrank ASe
AS

MMAS

Fa Tsai, Wel
Tsai, Chang
Tseng.[22]

ACOMAS

28

5. TSPLIB

ACOMAS
ACS
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2.4

2. TSP
ASe ACOMAS

(Ant Memory System,AMYS)
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(Ant Memory
System, AMYS) 3.1 3.2
3.3 3.4
3.5

3.1

(Ant Memory System, AMYS)

AMS
t
o
o
3.2
t t
s®(t-1) global —best—solution t-1
s®(t) iteration—best — solution t
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pi (©) t k i j

mo ot J

7, ij (d,) 1/d,
ued () Kk i

m

n

Ms

M. (i €1.2...Ms)

Mb

7 75=1/(n* L)

a B (7) ()

) s®(t-1)>sP(t)

s (t—1) < S°(f)
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3.3
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3.4
1 (Initialize setting)
(m) (Ms)
(c p) (7) ()
(e B) (0,=0.9)
(2’0 ﬂ’) (2-0:1/(”* Lnn)) (Lnn)
2 (Construct Solutions)
q=dq,

e a B
. 1 if j=ag WUEJk(i)[Tiu ) [77iu]
pij (t) =

0 otherwise

a>q,
[Tij (9] [77ij ]'B e :
,f J (i
pllj( (t) = Z [Tiu(t)]a *[niu]ﬂ J N k( )
ued, (i)
0, otherwise
g=d, i j [Tij )]
(11 J a>gq [0 [l
J
3 (Local Pheromone update )

T t)=1-0)* 7 (t)+o* At
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Fab R R AL

At = (L, * n)™

3.2

(Operate Memory Function)

B

Memory box size=5

. . null
if s®t-1)<s"(t
ant, 9 .() null \?E,'I%A.\E £ HAFE =
ant, s || AT E =

L sP-1

null

null
null null FEH 223
Lnn—)sgb‘> null e - S0t
null it Pe-1>5°@| | M«
null antm gl nu” — @
i AN
nu” ™ 0
null
null
EE M
1
M
M ant i db M,
. 1 it S°()e{M,.M} "
ant ¥
M2 2 . |\/|4
M, > — 3°(1) 5 z
; T E B AT LR e Bl
M, . if 0 e{M..Mc}| | M, <M, e '
M ant, -
g M, M, HRBR
M, <M, €)
M, <M, -
M, < s°(t)
EEEH
3.2 ( 5)
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s®(t-1)

t s°(t)

Sib(t)

(1)

(2)

(CPU)Pentium4

3.2
s°(t) s®(t-1) s®(t-1)
t s°(t)
s°(t) (1)
s°(t) t
(2)
>
T =(=p) T+ PFAT
Az.ij: io*(M b)—l, |,]EMb
0 : otherwise
>
T == p) T+ P AT e
_ Ao ¥ (MP)Eif s®(t—1)>s°(t)&i, jeMP
Vo2 M), if s®(t-1) <sP(t)&i, j e MP
3.5
2.4GHz (Ram) DDR 512MB

Microsoft 2000

(opt)) %

Javaz?

GAP% (
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AMS
a p o p
Ay, A
(m)
5000 10
41a B o p 421, A
4.3 4.4
4.1 « p o Yo,
a f o p
TSP ATSP
TSP ATSP
TSP eil51 kroA100 d198
a 1-3 p 2~5 o p
0.01~0.20 4,=21=1 10 5
300
eil51
0.4% 60 4.1 kroA100
0.75% 34 4.2 d198
1% 1.5% 9
4.1-4.3
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lo =001, p = 0.20)

o = 0.05, p = 0.05

o = 0.05, p = 0.10

o = 0.05,p = 0.15

o =010, p = 0.10

0.4%

(24

p o p
o =0.05p =010

o = 0.05,p = 0.15

o = 0.05, p = 0.20

o =0.10,p =015

o = 0.10, p = 0.20

o =0.10,p =015

o = 0.05, p = 0.20

o =010, =020

o =015 p = 0.20

lo = 0.05, p = 0.05]

o =005, p = 0.10

o =005, p = 0.15

o =005, p = 0.20

o = 005, p = 0.05

lo = 0.05, p = 0.10]

o = 0.05, p = 0.20

o = 0.10, p = 0.05

o = 0.0, p = 0.15

o =005, p = 0.15

o =005, p = 0.20

o =010, p = 0.05

o = 0.10, p = 0.10

o = 0.10, p = 0.15

o = 0.10, p = 0.20

o = 0.15, p = 0.10

o = 0.10, p = 0.20

o = 0.05, p = 0.05

o = 0.05, p = 0.01

o = 0.05, p = 0.20

o = 0.05, p = 0.10

o = 005, p = 0.15

o = 0.05, p = 0.20

o = 0.10, p = 0.10

o = 0.10, p = 0.15

o = 0.10, p = 0.20

o = 0.05, p = 0.05

o = 0.05, p = 0.10

o = 0.05, p = 0.20

o = 0.10, p = 0.10

o = 0.10, p = 0.20

o = 0.15, p = 0.05

o = 0.15, p = 0.10

o = 0.5, p = 0.15

o = 0.05, p = 0.01

o = 0.05, p = 0.05

o = 0.10, p = 0.05

o = 0.10, p = 0.15

o = 0.10, p = 0.20
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o = 0.05, p = 0.05

o = 0.05, p = 0.10

o = 0.05, p = 0.15

o = 0.05, p = 0.20

o = 0.10, p = 0.05

o = 0.10, p = 0.10

o = 0.10, p = 0.20
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4.2 kroA100

o = 0,01, P = 0.15

3K

21383.3

o =001 p = 0.20

21401

o =001 p = 005

21389.2

o =001 p =0.10

21372.1

o =001 p =015

21387.8

o = 001 p = 0.20
| |

21362.8

o =005, p = 0.15

21420.4

0.75%

a B o p
o = 0,01, P = 0.01

21384.5

o =001 p = 005

21414.5

o =005, p = 0.01

21414.5

21410.1

21433.1

o = 0.05,,0 = 0.15

21384.7

o = 0_05’ p = 0.20

21407.8

o = 0,05, P = 0.20

21429.6

o = 0,01, ,0 = 0.20

21417.3

o =005, p = 0.20

21433.5

o =005, p = 0.15

21424

o =001 p = 001

16053.8

o = 0,01, p = 0.01

21388.9

o = 0,05’ ,0 = 0.05

21435.3

o =005, p = 0.10

21423.5

o =005, p = 0.15

21431.2

21400.4

lo = 0.05, p = 0.05]

21430.2]

o =001 p = 0.01

21398.1

o = 0_05’ p = 0.10

21420.5

o = 0_01’ p = 0.01

21415.1

o =005, p = 0.15

21422.9

o = 0,05, p = 0.20

21432.7

38

o = 0_01’ p = 0.01

21386.7

o = 0.05, p = 0.10
| |

21413.4

o = 0.05,,0 = 0.15

21376

o =005, p = 0.20

21368
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4.3 d198 15% a B o p
o =001 p =015
lo =001, p = 0.20]
o =005 p =005
o =0.05 p =015
o =001 p =001
o =005 p =005
lo = 0.05, p = 0.10]
o =0.05 p =015
lo = 0.05, p = 0.05]

GAP(%)

o =00Lp=02 | 427.3

o =005, =010 | 427.1

o =005 p=005| 426.9

o =001 p = 020] |[21362.8
o =005 p =010 [21413.4
o =005, p =005 |21430.2
o =0.01, p = 0.20] |[15994.2
o =005 p =010 |15994.8
o =005 p =005 | 16011.3

4.1-4.3 eil51 kroA100 d198
a=1p=30=001p =020
a=28=30=00Lp=020 a=2p8=40=005_p=005 4.4
a=1p8=30=001p =020 kroA100 d198
kroA 100
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a,pB.0,p
a=1p=30=001,p =020
42 1, 2
s®(t—1) > s°(t)
B Ao s®(t—1) <s°(t)
P ¥ A
Ay A
TSP ATSP TSP ij ji
ij ji ATSP ij
Ji ij ji
A, A a,pB,o,p
a=1 =3 o0oc=001 p=020
10 5 4.5 TSP
A=2,A=1 4.6 ATSP
Ao=2,A=2
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45TSP A4, A

kroA100 d198

21282 15780

21386.8 | 0.49% | 16008 1.44%
21417.1 | 0.63% | 16053.8 1.74%
21353.9 | 0.34% | 16034.3 1.61%
21378.6 | 0.45% | 15960.1 1.14%
21418.3 | 0.64% | 15994 1.36%
21337.2] | 0.26%] | [15992.9 | [1.35%
21429.2 | 0.69% | 15991.5 1.34%
21400.8 | 0.56% | 15992.4 | 1.35%
21467.5 | 0.87% | 15995 1.36%

21402 | 0.56% | 16039 1.64%
21404.9 | 0.58% | 16043.6 1.67%
21483.4 | 0.95% | 16009.9 1.46%

21431 | 0.70% | 16001.2 1.40%
21422.6 | 0.66% | 15994.5 1.36%
21419.8 | 0.65% | 16062.9 1.79%
21423.3 | 0.66% | 16009 1.45%
21487.6 | 0.97% | 16007.4 | 1.44%
21365.7 | 0.39% | 16030.2 1.59%
21359.3 | 0.36% | 16026.9 1.56%
21449.1 | 0.79% | 16051 1.72%

21396 | 0.54% | 16017.3 1.50%
21430.3 | 0.70% | 16033.5 1.61%
21349.5 | 0.32% | 16093.8 1.99%

21464 | 0.86% | 16039 1.64%
21459.6 | 0.83% | 16036.3 1.62%
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46 ATSP A4, A

ry48p ft70 krol24p
14422 38673 36230
14590 | 1.16% | 39855 | 3.06% | 38084.4 | 5.12%
14636.4| 1.49% |39757.4| 2.80% | 38259.6 | 5.60%
14546.7| 0.86% | 39694.6 | 2.64% | 38458.7 | 6.15%
14790.3| 2.55% | 39920.8 | 3.23% | 38279 5.66%
14557.9| 0.94% |39984.2 | 3.39% | 38329.3 | 5.79%
14552.3| 0.90% | 39956.9 | 3.32% | 38955 7.52%
14543 | 0.84% |[39663.5 | [2.56% | |37864.3 | 14.51%
14552 | 0.90% |39753.6 | 2.79% | 37913 4.65%
14550 | 0.89% | 39948 | 3.30% | 38068.9 | 5.08%
14605.6 | 1.27% | 39782 | 2.87% | 38679 6.76%
14593 | 1.19% | 39922 | 3.23% | 38385.3 | 5.95%
14649.9| 1.58% | 39834 | 3.00% | 37971 4.81%
14623.2| 1.40% | 39817.9 | 2.96% | 38184 5.39%
14577.8| 1.08% | 39752.5| 2.79% | 38409 6.01%
14555.4| 0.92% | 40304.5 | 4.22% | 38617.4 | 6.59%
14632 | 1.46% | 40046 | 3.55% | 37888 4.58%
14544.9| 0.85% |39747.2 | 2.78% | 37895.8 | 4.60%
14546.3| 0.86% | 39878 | 3.12% | 38283 5.67%
14682.9| 1.81% | 39740 | 2.76% | 38357 5.87%
14868.4| 3.10% | 39677.8 | 2.60% | 38318.3 | 5.76%
14542.8| 0.84% | 39827.3 | 2.98% | 38302.7 | 5.72%
14589.4| 1.16% | 39676.6 | 2.60% | 38315 5.75%
14580.8| 1.10% | 39687.3 | 2.62% | 38280 5.66%
14629 | 1.44% | 39670.9 | 2.58% | 38747.9 | 6.95%
14599.9| 1.23% | 39812.2 | 2.95% | 38774.4 | 7.02%
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4.3
TSP 5 5! ATSP
5 (5)° TSP
ATSP
a,fB,0,p,25,4

a=1 f=3 0c=001 p=020 A4,=21=1(TSP) A,=21=2(ATSP)

5 AMS TSP 4.7

AMS ATSP 4.8

4.7AMS TSP

GAP(%) |kroA100|GAP(%)| d198 |GAP(%)
21282 15780

Ant10 21361.2 | 0.37% |15994.2 | 1.36%
Ant20 21299.8 | 0.08% |15929.8 | 0.95%
Ant30 21328.2 | 0.22% |15993.2 | 1.35%
Ant40 21293.2 | 0.05% |15921.8 | 0.90%
Ant50 21327 0.21% |[15934.8 | 0.98%
Ant60 21313.4 | 0.15% | 15885.8 | 0.67%
Ant70 21309.4 | 0.13% | 15920.4 | 0.89%
Ant80 21303.2 | 0.10% |[15890.6 | 0.70%
Ant90 21306.6 | 0.12% | 15921.4 | 0.90%
Ant100 21308.7 | 0.13% |[15914.7 | 0.85%
Ant110 - - 15933.1| 0.97%
Ant120 - - 15937.7 | 1.00%
Ant130 - - 15921.7 | 0.90%
Ant140 15927.5| 0.93%
Ant150 15940.6 | 1.02%
Ant160 15955.7 | 1.11%
Antl170 15909.6 | 0.82%
Ant180 15930.8 | 0.96%
Ant190 15947.2 | 1.06%
Ant200 15966.4| 1.18%
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4.7
kroA100
60

eil51

40

m=n* 1/4+2000/n(n

50

d198

GAP(%)

36230

4.59%

4.10%

2.37%

2.46%

1.66%

1.79%

1.33%

1.82%

1.43%

0.70%

100
ATSP

a,p,o,

o =001

4.8 ATSP
ry48p |GAP(%)| ft70 |GAP(%)|krol24p
14422 38673
Ant10 14562 | 0.97% (39663.5| 2.56% [37893.3
Ant20 14532.5| 0.77% |39460.4| 2.04% |37715.1
Ant30 14523.3| 0.70% (39378.2| 1.82% | 37088
Ant40 14510.9| 0.62% (39310.7| 1.65% |[37121.8
Ant50 14504.8| 0.57% |39275.7| 1.56% |36832.1
Ant60 - 39244.5| 1.48% |36880.1
Ant70 39182.8| 1.32% |36710.1
Ant80 36889.5
Ant90 36746.5
Ant100 36484.2
4.8 ryp48 50
ft70 70 krol24p
(m=n)

4.4

1 5 10 15 20 TSP ATSP

p’ﬂ’Ollvm a=1 ﬂ:B

=020 A4,=2A=1(TSP) A4,=2,1=2(ATSP) m=1/4*n+2000/n(TSP)

m=n (ATSP) 4.9-4.10 4.1-45

TSP
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kroA100 1 5 10 15 20
4.6-4.10 ATSP krol24p 1
5 10 15 20
4.9 1 5 10

GAP(%) GAP(%) GAP(%)

eil51 426.6 427 427.2

kroA100 21398.2 21321.4 21378.8

d198 16008.4 15925.4 15959.2

ry48p 14467.6 14503.5 14491.4

ft70 39134.6 39094.6 39136.2

Krol24p 36580.3 36345 36486.8

4.10 15 20
15 |GAP(%)| 20 |GAP(%)

ell51 427.2 0.28% 427.4 0.33%

kroA100 21357.2 0.35% | 21532.8 1.18%

d198 15962.6 | 1.16% | 15967.6 1.19%

ry48p 14498.7 | 0.53% | 14501.1 0.55%

ft70 39202.8 | 1.37% 39237 1.46%

Krol24p 36645 1.15% 36885 1.81%
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kroA100 Memory size=1

3 p ) T
21900 + & :
21800 | A F

0 1000 2000 3000 4000 5000
iteration

4.1 kroA100 1

kroA100 Memory size=5
22000

21900
21800 |§
21700
21600 *
21500 e + 1
21400
21300
21200

length

0 1000 2000 3000 4000 5000
iteration

4.2 kroA100 5

kroA100 Memory size=10

22000
21900 H
21800
21700
21600
21500
21400 -
21300 -
21200

length

, Y

0 1000 2000 3000 4000 5000
iteration

4.3 kroA100 10
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kroA100 Memory size=15
22000

21900
21800
21700
21600 [
21500 r
21400
21300 r
21200

length

0 1000 2000 3000 4000 5000

iteration

4.4 kroA100 15

kroA100 Memory size=20
22000

21900 r
21800 r
21700
21600 I
21500
21400
21300 r
21200 : : : :

0 1000 2000 3000 4000 5000
iteration

length

4.5 kroA100 20

krol24p Memory size=1
42000 —

41000 §
40000
239000
38000
37000

36000

0 1000 2000 . . 3000 4000 5000
iteration

4.6 krol24p 1
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krol24p Memory size=5

42000

41000

40000

°
g

length

39000

38000

37000

36000

0 1000

2000

) 3000
Iteration

4000 5000

4.7 krol24p

42000 ¢

krol24 Memory size=10

41000

40000 I *
<
b

£ 39000 3

- p

e

38000 b

37000 |

36000

0 1000

2000

iteration 3000

4000 5000

4.8 krol24p

10

42000 1

kro124p Memory size=15

41000
40000

£ I
§’39000 r 4

38000

IEXR 1

37000 |

36000

0 1000

2000

3000
iteration

4000 5000

4.9 krol24p

15
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krol24p Memory size=20
42000

41000

40000

length

39000
38000 +
37000

36000

0 1000 2000 3000 4000 5000

iteration

4.10 krol124p 20

( ) 45  4.10

4.9 4.10 5
4.2 4.7 5
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AMS 5.1
AMS 5.2 TSP

5.1
Dorigo[27] Stitzl e[ 35]
Dorigo[27] Stiutzle[35] TSP
n* 10000 ATSP n* 20000 (n
) TSP m* 10000 (m
m=1/4*n+2000/n)
ATSP n* 20000

a=1 f=3 6=001 p=020 A =24=1 (TSP) 4,=21=2(ATSP)

m=1/4*n+2000/n(TSP) m=n(ATSP) M. =5 (7,)
1/(L,,*n) = 30
5.1

50 47 % # eThesys(93 ¥ & 3 )
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AMS
(GAP(%))I

AMS
(GAP(%))

eil51
[51]

426(0.00%)
[50592]

426.93(0.22%)

6.16E-05

kroA 100
[100]

21282(0.00%)
[22185]

21291.93(0.05%)

2.29E-04

d198

[198]

15820(0.25%)
[571061]

15890.17(0.70%)

9.25E-04

ry48p
[48]

14422(0.00%)
[699936]

14487.30(0.45%)

ft70
[70]

38722(0.13%)
[1088640]

38975.90(0.78%)

1.20E-04

krol24p
[100]

36230(0.00%)
[281900]

36293.77(0.18%)

2.28E-04

ftv170
[171]

2758(0.11%)
[1386981]

51

2773.27(0.66%)

6.80E-04
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5.2

(AS, ASe, ASrank, MMAS,
MMAS+pts ,ACS and ACOMAS)
(Symmetric)
(Asymmetric) TSP AS[14-16] ASe[16] ASrank[8-10]
Stutzle[ 35]
MMAS[35] ACS[27] ACOMAC[22]
AS ASe ASrank MMAS MMAS+pts ACS

kn10000 TSP k=1 ATSP k=2
30 ACOMAC[22] (iteration)
(tour structions) ACOMAC

5.2AMS AS ACS

AMS |GAP(%)| AS |GAP(%)| ACS | (GAP(%)

eil51 426.93 0.22% 437.3 2.65% 428.1 0.49%

kroA100 21291.93 ( 0.05% 22247.1 4.53% 21420.0 0.65%

d198 15890.17 | 0.70% 16702.1 5.84% 16054.0 1.74%

ry48p 14487.30 | 0.45% 15296.4 6.06% 14565.4 0.99%

ft70 38975.90 [ 0.78% 39596.3 2.39% 39099.0 1.10%

krol24p 36293.77 | 0.18% 38733.1 6.91% 36857.0 1.73%

ftv170 2773.27 0.66% 3154.5 14.50% 2826.5 2.60%

x Opt ACS Dorigo[27] AS Stiitzle [35]
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5.3 ASrank ASe MMAS
ASrank [GAP(%)| ASe

eil51 434.5 2.00% 428.3 0.54% 427.6 0.38%

GAP(%) [MMAS| GAP(%)

kroA 100 21746.0 | 2.18% | 21522.8 | 1.13% |21320.3| 0.18%

d198 16199.1 | 2.66% | 16205.0 | 2.69% |15972.5| 1.22%

ry48p 14511.4 | 0.62% | 14685.2 | 1.82% |[14553.2| 0.91%

ft70 39410.1 | 1.91% | 39261.8 | 1.52% |39040.2| 0.95%

krol24p 36973.5 | 2.05% | 37510.2 | 3.53% |36773.5| 1.50%

ftv170 2854.2 3.60% 2952.4 7.17% 2828.8 2.68%

ASrank ASe MMAS Stutzle [35]

* Opt

5.4 MMAS+pts ACOMAC ACOMAC +NN ACOMAC+DNN

MMAS
+pts Gl

C C
+NN +DNN

eil51

427.1

430.684

430.0437

430.0076

kroA 100

21291.6

21457.953

21433.33

21408.23

d198

15956.8

16558.7

16034

15955.6

ry48p

14523.4

ft70

38922.7

krol24p

36573.6

ftv170

* Opt
[35]

2817.7

pts  pheromone trail smoothing MMAS MMAS+pts

ACOMAC ACOMAC+NN ACOMAC+DNN

53
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55AMS AS ACS ASrank ASe MMAS MMAS+pts

AS

eil51 2.65%

kroA100 4.53%

d198 5.84%

ry48p 6.06%

ft70 2.39%

krol24p 6.91%

ftv170 14.50%

2.50% /‘//' ‘\ M/ / —o— A MS
. Yo >, =—AS

2. 00%=
X

— 1.50% --&-ACS

o

< —& -ASr anlk
O 1.00%

. ~
0.50 oot ’/\‘3,/7(& Pt —e—ASe
/4 \/
.\/ —=—MMAS

0. O {\U 1 1 1
ei Il 51 kroAl100 d198 ry48p ftl—e— MMAS+pR sftv1l7
5.1 GAP
5.5 5.1 AMS
ft70 MMA S+pts (ft70 MMA S+pts
0.13%) MMA S+pts eil51 AMS MMAS+pts

0.04% d198 AMS MMAS+pts 0.42% ry4d8p AMS MMAS+pts
0.25% krol24p AMS MMAS+pts 0.77% ftvl70 AMS
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MMAS+pts 1.62% AMS AS ACS ASrank
ASe MMAS
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6.1
1. (Ant Memory
System, AMYS) (Symmetric) TSP
(Asymmetric) TSP
2. ASe ACOMAS
3. (Ant Memory System, AMS)
5 1
20
4.  AMS ft70 MM A S+pts (ft70
MMAS+pts 0.13%) MMA S+pts eil51
AMS MMAS+pts 0.04% d198 AMS MMAS+pts 0.42%
ry48p AMS MMAS+pts 0.25% krol24p AMS MMAS+pts
0.77% ftvl70 AMS MMAS+pts 1.62% AMS
AS ACS ASrank ASe MMAS
6.2
1.

(VRP)
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BEak ek ML AR (TR R AR

AMS

Eil51
o =001 p =001
o = 0.01, p =0.05
o =001 p =010
o =001 p =015
o =001 p =020
o =0.05,p =001
o =0.05,p =0.05
o =0.05,p =010
o =0.05,p =015
o =0.05,p =020
o =0.10,p =0.01
o = 0.10, p = 0.05
o =0.10,p = 0.10
o =010, p = 0.15
o =010, p = 0.20
o =015p =001
o =015 p =0.05
o =015 p =010
o =015 p =015
o =015 p =020
o =020,p =0.01
o =0.20, p = 0.05
o =0.20,p =010
o =0.20,p =015
o =0.20,p =020
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Eil51
o =001 p =001
o =0.01, p =005
o =001 p =010
o =001, =015
o =001 p =020
o =005 p =001
o =005, p = 0.05
o = 0.05,p =010
o =005, p =015
o = 0.05, p =0.20
o =010, p = 0.01
o = 0.10, p = 0.05
o =010, p = 0.10
o =010, p = 0.15
o =010, p =020
o =015 p =001
o =015 p =0.05
o =015 p =010
o =015 p =015
o =015 p =020
o =0.20,p =001
o =020, p = 0.05
o =020, =010
o =020,p =015
o =020, p =020
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Eil51
o =0.01 p =0.01
o =001 p =005
o =001 p =010
o =001 p =015
o =001 p =020
o =0.05,p =001
o =005, p = 0.05
o =005, p =0.10
o =005 p =015
o =005, p =0.20
o =010, p = 001
o = 0.10, p = 0.05
o =010, p = 0.10
o =0.10,p =0.15
o =010, p = 0.20
o =015p =001
o =015 p =0.05
o =015 p =0.10
o =015 p =015
o =015 p =020
o =0.20,p =001
o = 0.20, p = 0.05
o =020, 0 =010
o =020, =015
o =0.20,p =020
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kroA100 a=1p=2la=1Lp=3la=Lp=4a=1=5
o =001, p =001 216459 | 21533.8 21752.8 22155.3
o =001, p = 005 21487 21389.2 21485.5 21529.8
o =001, p =010 214496 | 21372.1 21456 21527.4
o =001 p =015 213833 | 21387.8 21454.9 21529.3
o =001, p =020] 21401 21362.8 21417.3 21481.1
o =005, p =001 225474 | 22317.2 22436.7 22625.2
o =005 p=00521726.20| 21500.4 21649.1 21690.3
o =005 p=010]| 21583.9 | 21458.4 21516.3 21596.4
o =005 p =015 214711 | 21420.4 21532.9 21577.9
o =005, p =020 21447 21429.6 21433.5 21506.7
o =010, p =001 231148 | 22696.3 22699 23029.4
o =010 p =005 221737 | 21766.8 21984.3 22103
o =010, p = 010] 21947 21589 21593.8 21753.1
o =010, =015 217614 | 21501.9 21547.6 21606.7
o =010p =020] 217212 | 21466.6 21509.8 21537.8
o =015 p =001 23229.4 | 22988.8 23069.9 23081.5
o =015 p =005 223741 | 22024.1 22241.3 22297
o =015, =010] 221516 | 218675 21865.6 22076.3
o =015 p =015 220496 | 21743.2 21778 21886
o =015 p =020 219234 | 21660.2 21662.7 21796.2
o =020, p = 0.01) 232534 23220 23134.4 23097.4
o =020,p =005 226335 | 223195 22290.6 22593.5
o =020,p=010| 22249.2 | 21888.9 22087.6 22177.9
o =020,p =015 223053 | 21931.1 21946.1 22158
o =020,p =020 22330.2 | 21839.3 21859.7 22146.1
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kroA100 a=2,=2la=2,=3la=2,=4a=2,=5

o =001, =001 21465.1 21386.7 16053.8 21521.22
o =001, p =005 218499 21562.7 21584.1 21798.3
o =001, =010 224364 22060.4 22112.1 22351.8
o =001, =015 22675 22412.3 22463.6 22600.3
o =001 p =020 23045.2 22581.4 22720.2 22754.6
o =005, =001 218499 21562.7 21584.1 21798.3
o =005, p =005 214553 21444.4 21430.2 214715
o =005 p =010 21494.8 21413.4 21420.5 21441

o =005 p =015 21424 21376 21422.9 21442.5
o =005 p =020 21459.2 21368 21432.7 21473.2
o =010 =001 22436.4 22060.4 22112.1 22351.8
o =010 p =005 217765 215144 21545.6 21556.5
o =010,p =010 216593 21462.1 21499.9 21523.9
o =010p =015 216634 21481.9 21512.7 21513.2
o =010, =020 216231 21544.9 21462.5 21499.3
o =015p =001 22675 22412.3 22463.6 22600.3
o =015, =005 22062 21708.6 21647.1 21765.5
g =015, =010 219319 21601.6 21588.9 21642.2
o =015, =015 218554 21641 21539.8 21553.5
o =015p=020] 219369 21682.3 21594.7 21552.8
o =020,p =001 230452 22581.4 22720.2 22754.6
o =020,p =005 22205 21828.4 21937.4 21908.2
o =020,p =010 222111 21802.9 21737.5 21805.6
o =020,p =015 22346.1 21787.7 21654.6 21736.9
o =020,p =020 22334.3 21758.6 21654.9 21644.1

67 WU A% eThesys(93 5 & &)



BEak ek ML AR (TR R AR

kroA100 a=3=2la=3,=3|la=3,f=4|a=3,=5
o =001,p =001 214151 21384.5 21388.9 21398.1
o =001, p =005 21560.6 21414.5 21461.6 21500.1
o =001, =010 221564 21727.1 217775 21888.1
o =001, =015 223149 22006.2 22060.6 22208.2
o =001 p =020 22467.6 22233 22256 22426.2
o =005 p =001 21560.6 21414.5 21461.6 21500.1
o =005, p =005 21465.9 21410.1 21435.3 21458.9
o =005 p =010 21494.1 21433.1 21423.5 21443.1
o =005 p =015 214442 21384.7 21431.2 21454.7
o =005 p =020 214758 21407.8 21400.4 21467
o =010 =001 221564 21727.1 217775 21888.1
o =010 p =005 218004 21488.9 21514.4 21510.7
o =010, p =010 216835 21533.6 21521.4 21480.2
o =010p =015 216913 21530.1 21496.5 21527.5
o =010, =020 216617 21537.2 21477.3 214388.6
o =015, =001 22314.9 22006.2 22060.6 22208.2
o =015 p =005 220852 21687.1 21602.1 21572.3
o =015, =010 22097.6 21684.9 21598 21568.7
o =015, =015 22065.3 21672.2 21692.5 21595.3
o =015p=020] 219226 216/8.9 21654.8 21624.7
o =020,p =001 224676 22233 22256 22426.2
o =020,p =005 22363.2 21858.2 21774.7 21826.2
o =020,p =010 22184.4 21901.6 21802.3 21698.4
o =020,p =015 22186.4 21872.8 21699.8 21622.5
o =020,p =020 22082.9 21810.9 21768.9 21689.2
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d198 a=1p=2la=1LpB=3la=1Lp3=4
o =001, =001 167445 | 16232.8 16198.1
o =001, =005 161526 | 16226.1 16161.5 16117.9
o =001, =010 16188.7 | 16076.1 16201.7 16098
o =001, p =015 16156.6 | 16003.9 16216.5 16126.4
o =001 p =020| 16139.2 | 15994.2 16185.5 16171.8
o =005 =001 17541.3 | 16833.2 16766.9 16716.5
o = 0.05, p = 0.05| 17075.30 16483 16259.5 16444.2
o =0.05 p =010| 16644.7 16336 16173.4 16328.9
o =005 p =015 161779 | 162355 16192.4 16240.4
o =005, p =020 160729 | 16187.6 16149.5 16194.8
o =010, =001 176416 | 17040.6 16932.2 16838.7
o =010,p =005 174974 | 16702.8 16472 16696.2
o =010, p = 010 17106 16512 16386.4 16464.9
o =010, 0 =015 16940.1 | 16415.1 16316.4 16460.1
o =010, p =0.20| 16775.2 | 163929 16291.8 16420.1
o =015 p =001 17655 17207.8 17027.3 16927.5
o =015 p =005 17510.8 | 16840.9 16643.1 16761.1
o =015 p =010 173104 | 16627.7 16522.8 16686.1
o =015 p =015 17201.1 | 16587.7 16427.9 16586
o =015 p =020| 16985.3 | 165245 16374.1 16505.1
o =020,p =001 17673 17278.8 17047.1 16895.8
o =020,p =005 17496.1 | 16872.2 16783.6 16827.1
o =020,p=010| 173546 | 16747.2 16551.1 16714.6
o =020,p =015 17323.7 | 16595.5 16523.6 16681.6
o =020,p =0.20]| 172447 | 16660.8 16446.3 16607.8
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d198 a=2p=2la=2p=3la=2p=4
o =001 p =001 160427 16009.2 16040.3
o =001, p =005 16062.6 16041.2 16032.2 16114.6
o =001 p = 0.10| 16109.2 16043 16145.7 16176
o =001, p =015 16092.8 16061.3 16135.2 16138.8
o =001 p = 020| 16091.6 16098.4 16094.1 16144.6
o =005, p =001 16956.8 16389.6 16243.4 16220.8
o =005, p =005 15984.6 15998.1 16011.3 16076
o =005, p =010 16024.2 15994.8 16048 16052.6
o =005, p =015 16015 15998.7 16026.1 16047.8
o =005, p =020 16017.6 16045.4 16076.8 16091.1
o =010,p =001] 17399.7 16681 16479.2 16457.3
o =010,p = 0.05| 16451.9 16226.2 16197.7 16160.8
o =010, p = 0.10| 16300.1 16085.9 16082.6 16114.8
o =0.10,p = 015| 16379.6 16139.7 16095 16067.2
o =010, p = 020] 16312 16115.9 16055.1 16115.5
o =015, =001 17592.1 16855 16626.6 16629.5
o =015 p = 005| 16727 16379.2 16304.1 16321.3
o =015 p = 010| 167718 16287.2 16262.5 16222
o =015 p = 015| 16574.8 16220.5 16194.1 16174.3
o =015 p =020 16494.7 16211.3 16164.8 16136.9
o =020,p =001 17658.2 16921.6 16721.1 16727.4
o =020, p =005 16866.3 16425.1 16402.1 16348.6
o =020, p =010 168155 16314.9 16285.1 16306.7
o =020, p =015 168813 16433.4 16286.8 16263.6
o =020,p =020 16789.7 16355.6 16212.2 16228.1
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d198 a=3=2la=3,=3|la=3,f=4|a=3,=5
o =001, p =001 16047.67 15974.9 16034 16064.7
o =001 p =005 16126.7 16098 16111.7 16129.6
o =001 p =010| 161408 16067 16142.4 16210.6
o =001, =015 16213.8 16172 16246 16310.6
o =001 p =020 16191 16054 16235.2 16300.1
o =005p=001 16126.7 16034 16062.3 16130.5
o =005 =005 16024 16035.7 16039.7 16031.9
o =005,p =010 16070.6 16033.1 16032.8 16092.3
o =005,p =015 16081.8 16129.6 16058.1 16107.7
o =005 p =020 16121.2 16082.6 16077.4 16187.5
o =010, p =001| 16140.8 16470.1 16336.9 16289.9
o =010, p =005 16409 16166.7 16107.4 16120.7
o =010, p =010| 16468.2 16180.8 16132 16107.8
o =010, p = 015| 16465.8 16182 16118.4 16135.4
o =010,p =020 16580.8 16229.5 16131.7 16102.8
o =015p =001 162138 16638.6 16462.3 16420.9
o =015, =005 16767.4 16370.1 16212.9 16209
o =015 p =010| 16567.6 16228.4 16224 16115.4
o =015p =015 16695.4 16324 16174.7 16147.4
o =015 p =020 16854.8 16333.7 16242.5 16122.9
o =020,p=001 16191 16832.6 16582.2 16537.5
o =020, p =005 167482 16431 16281.1 16240.5
o =020, =010 16916 16471.6 16287.9 16241.2
o =020,p =015 16903.2 16465.7 16212.2 16223.1
o =020,p =020 168984 16413.6 16231.7 16196.4
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d198 a=3=2la=3,=3|la=3,f=4|a=3,=5
o =001, p =001 16047.67 15974.9 16034 16064.7
o =001 p =005 16126.7 16098 16111.7 16129.6
o =001 p =010| 161408 16067 16142.4 16210.6
o =001, =015 16213.8 16172 16246 16310.6
o =001 p =020 16191 16054 16235.2 16300.1
o =005p=001 16126.7 16034 16062.3 16130.5
o =005 =005 16024 16035.7 16039.7 16031.9
o =005,p =010 16070.6 16033.1 16032.8 16092.3
o =005,p =015 16081.8 16129.6 16058.1 16107.7
o =005 p =020 16121.2 16082.6 16077.4 16187.5
o =010, p =001| 16140.8 16470.1 16336.9 16289.9
o =010, p =005 16409 16166.7 16107.4 16120.7
o =010, p =010| 16468.2 16180.8 16132 16107.8
o =010, p = 015| 16465.8 16182 16118.4 16135.4
o =010,p =020 16580.8 16229.5 16131.7 16102.8
o =015p =001 162138 16638.6 16462.3 16420.9
o =015, =005 16767.4 16370.1 16212.9 16209
o =015 p =010| 16567.6 16228.4 16224 16115.4
o =015p =015 16695.4 16324 16174.7 16147.4
o =015 p =020 16854.8 16333.7 16242.5 16122.9
o =020,p=001 16191 16832.6 16582.2 16537.5
o =020, p =005 167482 16431 16281.1 16240.5
o =020, =010 16916 16471.6 16287.9 16241.2
o =020,p =015 16903.2 16465.7 16212.2 16223.1
o =020,p =020 168984 16413.6 16231.7 16196.4
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