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ABSTRACT

The team orienteering problem (TOP) or the multiple tour maximum collection problem can be considered as a gener-
ic model that can be applied to a number of challenging applications in logistics, tourism. and other fields. This prob-
lem is generally defined as the problem of determining P paths, in which the traveling time of each path is limited by
T\.ux that maximizes the total collected score. In the TOP, a set of N vertices i is given, each with a score S,. The start-
ing point (vertex 1) and the end point (vertex N) of all paths are fixed. The time #; needed to travel from vertex i to is
known for all vertices. Some exact and heuristics approaches had been proposed in the past for solving the TOP. This
paper proposes a new solution methodology for solving the TOP using the particle swarm optimization, especially by
proposing a solution representation and its decoding method. The performance of the proposed algorithm is then eva-
luated using several benchmark datasets for the TOP. The computational results show that the proposed algorithm

using specific settings is capable of finding good solution for the corresponding TOP instance.

Keywords: Team Orienteering Problem, Particle Swarm Optimization, Solution Representation, Algorithm,

Computational Method. Metaheuristics
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? INTRODUCTION

The orienteering problem ) is a generic problem
for determining a single path in order to maximize the
total collected ke by visiting some vertices through the
path, in which a set of vertices is given, each with score;
the starting and ending point of the path is given, the tra-
§B) time from any vertex to any vertex (;) is known. and
the traveling time of the path is limited by 7,,,. Tsiligi-
rides (198§ &hentioned that OP can be applied to a spe-
cial case of the traveling salesrffgh problem (TSP) in
which the salesman does not have enough time to visit all
possible cities. He knows the number of expected sales in
each city and wants to maximize total sales, while keep-
ing the total travel time limited to a day or a week. Souf-
friau ef al. (2008) affified the OP for solving a tourist
route problem. Since it is often impossible to visit alfhe
tourist attractions in a region visited by the tourist, they

have to select what they believe to be the most valuable
attra@n in the region.

The team orienteering problem (TOP) is an OP with
goal to determine several paths, each is limited by T,
that maximizes the tazl collected score. Butt and Cavali-
er (1994) described a TOP application of athlete recruit-
ment from high schools. A recruiter has to visit several
schools, limited by number of days. He can assign a score
for each school, based on its r@Biting potential. Then,
the TOP can help the recruiter to choose the schools to
Ext cach day to maximize the total recruiting potential.
The total number of paths in the TOP is corresponding to
the total number of recruiting days, and each path in the
TOP is corresponding to the recruiter daily route visiting
the s@&Bted schools,

Since the TOP is an NP-hard problem, some exact
and heuristics approaches had been proposed in &) past
for solving the TOP. However, the capability of particle
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swarm optimization (PSO) has not been explored much in
order to solve the TOP. Therefore, thifE&hper tries to solve
the TOP by using a PSO algorithm. The structure of this
paper is as follows: Section 2 ffvides literature review
on TOP. Section 3 describes the PSO for solving the TOP.
Section 1'esc11ts the computational result, and the last
section concludes the paper and gives suggestions for
further research.

2. LITERATURE REVIEW

Some researchers in the past had proposed metho-
dology for solving TOP as reviewed by Vansteenwegen ef
al. (2011) who summarized existing and up-to-date re-
scarch on [EfBP. They listed several algorithms including
heuristics. Tabu search. varig neighborhood search. ant
colony optimization, and greedy randomized adaptive
search procedure (GRASP) with path relinking that has
been successfully applied to TOP.

Chao et al. (1996a) presented the first hcum: algo-
rithm for solving the TOP which is similar to their five-
step heuristic algorithm for OP (Chao et al.. 1996b). They
also contributed n collecting datasets of OP and TOP
cases that are being used for comparing the performance
of OP and TOP algorithms. It is noted that they organized
the @cts into 7 sets.

Tang and Miller-Hooks (2005) proposed a Tabu
search heuristiciMH) algorithm for solving the TOP.
They compared the Tabu search @@ hod with the method
of Chao ef al. (1996a) and found that tlmabu search was
able to produce better solution than the Chao et al. (1996a)
method. mhctti et al. (2007) also proposed some va-
riants of Tabu search and variable neif#§orhood search
for solving the TOP, which are called Tabu search with
penalty strategy (GTP), Tabu search with feasible strategy
(GTF), fast variable neighborhood search (FVF), and
slow variable neighborhood search (SVF).

Another approach for solving TOP is proposed by
Ke ef al. (2008) by using ant colony optimization. Based
on the method to construct feasible solutions, they pro-
E3ed four variations of ant colony algorithm, which are
sequential (ASe), deterministic-concurrent (ADC), ran-
dom-concurrent (ARC), and simultaneous ant colony
algorithms (ASi).

Two cfffibutions from Vansteenwegen ef al. (2009a,
2009b) are able to solve the TOP within seconds of com-
putational time. For solvinf}he TOP, Vansieenwegen ef al.
(2009a) implemented the guided local search (GLS) and
Vansteenwegen ef al. (2009b) implemented skewed vari-
able neighborhood seaff (SVNS).

Souffriau ef al. (2010) proposed two GRASP 2}
path relinking algorithms for solving TOP, which are fast
path relinking (FPR) and slow path relinking (SPR). The

difference between these two algorithms is only the stop-

Table 1. Summary of results after Soufinau ef al. (2010)

‘;l;:;' # Best A"(gq;aé;ap "\"3('51’” Reference

H 34 147 1365 NS ““‘:;gé';‘;r Hilkoks
GTP 69 0.54 100.0 Archetti ml (2007)
GTF 94 025 146.6 Archetti ef al. (2007)
FVF 97 022 189 Archetti ef al. (2007)
SVF 128 0.06 268.6 Archetti ef al. (2007)
ASe 130 0.11 2523 Ke et al. (2008)
ADC 80 042 2138 Ke et al. (2008)
ARC 81 047 204 8 Ke ef al. (2008)
ASi 84 0.39 2150 Ke et al. (2008)
GLS 21 271 78 V““s““(‘;{‘)‘oﬁl“)“ eeal.
SVNS 44 108 38 leste:;a:};g:)n et al.
FPR 78 046 50 Souffriau ef al (2010)
SPR 131 0.06 2 Souffriau er al. (2010)

TMH: Tabu scarch heuristic, GTP: Tabu search with penalty strategy.
GTF: Tabu search with feasible st oy, FVF: fast vanable neighbor-
hood search, SVF: slow variable borhood search, ASe: ant colo-
ny sequential_ADC: ant colony deterministic-concurrent, ARC: ant
colony rando: current. ASi: ant colony simultanecus. GLS: guided
local search, SWNS: skewed variable neighborhood search, FPR: fast
path relinking, SPR: slow path relinking.

ping criterion. The SPR requires more iterations than FPR.
They also compared their algorithms with Ehbve men-
tioned methods for solving TOP including TMH, GTP,
GTE, FVF, SVF, ASe, ADC, ARC, ASi, GLS, and SVNS
using TOP benchmark datasets of Chao et al. (1996b)
number 4 to 7 consist of 157 cases. Their comparison is
reproduced here in Table 1. From Table 1, they claimed
that that SPR is tcst method for solving TOP, since it
can produce 131 best known solution with average gap
0.06% from the best known results, consuming in average
212.4 seconds of computational tifER)

Recently, Muthuswamy and Lam (2011) proposed a
discrete particle swarm optimization (DPSO) for solving
TOP. Thev used discrete version of PSO, in which the
particle position is reprefFlled in the domain of integer
number, combined with reduced variable neighborhood
seardfZnd 2-opt as the local search method.

This paper proposes a PSO algorithm for solving
TOP, based on the simplest version of continuous PSO, in
which the particle position is represented as real number
and implemented purely from any local search. Therefore,
the particle movement mechanism of this PSO that will
be described in Section 3 is totally different with DPSO
of Muthuswamy and Lam (2011). In order to do ben-
chmarking, the result of Souffran er al. (2010) will be
referenced so that the result of proposed PSO can be
placed in the performance of existing approaches com-
pletely, in which the similar TOP benchmark datasets
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10
numbergo 7 of Chao ef al. (1996b) will be used as the
case problems. In addition, this paper also provides a
comparison between the proposed continuous PSO with
the existing DPSO for solving the TOP.

3. PSO FOR SOLVING TOP

341 @rlicle Swarm Optimization

PSO is a population based stochastic optimization
technique developed by Eberhart and Kennedy in 1995,
inspired by social behavior of swarm organism such as
flock of bird or school of fish (Hu, 2006).

Clerc (2004) stated that the basic principle of PSO is

a set of moving particles placed inside the search space.

Each particle has the following characteristics:

1) It has a position (&) and velocity (@). Its positions are
multi-dimensional, and can be translated or decoded
into problem specific solution, which will evaluate its
corresponding objective function for minimization or
maximization. The particle is moving from a position
different position following its velocity.

2) It knows its position and the objective function value
of this position. and it also remembers its best pre-
vious position or usually called as personal best or
pbest ().

3) It knows the best of all particles” personal best or
usually called as global best or gbest.

2

%e movement of particle in certain period of time
or iteration is driven by three different directions that are:
1) Follow its own way, 2) Go towards its personal best
position, and 3) Go towards its global best position.
Therefore the particle movement can be formulated as
following equations:

op(Ttl) = Wzt Do) + cu(y-iD) (D
+ cau(yrOn®))

Oy(x+1) = Oyl + oylatl) @)

where 7 is iteration index. / is particle index, & is di-
mension index, u is uniform random number in inter-
val [0, 1], w(r) is inertia weight in the ™ iteration,
wp(T) 1s velocity of i particle at the #" dimension in
the 7' iteration, @,(7) is position of ik particle at the
#" dimension in the 7" iteration, wy, is personal best
position (pbest) of /" particle at the 4" dimension, yr,
B global best position (gbest) at the A" dimension, [
is personal best acceleration constant, and ¢, is global
best acceleration constant.

Eq. (2) shows that the particle position of next period
is obtained from the sum of the current position with the
velocity of the next period. Eq.(1) shows that the velocity

of next period obtained from the sum of the multiplication

of inertia, cogniti fEfor social weights (. ¢,. and ¢,) with

current velocity, pbest, and gbest. Generally, the algo-
rithm of PSO is defined as follow:

- Imitialization: Determine the number of particles (N).
the particle’s position (can be random or defined), and
particle’s velocity.

- Decode particles into solution.

--‘aluatc the particles, based on the objective function.

- Update pbest value,

- Update gbest value,

-E}ate velocity and position for each particle,

- If the stopping criterion is reached. stop. Otherwise
return to decoding step.

20
The PSO al.gorithm has been applied for solviffifar-

ious optimization problems, such as TSP (Clerc, 2004),

p1'01 motif discovery (Chang et al., 2004), as well as

the vehicle routing with simultaneous pickup and delivery

by Ai and Kachitvichyanukul (2009).

3.2 Solution Representation

In a simple functional optimization, the dimension of
particles in the PSO is represented by the number of va-
riables used in the function, and can directly be decoded
as a value of the variables. However, in this research,
particle’s position cannot directly be decoded or represents
the solution, because the solution of TOP is not just a
value of variables, but scqucncc of vertices. Therefore,
it needs a specific step to decode a particle position info a
TOP solution that can be explained as follow:

1) The particle’s dimension represents number of vertic-
es in TOP, dimension 1 rgcscm vertex 1, and so on.

2) The particle’s position is a real number and represents
priority of the vertex on the decoding step. The small-
er the position will result in a higher priority on the
vertex.

3) Based on the prionity, each vertex is evaluated to be
inserted to the solution path.

The first and last vertex are excluded from the priority

Particle
ntamension| O 1 2 [ 4 [ o [ § 9
Position (8,) | 74 15| 310 S| 1] ] 0] 83 47 W4
Value (v;) IR EEEREERE
e of 2 s 3 | o 4 5| o 9
Prioriy () .

Path1(s) of 2 8 9

Path2 (55,) o 3 1 9

Figure 1. Illustration of decoding process.
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setting of the vertex, since they are representing the start-
{2 and ending point of cach path that cannot be changed.
Figure 1 shows an illustration of the decoding process of
the PSO for solving TOP with 10 vertices. In Figure 1. the
sequence of the paths is simply constructed from the ver-
tex priority. In this paper, before a vertex is permanently
assigned to a path, it has to be evaluated based on the total
service time of the path. If the time needed exceeds the
limit (7,,.,), the vertex cannot be inserted into that path

3.3 Initialization

In the initialization stage, the mitial position of the
first particle 1s obtained from score of each vertex. The
score from each vertex 1s copied and converted into vari-
able SPar, by using equation:

SPar; = min + range / (S/+1) (3)
where range = max — min, min [Fhe minimum x or y
coordinate for all vertices, max is the maximum x or y
coordinate for all vertices, and §; = score for vertex j. The

score is added by 1 to avoid division by zero. By using Eq.

(3). vertex with higher score will be assigned in lower
value (a'Par. Those process will make higher score ver-
tex has higher priority.

The remaining particles are mitialized with random
positions in which the position is generated between the
value of min and max. Figure 2 illustrates the initializa-
tion of the first particle.

3.4 Decoding Method

The decoding method is divided into 2 steps, which
are: construction of vertex’s priority and evaluation and
assignment of vertex.

Construction of vertex’s priority is very simple. The
value of dimension in particle’s position is sorted in as-
cending order, with the smallest position will be the first
priority (starting and ending point is excluded). The algo-
rithm of the construction stage is:

1. Copy the value of particle’s dimension to variable v,
and dimension’s index to v,
vy, = Hm, VP;, = h,' h=0, “"AN'-I.

2. Compare the value of each dimension with another
dimension.

For i=1to N-2, compare vywith v j=i+ 1, ", N-2
3.If v> v;. swap the value of v; and V;. Vprand vy,

4. Repeat step 2 until i = N - 2.

where N = number of vertices, v, = K" priority of vertex,
and @, = value of 5™ dimension in particle L h=0, "N 1.
Within the construction algorithm, v, represent the priori-
ty of vertices.

The evaluation of verlex is a step to evaluate each
vertex, one by one based on priority, to be assigned into a
specific sequence in a path. The possibility of each vertex
to be assigned into all paths and in all possible sequences
in each path is evaluated. In each path, a sequence that
gives the minimum additional service time is selected.
This selected sequence then compared among other se-
lected sequences from all possible path. Finally, the ver-
tex is assigned into a path that gives the minimum addi-
tional time needed and does not exceed 7, The algo-
rithm of this decodinfEfllage is presented below:

1. Foreach vertex (i= 1toN-2)

2. For each path (j= 1to P)

3. For each sequence (/= 1 toc¢;+ 1)

4. Insert vertex / to sequence | in path jis;;= ).

5. Calculate the new total time needed for path j(#;)

6. Update the best new total time for path j(#,). and its
sequence (Sy;)

7. Repeat step 4 until 7=¢;+ 1

8. If the best new total time for path j(#;) 1s not exceed
Tyar. calculate the additional time for path j(d,= fy;— {).
Else, set d; as big number (i.e., as Ty.u)

9. Repeat step 3 until the last path.

10. Compare the additional time for each path and chose

[Prior] 0 8] 8 2] 711 4 3] 3] 9

[Path] 0 [ 8 [ 2 T 9 |
[Pathd 0 [ 6 [ 7 [ 9 |

Figure 2. Illustration of initialization.

g “; Evaluate Vertex 1
3 Path 1 _.,_—-I'l.dﬁ Path 2
Rangd 33 0 | 1 2T o [ e Y 71 9
0|8 [ 17y | 0 0] 6 ] 1 [y |9
Verte] 0| 1 N 0 | 8 | 2|19 o | 67 109
Sulrel 0 32 50 15 2 1 72 36 98 0 Sequence with minimum time needed
= = = i —— Path 1 1 Path 2
[sPar| 35| 3] 28] 4] 3] 9] 23] 20] 23] 3 s Ts 112151 [olsli[115
Particle 1 [ Path with the minimum delta time |
dmend] 0] 1] 2] 3 4 3 o 1 8 9 I | |p“lh1| T3 I
walee | 35| 5[ 28] #1] 3] o] 2s] 29] 23] 3 =

Figure 3. Illustration of decoding method.
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the path that has minimum additional time and the
time needed is not exceed 7,

I1. Update the sequence (s;) and time (#;) for the chosen
path.

12. Repeat step 2 until all vertex is evaluated.

where, i is vertex priority index, NV is number of vertices, j
is path index, P is number of paths, /is sequence index, o
is vertex at i sequence in path j. # 1s time needed of path
J- ¢;is number of vertex assigned in path j (excluded start
and end point), s, is temporary vertex at " sequence in
path j, v, is i priority of verlex, , is temporary time
needed of path /. sy is best vertex at /" sequence in path j,
1y is temporary time needed of path j, and d; is additional
time needed of path j. Figure 3 illustrates the decoding
method.

4, %)MPUTATIONAL RESULT

Computational experiments are conducted by apply-
ing the proposed algorithm for solving some benchmark
dataset of TOP. As mentioned before, the caea)mblcms
are the benchmark datasets number 4 to 7 of Chao ef al.
(1996b). The characteristic of the datasets are presented in
Table 2.

Each set has three groups (2. 3, and 4). which indi-
cates number of paths in each case. The alphabet index
indicates the 7,,,, of the case. The smallest index will
result in the smallest T,,,.. For example, case p7.4.a. has
102 vertices, 4 paths, and the smallest 7 in the group
7.4, which 1s equal to 5. In contrast, case p7.4. has 102
vertices, 4 paths, and 7, of 50.

Table 2. Characteristic of data set 47

Set Group Index No. of case No. of vertices No. of paths

4 42, atot 20 100 2
43. atot 20 100 3
44, atot 20 100 4
5 52, atoz 26 66 2
53. atoz 26 66 3
54, atoz 26 66 4
6 62, aton 14 o4 2
63 aton 14 64 3
64. aton 14 64 4
7 72, atot 20 102 2
73.  atot 20 102 3
74. atot 20 102 4

The algorithm is implemented in C# language using
Sharp Develop 2.2 in a notebook with Intel Centrino Duo
12250 @1. 8@tz 2.5 GB RAM. PSO computational li-
brary called ET-Lib (Nguyen ef al., 2010) is used here for
expediting 8 implementation phase. For each case. 10
replications are tried. The PSO parameters are set based
on the result of some preliminary experiments that carried
out to observe the behavior of algorithm in different pa-
rameter setting. The PSO parameters are summarized in
Table 3. It is noted that these parameters may not be the
best parameter value set for TOP, however, our prelimi-
nary experiments indicate that these setting are able to
provide consistent and better results among other settings
in the experiments.

Tables 4-6 compare the best obtained solutions for
each dataset from the proposed algorithm with the sum-
mary of results from Soufliiau ef al. (2010), and lhcm
sults of DPSO from Muthuswamy and Lam (2011). The
results are then summarized in Table 7. For each ap-
proaches, the number of cases in which the best known
solution are found and the average gap to the best known
solution is given, as well as average CPU times in
seconds.

Tm')roposcd algorithm is able to obtain 65 cases in
which the best known solution are found, with average
gap of 1.83% from best known solution in 366.0 seconds
of average CPU times. The quality of this result is still
below the result obtained from SPR@G. and SVF, for
example, SPR is able to find 131 of best known solution
is found. with average gap of 0.06% in 212.4 seconds of
average CPU times. It is noted that those algorithms a
recombining more than one approach into single algo-
rithm. However, the proposed algorithm gives competi-
tive results compared to other basic algorithm, such as
TMH, GLS, and DPSO. The TMH algorithm is able to
find only 34 of best known solution, with average gap of
1.47% in 336.6 seconds of average CPU times. The GLS
is able to find only 21 of best known solution, with aver-
age gap of 2.71% in 7.8 seconds of average CPU times.
The DPSO is able to find only 39 of best known solution
with average gap of 1.45%.

Table 3. Summary of particle swarm optimization parameters

Parameter Value
Number of particle L=100
Number of iteration 7= 1,000
Number of neighbor K=
First inertia weight w()=09
Last inertia weight w(lH=04
Personal best position acceleration constant ep=2
Global best position acceleration constant g=2
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Table 4. Results of data set 4
asu Best TMH GTP GTF FVF SVF GLS ASe ADC ARC ASi SVNS FPR  SPR DPSO CPSO
pd2a 206 202 206 206 206 206 206 206 206 206 206 202 206 206 206 206
pd2b 341 341 341 341 341 341 303 341 341 341 341 341 341 341 341 341
pd2c 452 438 452 452 452 452 447 452 452 452 452 452 452 452 4:2 4m:
pd2d 531 517 530  s31 531 S31 526 531 S31 530 531 528 531 531 527 528
pd2e 618 593 618 613 618 618 602 G618 600 600 613 393 612 618 GO0 593
pd2f 687 G666 687 676 684 687 651 687 672 672 672 675 GBT 687 685 638
pd2e 757 749 751 756 750 753 73 787 756 756 756 750 757 757 737 143
pd2h 835 827 792 820 827 835 797 827 819 819 820 819 835 835 820 821
pd2i 918 915 882 899 916 918 826 918 900 918 918 916 918 918 901 836
pd2j 965 914 946 962 962 962 939 965 962 962 962 962 962 965 953 921
pd2k 1022 963 1013 1013 1019 1022 994 1022 1016 1016 1016 1007 1013 1022 1009 982
pd2l 1074 1022 1061 1058 1073 1074 1051 1071 1070 1071 1069 1051 1064 1074 1058 1039
pM2m 1132 1080 1106 198 1132 1132 1051 1130 1115 1119 1113 1051 1130 1132 1095 1101
pd2n 1173 1150 1169 1171 1159 1171 1117 1168 1149 1158 1160 1124 1161 1173 1118 1113
az.o 1218 1175 1180 1192 1216 1218 1191 1215 1209 1198 1210 1195 1206 1218 1184 1145
pd2p 1242 1208 1226 1239 1239 1241 1214 1242 1229 1233 1239 1237 1240 1242 1200 1214
pd2q 1265 1255 1252 1255 1265 1263 1248 1263 1253 1252 1260 1239 1257 1263 1237 1251
pd2r 1288 1277 1281 1283 1283 1286 1267 1288 1278 1278 1279 1279 1278 1286 1251 1267
pd2s 1304 1294 1296 1299 1300 1301 1286 1304 1304 1303 1304 1295 1293 1296 1275 1289
pd2t 1306 1306 1306 1306 1306 1306 1294 1306 1306 1306 1306 1305 1299 1306 1293 1300
1
53.': 193 192 193 193 193 193 193 193 193 193 193 193 193 193 191 193
pd3d 335 333 335 335 335 335 335 335 333 333 335 331 333 335 333 335
pdie 468 465 468 468 468 468 444 468 468 468 468 460 468 468 458 468
pa3f 579 579 579 579 579 579 sS4 579 579 579 579 556 579 579 S60 566
Mig 653 646 651 652 653 653 644 653 652 653 652 651 653 653 G646 653
p43h 729 709 72 727 72 T29 706 720 713 713 713 718 725 729 718 705
p43i 809 785 806 806 806 807 806 796 793 793 7% 807 797  s09 795 769
P43 861 %60 858 858 861 861 826 861 857 855 858 854 858 861 845 844
pd3k 919 006 919 OI8 919 919 864 918 913 9l0 910 902 918 918 896 868
p43l 979 951 976 973 975 978 960 979 958 976 966 969 968 979 955 928
pd3m 1063 1005 1034 1049 1056 1063 1030 1053 1039 1028 1046 1047 1043 1063 1015 976
pd3n 1121 1119 1108 1115 1L 1121 1113 1121 1109 1112 1103 1106 1108 1120 1077 1037
pd3o 1172 1151 1156 1157 172 1170 21 1170 1163 1167 1165 1136 1165 1170 1147 1083
pd3p 1222 1218 1207 1221 1208 1222 1190 1221 1202 1207 1207 1200 1209 1220 1190 1148
pd3q 1253 1249 1237 1241 1250 1251 1210 1252 1239 1239 1238 1236 1246 1253 1234 173
pd3r 1272 1265 1224 1269 1272 1272 1239 1267 1263 1263 1263 1250 1257 1272 1264 1214
pd3s 1294 1282 1250 1294 1289 1293 1279 1293 1291 1289 1291 1280 1276 1287 1275 121l
434 1305 1288 1303 1304 1298 1304 1290 1305 1304 1303 1304 1299 1294 12909 1291 1277
pdde 183 182 183 183 183 183 183 183 183 183 183 183 183 183 182 183
pdaf 324 315 324 324 34 324 312 324 324 324 324 319 324 324 3M 3
pldg 461 451 461 461 461 461 461 461 461 461 460 461 461 461 460 461
pddh 571 554 571 571 571 571 565 571 556 33 556 353 S71 571 555 563
pddi 657 627 655 657 657 657 657 657 653 632 653 657 653 657 64l 657
pldj 732 732 731 731 732 732 691 732 731 711 731 723 732 132 74 713
pak $21 819 821 816 821 821 815 821 820 ®I8  RI8 821 820 821 804 804
pddl 880 875 878 878 879 880 852 880 877 875 875 876 875 879 843 8N4
pddm 919 910 916 918  9l6 919 0l0 918 Ol 906 911 903 914 919 K98 883
pddn 977 977 972 976 968 968 942 961 956 956 956 948 953 969 957 926
pddo 1061 1014 1057 1057 1051 1061 937 1036 1030 1021 1029 1030 1033 1057 998 1008
p 1122 1056 1120 1120 1120 1120 1091 111 1108 1088 1110 1120 1098 1122 1086 1067
pldq 1161 1124 1148 1157 1160 1161 1106 1145 1150 1137 1148 1149 1139 1160 1131 1069
pddr 1213 1165 1203 1211 1207 1203 1148 1200 1195 1195 1194 1193 119 1213 1156 1131
pdds 1259 1243 1245 1256 1259 1255 1242 1249 1256 1249 1252 1213 1231 1250 1230 1182
pddt 1285 1255 1279 gmi285 1282 1270 1250 1281 1281 1283 1281 1281 1256 1280 1253 1203

TMH: Tabu search heuristic, GTP: Tabu search with penalty strategy. GTF: Tabu search with feasible strategy. FVF

SVF: slow vanable neighborhood search, ASe: ant col

“: fast vanable neighborhood search,

uential, ADC: ant colony deterministic-concurrent, ARC: ant colony random-concurrent,

ASi: ant colony simultaneous, GLS: guided local search, SVNS: skewed variable neighborhood search, FPR: fast path relinking, SPR: slow path relink-
ing, DPSO: discrete particle swarm optimization, CPSO: continuous PSO.
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Table 5. Results of data set 5 and 6

Casc Best TMH GIP GIF  FVF  SVF  GLS ASe ADC ARC  ASi  SVNS FPR  SPR  DPSO  CPSO
h 410 410 410 410 410 410 385 410 410 410 410 5 410 410 410 410
P52 S80 560  S80  S80 580 580 580 580 580 580 580 S80 580 S80 S80S0
ps2k 670 670 670 6 670 670 665 670 670 670 670 670 670 670 670 670
p52l 800 770 800 800 800 800 760 800 800 800 BOD 770 800 800 770 800
p52m 860 860 860 860 860 8§60 830 860 860 860 860 860 860 860 835 860
p52n 925 920 925 915 925 915 920 925 920 920 925 920 925 925 920 925
pS20 1020 975 1020 1020 1020 1020 1010 1020 1020 1010 1010 1020 1020 1020 1010 1020
p32p 1150 1090 1130 1130 1150 1150 1030 1150 1150 1150 1150 1150 1150 1150 1140 1150
pS2q 1195 185 1195 1195 1195 1195 1145 1195 1195 1195 195 1195 1195 1195 1190 1195
pS2r 1260 1260 1260 1260 1260 1260 1225 1260 1260 1260 1260 1260 1260 1260 1255 1260
p52s 1340 1310 1330 1340 1340 1340 1325 1340 1330 1330 1330 1325 1340 1340 1315 1330
P52t 1400 1380 1380 1400 1400 1400 1360 1400 1400 1400 1400 1380 1400 1400 1380 1400
pS2u 1460 1445 1440 1460 1460 1460 146D 1460 1460 1460 1460 1450 146D 1460 1450 1450
P52y 1505 1500 1490 1505 1500 1505 1500 1505 1495 1500 1495 1500 1505 1505 1495 1500
pS2w 1565 1560 1555 1565 1560 1560 1560 1560 1555 1555 1555 1560 1560 1560 1560 1550
pS2x 1610 1610 1595 1610 1590 1610 1610 1610 1610 1610 1610 1600 1610 1610 1580 1390
pS2y 1645 1630 1635 1635 1635 1635 1630 1645 1645 1645 1645 1630 1645 1645 1645 1625
P52z 1680 1665 1670 1680 1670 1670 1680 1680 1680 1680 1680 1665 1670 1680 1660 1670
P33k 495 495 495 495 495 495 470 495 495 495 495 495 495 495 495 495
P53l 595 575 05 595 595 595 545 595 595 595 595 05 595 595 595 595
p33n 55 755 75 78 75 755 720 735 755 755 758 755 75 755 735 78S
pido é’o 835 870 870 8§70 870 8§70 &0 870 870 870 870 870 870 870 870
pS3q 1070 1065 1070 1070 1070 1070 1045 1070 1065 1065 1065 1065 1070 1070 1070 1070
pS3r 1125 1115 1110 1125 1125 1125 1090 1125 1120 1125 125 1125 1125 1125 1115 1125
ps3s 119 1175 1185 1190 119 1190 1145 1190 119 1190 185 1185 185 1190 1175 1190
pS31 1260 1240 1250 1260 1260 1260 1240 1260 1250 1255 1260 1260 1260 1260 1260 1260
pS3u 1345 1330 1340 1345 1345 1345 1305 1345 1330 1335 1335 1345 1335 1345 1340 1345
pS3v 1425 1410 1420 1425 1425 1425 1425 1425 1425 1425 1420 1425 1420 1425 1405 1405
pS3w 1485 1465 1485 1485 1485 1485 1460 1485 1465 1465 1465 1475 1465 1485 1455 1460
pS3x 1555 1530 1555 1555 1555 1555 1520 1540 U535 1540 1540 1535 1540 1550 1515 1515
pS3y 1595 1580 1500 1595 1505 1595 1590 1S90 1590 1590 1590 1580 1590 1590 1540 1580
pS3z 1635 1635 1625 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1635 1620 1365
pS4m 555 555 555 555 S5 555 550 55 555 555 555 350 ssS 555 555 555
pSdo 690 680 690 690 690 690 680 60 69 690 690 0 6% 690 690 690
pSdp 765 760 765 765 765 765 760 765 760 760 760 60 760 60 765 765
pidg 860 860 860 860 860 860 830 860 860 860 8GO 835 860 860 860 860
pSdr 960 960 960 960 960 960 890 9%0 960 960 960 %0 960 90 960 950
pSds 1030 1000 1025 1030 1030 1030 1020 1030 1030 1030 1030 1020 1005 1025 1030 1030
pS4t 1160 1100 160 1160 1160 1160 1160 1160 1160 1160 160 1160 1160 1160 1160 1160
pSdu 1300 1275 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300 1300
pS4v 1320 1310 1320 1320 1320 1320 1245 1320 1320 1320 1320 1320 1320 1320 1290 1320
pS4w 1390 1380 1375 1390 1390 1390 1330 1390 1380 1390 1380 1380 1380 1390 1385 1380
pSdx 1450 1410 1440 1450 1450 1450 1410 1450 1450 1450 1450 1440 1430 1450 1430 1430
pSdy 1520 1520 1520 1520 1520 1520 1485 1520 U510 1510 1500 1500 1520 1520 1520 1510
S4z 1620 1575 1620 1620 1620 1620 1590 1620 1620 1575 1580 1600 1620 1620 1575 1535
2d 192 192 192 192 192 192 180 192 192 92 192 192 192 192 192 192
ﬁz.j 948 936 M8 948 948 948 948 948 948 948 948 98 942 948 948 948
p6.2. 116 116 1098 1110 1116 116 1104 116 1110 1116 116 116 1110 16 1110 1116
p62m 1188 1188 1164 1188 1188 1188 1164 1188 1188 1188 1188 1188 1188 1188 1188 1188
pb2n 1260 1260 1242 1260 1260 1260 1254 1260 1260 1254 1260 1248 1260 1260 1242 1230
18 282 282 282 282 282 282 264 282 282 282 282 276 282 282 282 282
p63h M4 44 M4 4M 4H 4w 4 H4 444 438 438 N ¥ ¥ R e |
P63 642 612 62 62 642 642 642 642 642 642 642 642 642 642 636 642
P63k 894 876 894 894 894 894 882 894 388 888 894 894 894 894 894 B4
p631 1002 990 1002 1002 1002 1002 90 1002 1002 102 1002 996 1002 1002 1002 1002
p63m 1080 1080 1080 1080 1080 1080 1068 1080 1074 1080 1080 1080 1080 1080 1080 1080
p63n 1170 1152 W70 1170 1170 1170 1140 1170 1164 164 1164 1152 164 1170 1158 1158
P64 366 366 366 366 366 366 360 366 366 366 366 366 366 366 366 366
poak s 522 28 s 528 528 528 528 528 528 528 S8 S8 S28 S22 528
696 678 696 696 696 696

podl 696 696 69n 696 696 696 678 96 696 696

TMH: Tabu search heunstic, GTP: Tabu search with penalty strategy. GTF: Tabu search with feasible strategy, FVF: fast vanable neighborhood search, SVF: slow varia-
ble neighborhood search, ant colony sequential, ADC: ant colony deterministic-concurrent, ARC: ant colony random-concurrent, ASi: ant colony simultaneous,
GLS: guided local search, SVNS: skewed vaniable neighborhood search, FPR: fast path relinking, SPR: slow path relinking, DPSO: discrete particle swarm optimization,

CPSO: continuous PSO,
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Table 6. Results of data set 7

se Best TMH GTP  GTF FVF SVF GLS ASe ADC ARC ASi  SWVNS FPR SPR DPSO CPSO
p72d 190 190 190 190 190 190 190 190 190 190 190 182 190 190 190 190
plle 290 290 290 290 289 2% 279 290 290 290 290 289 290 290 290 290
pi2f 387 382 387 387 387 387 340 387 387 387 387 387 387 387 387 387
pllg 439 459 456 459 459 459 440 459 459 459 459 457 459 459 459 459
p7.2.h 521 521 520 520 521 521 517 521 521 521 521 521 521 521 521 520
p7.2i 580 578 579 579 575 579 568 580 579 579 579 579 578 S80 378 577
p72i 646 638 643 644 643 644 633 646 646 646 646 632 646 646 623 633
pi2k 705 702 702 705 704 705 691 705 704 704 704 700 702 705 (G4 694
p7.2.1 767 767 758 767 759 767 748 767 767 767 767 758 759 767 755 745
p72.m 827 817 827 824 824 827 798 827 827 827 827 827 816 827 807 806
p72n 888 864 484 888 883 888 861 888 878 878 878 866 888 888 868 8635
p7lo 945 914 933 945 945 945 897 945 945 940 941 928 932 945 908 927
pi2p 1002 987 1000 1002 1002 1002 954 1002 991 993 993 955 993 1002 970 Q80
p72q 1044 1017 1041 1043 1038 1044 1031 1043 1042 1043 1043 1029 1043 1044 1020 1005
p72r 1094 1067 1091 1088 1094 1094 1075 1094 1093 1088 1094 1069 1076 1094 1066 1060
p72s 1136 1116 1123 1128 1136 136 1102 136 1136 1134 1131 s 1125 1136 1097 1070
p7.2.1 179 1165 1172 1174 1168 u7m 142 179 17 17 179 1154 1168 1175 1129 116

p73h 425 416 425 425 425 425 418 425 425 425 425 425 425 425 419 425
p7.3i 487 481 487 487 487 487 480 487 487 480 487 480 485 487 485 487
p7.3.j 564 563 564 564 562 So4 539 564 So4 364 364 543 360 564 557 562
p73k 633 632 633 633 632 633 586 633 632 633 633 633 633 633 633 629
p7.3.1 684 681 6GH3 679 681 681 668 684 683 684 684 681 684 684 681 674
p7.3.m 762 756 749 755 745 762 735 762 762 762 762 743 762 762 754 762
p7.3n 820 789 810 811 814 820 789 820 819 819 820 804 813 820 813 789
pllo 874 874 873 865 871 874 833 874 874 874 874 841 859 874 848 849
p7.3p 929 922 917 923 926 927 912 929 925 926 925 918 925 927 919 885
p7.3q 987 966 976 987 978 987 M5 987 987 987 987 966 970 987 960 967
p7.a.r 1026 1011 1018 1022 1024 1022 1015 1026 1024 1021 1022 1009 1017 1021 1017 963
p7.3s 1081 1061 1081 1081 1079 1079 1054 1081 1081 1081 1077 1070 1076 1081 1064 997
h‘!ﬁ.( 18 1098 1114 1116 1112 1115 1080 18 1117 1103 117 1o 1 18 1093 1026

pldg 217 217 217 217 217 217 200 17 217 217 217 217 217 217 211 217
74.h 285 285 285 285 285 285 285 285 285 285 285 283 285 285 283 285

4.0 366 359 366 366 366 366 359 366 366 366 366 364 366 366 349 366
p74k 520 503 520 520 518 520 511 520 520 520 520 518 518 518 516 519
p7.4.1 590 576 590 588 588 590 573 590 590 590 590 575 581 590 578 590

pT4.m 646 643 644 646 646 646 638 646 644 646 646 639 646 646 633 646
pT4n 730 726 723 721 715 730 698 730 725 725 726 723 723 730 Tz 730
pldo 781 776 772 778 770 781 761 781 778 781 778 778 780 780 776 763
pldp 846 832 841 839 846 846 803 846 846 838 842 841 842 846 819 825
pT4q 209 905 902 898 8399 e 8399 909 909 909 9209 396 902 07 890 904
pla.r 970 966 970 969 970 970 937 970 970 970 970 964 961 970 948 964
pd.s 1022 1019 1021 1020 1021 1022 1005 1022 1019 1021 1019 1019 1022 1022 988 1008
p74i 1077 1067 1071 1071 1077 1077 1020 1077 1072 1077 1077 1073 1066 1077 1066 1051

TMH: Tabu search heuristic, GTP: Tabu search with penglty strategy, GTF: Tabu search with feasible strategy, FVF: fast variable neighborhood search,
SVF: slow vanable neighborhood search, ASe: ant mlnﬁucﬂlial, ADC: ant colony deterministic-concurrent, ARC: ant colony random-concurrent,
ASi: ant colony simultaneous, GLS: guided local search, SVNS: skewed variable neighborhood search, FPR: fast path relinking. SPR: slow path relink-
ing, DPSOY: discrete particle swarm optimization, CPS0: continuous PSO.

Table 7. Summary of results

T™H GIP GIF FVF SVF GLS ASe ADC ARC ASi SVNS  FPR SFR  DPSO  CPSO

#Best 34 09 94 97 128 21 130 80 81 84 44 78 131 39 65
. gap (%o) 147 0.54 0.25 0.22 0,06 271 0.11 0.42 047 039 108 046 0.06 145 183
Avg. CPU(s) 3366 1000 6 189 2686 78 2523 2138 2048 2150 38 50 2124 - 3600

TMIH: Tabu search heuristic, GTP: Tabu search with pen, trategy, GTF: Tabu search with feasible strategy, FVF: fast variable neighborhood search,
SVF: slow vanable neighborhood search, ASe: ant colol uential, ADC; ant colony deterministic-concurrent, ARC: ant colony random-concurrent,
ASi: ant colony simultaneous, GLS: guided local search, SWNS: skewed variable neighborhood search, FPR: fast path relinking, SPR: slow path relink-
ing, DPSO: discrete particle swarm optimization, CPS0O; continuous PSO,
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? CONCLUSION AND FURTHER STUDY

This paper proposed a new approach to solving TOP
by using continuous PSO. The particle’s position is de-
coded into an order of vertex’s priority, which will be
evaluated in each sequence in each path. Finally, the ver-
tex will be assigned in a path that gives the minimum
delta path and does not exceed 7.

The result of this proposed algorithm is not as good
as the best approach proposed in the past. The best ap-
proach, SPR, gave the minimum average gap from best
known result. and the most best known solution is found.

However, this paper concludes that continuous PSO
algorithm can solve TOP with competitive result, espe-
cially for simple cases of TOP. This continuous PSO also
gives better number of best solution found than other ap-
proaches that used basic algorithm, such as TMH, GLS,
and DPSO.

Further research can be conducted to improve the
performance of this proposed algorithm. such as para-
meter optimization and decoding alternatives. Although
the PSO parameter set used in this paper came from
som@@preliminary experiments, it may not be the best
one. A modification in algorithm, like multi-swarm me-
thods, or a combination with other optimization algo-
rithm, like local search, can be conducted to get better
result. The improvement should address also the issue of
shortening the computational times of the proposed me-
thod.
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