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Abstract—Eight variants of the Particle Swarm Optimization
(PSO) algorithm are discussed and experimentally compared
among each other. The chosen PSO variants reflect recent
research directions on PSO, namely parameter tuning, neighbor-
hood topology, and learning strategies. The Comparing Continu-
ous Optimizers (COCO) methodology was adopted in comparing
these variants on the noiseless BBOB testbed. Based on the results,
we provide useful insights regarding PSO variants’ relative
efficiency and effectiveness under a cheap budget of function
evaluations; and draw suggestions about which variant should be
used depending on what we know about our optimization problem
in terms of evaluation budget, dimensionality, and function
structure. Furthermore, we propose possible future research
directions addressing the limitations of latest PSO variants. We
hope this paper would mark a milestone in assessing the state-
of-the-art PSO algorithms, and become a reference for swarm
intelligence community regarding this matter.

I. INTRODUCTION

Particle Swarm Optimization (PSO) [1] is a search-based
optimization algorithm, inspired from the social behavior of
bird swarm and fish schooling in search of food. It has been
widely used for solving numerous optimization problem [2],
[3] and poised as an efficient tool for complex real world
optimization problems [4]. PSO has always been attracting
researchers towards development of more efficient and robust
variant because of its simplicity and lower computational cost
[51, [6], [7], [8]. Recently [9], the performance of the basic
PSO algorithm on BBOB testbed [10], [11] has been evalu-
ated where it exhibited promising characteristics. The current
state-of-the-art research in PSO has significantly enhanced its
performance, and introduced a diverse collection of modified
PSO algorithms (PSO variants), with one variant performing
better than the other on a class of optimization problems rather
than the set of all remaining problems. This leads to a growing
gap among PSO variants, and although we can learn a lot from
these variants jointly, it is not often the case.

This paper aims to bridge the gap among the recent
advances by the PSO community by comparing eight different
PSO variants carefully selected to reflect various aspects of the
community’s recent works. Through experimental evaluation,
this paper marks the differences in them, investigates the
suitability of the algorithms for various optimization problems.
Furthermore, it draws several concluding points that may be
fruitful for the PSO community.
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To achieve the paper’s goals, the experimental evaluation
must be able to discover and distinguish the good features of
the variants over others, and show their differences over dif-
ferent stages of the search for various goals and situations. We
have adopted the Comparing Continuous Optimizer (COCO)
methodology [12] as it meets our requirements. It comes with a
testbed of 24 scalable noiseless functions [11] addressing such
real-world difficulties as ill-conditioning, multi-modality, and
dimensionality. It has always been argued that PSO provides
better solutions if it is given a fair amount of time [13].
Therefore, all the PSO variants are tested under cheap-budget
settings to test their capabilities in locating the optimum
solution.

The rest of the paper is organized as follows: Section II
provides a brief description of the selected PSO variants. In
Section III, the numerical assessment of the algorithms is
presented, starting with the experimental setup (Section III-A),
and the algorithms’ empirical computational complexity (Sec-
tion III-B); afterwards, the procedure for evaluating the al-
gorithms’ performance is elaborated (Section III-C); followed
by a discussion of the results (Section III-D). Section IV
summarizes the main conclusions from this study, and suggests
possible directions to further improve the-state-of-the-art PSO.

II. SELECTED ALGORITHMS

As mentioned in the previous section, there is a large body
of research on PSO involved in enhancing its performance. In
the past two decades, there exist several research directions in-
cluding parameter tuning, neighborhood topology, and unique
learning strategies. In this paper, the following PSO variants
under the mentioned research directions have been selected.

Parameter Tuning: There are numerous PSO variants with
different parameter setting as summarized in [4]. Among them,
the constriction factor PSO (xyPSO)[5] has shown better per-
formance on selected problems by controlling the magnitude
of velocities and enhancing the convergence characteristics.
Neighbourhood Topology: The three selected PSO variants in
this category are the Fully Informed Particle Swarms (FIPS)
[14], the Unified PSO (UPSO) [7] and the Dynamic Multi-
Swarm PSO (DMSPSO) [6]. FIPS [14] introduced a new
concept of using a weighted sum of the neighboring particles
for a particle’s update. UPSO [7] has intelligently utilized both
the global and local search topologies within a single algorithm
to benefit from both search directions. The DMSPSO algorithm
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[6], provided an entirely new neighbourhood selection strategy
by introducing a dynamically changing neighborhood topology
for search.

Unique Learning Strategies: The Comprehensive learning
PSO (CLPSO) [8], Self Regulating PSO (SRPSO) [4] and
improved SRPSO (iSRPSO) [15] are the variants selected from
this group. CLPSO [8] has been proven to be an efficient and
effective algorithm in diverging the particles towards better
solutions. Recently, inspired from human learning principles, a
PSO variant mimicking human self-cognitive learning strategy
has been proposed as SRPSO. The SRPSO algorithm exhibits
promising behavior by providing optimal/ near-optimal solu-
tion with faster convergence characteristics [4]. In iISRPSO
[15], more human learning principles has been incorporated to
utilize human self learning and social interaction capabilities.

Furthermore, the basic PSO algorithm [1] has been selected
as a baseline of performance. The detailed experimental pro-
cedures are given in the next section.

III. NUMERICAL ASSESSMENT

A. Setup

We benchmarked the selected PSO variants on 24 functions
(15 instances per function) of the BBOB testbed under cheap-
budget settings of 10* x D function evaluations. We used a
MATLAB implementation of the algorithms retrieved from
http://www.ntu.edu.sg’/home/epnsugan/, with a modification on
the terminating criteria of the variants to stop if the target
function value f; is achieved. The parameters of all the PSO
variants are set to their standard values provided in the codes.
The choice of the swarm size is not trivial; for DMSPSO, we
used a swarm size of 60 as it was used by its authors [6]; for the
rest of the variants, a swarm size of 50 is used as a popular
choice for many numerical assessments of PSO algorithms.
Investigating the effect of the swarm size is beyond the scope
of this paper.

B. Computational Complexity

In order to evaluate the complexity of the algorithms (mea-
sured in time per function evaluation), we have run the PSO
variants on the function fg for 1000 x D function evaluations
for dimensions 2, 3, 5, 10, 20, and 40. The complexity is
then measured as the total time taken by all these runs divided
by the total count of function evaluations (i.e., the sum of
#FEs over all the algorithm runs). The code was run on a
64-bit Windows PC with E5-1650 @ 3.20GHz CPU with
16GB of memory. As shown from Fig. 1, UPSO and DMSPSO
are computationally complex as they are using neighbourhood
search which requires higher computational time. On the other
hand, the complexity of SRPSO is almost similar to that of the
basic PSO algorithm indicating its computational efficiency.
FIPS and CLPSO are utilizing personal best information of all
the other particles for update process that increases the compu-
tation requirements. The other algorithms, namely xPSO and
iSRPSO are more computationally complex than the basic PSO
algorithm.

While this evaluation may provide an insight on the com-
plexity of the algorithms, the structure of the function to
be optimized may considerably affect their complexity. For
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Fig. 1: Timing Performance of PSO variants. The y-axis
represents the time (in millisecond) per a function evaluation
(FE). All the algorithms were run on the function fg with a
budget of 1000D function evaluations on a PC with: 64-bit
Windows, E5-1650 @ 3.20GHz CPU, 16GB of memory.

instance, DMSPSO failed to solve (stuck for hours) f5 for
dimensions greater than 10. Nevertheless, we still believe that
the reported timing results give a relative measure of compared
algorithms’ computational complexity.

C. Performance Evaluation Procedure

The performance experiments are set up according to [12],
where each algorithm is run on the functions given in [10],
[11] with multiple trials per function. A set of target function
values is specified per function. The algorithms are evaluated
based on the number of function evalutions required to reach a
target. The Expected Running Time (ERT) used in the coming
figures and tables, depends on a given target function value,
fo = fopt + Af, and is computed over all relevant trials as
the number of function evaluations executed during each trial
while the best function value did not reach f;, summed over all
trials and divided by the number of trials that actually reached
ft [12], [16]. Statistical significance is tested with the rank-
sum test for a given target A f; using, for each trial, either the
number of needed function evaluations to reach A f; (inverted
and multiplied by —1), or, if the target was not reached, the best
A f-value achieved, measured only up to the smallest number
of overall function evaluations for any unsuccessful trial under
consideration.

D. Performance Evaluation Discussion

Results from the performance experiments are reported in
Figures 2, 3, 4, 5 and 6; and in Tables I and II. Overall, Fig. 2
shows that the ERT of all variants grows on an order worse
than a quadratic one with respect to the problem dimension-
ality. From the rest of figures and tables, the following can be
stated about PSO variants.

PSO: despite of its being a baseline of performance, PSO
outperforms other variants (CLPSO most of the time) in
several problems, especially in lower-dimension multi-modal
problems, solving around 60% of the 5— D problems, and 20%
of the 40 — D problems. The linear slope function f5, and the
Lunacek bi-Rastrigin are the most challenging problems for
PSO.



PSO-cf (xPSO): performs well in general over separable
functions, and is overall better than PSO. One can notice that
PSO-cf curves enjoy a steep increase for #FEs < 100D favoring
a multi-restart strategy for PSO-cf.

CLPSO: shows a remarkable behavior on separable func-
tions with increasing dimensions surpassing the artificial ”best
2009” algorithm. However, the performance degrades on the
other function categories, with a pronounced gap in perfor-
mance with respect to the nearest better performing algorithm.

UPSO: suffers on multi-modal functions. Similar to PSO-
cf, its curves rise sharply with low number of function evalu-
ations, favoring a multi-restart strategy.

FIPS: suffers on ill-conditioned functions, with a moderate
performance over all other function categories. It appears
that FIPS is suitable for intermediate-dimensionality problems
(e.g., 10- D).

DMSPSO: addresses moderate and ill-conditioned func-
tions far better than the rest of the algorithms, although the
performance gap diminishes with dimensionality. Moreover,
it also shows a robust top performance over other function
categories. However, we have noticed two main drawbacks:
its computational complexity, and that it was not able to
handle (stuck for hours) the linear slope function (f5) in higher
dimensions (D > 10).

SRPSO & iSRPSO: their performances are coupled most
of the time, with a pronounced improvement by iSRPSO
on multi-modal functions over SRPSO and other variants in
higher dimensions. However, this is not the case for separable
functions.

IV. CONCLUSION

This paper provides an extensive comparison of eight PSO
variants on the noiseless BBOB testbed under cheap-budget
settings. Based on the results, DMSPSO should be able to
produce a good-quality solution if a large evaluation budget is
given. Furthermore, the following remarks can be made:

Algorithms Suitability: PSO-cf, CLPSO, DMSPSO, and
iSRPSO are suitable for small number of function evaluations,
separable functions, ill-conditioned problems, and multi-modal
functions, respectively. For the rest of the problems, on the
other hand, DMSPSO is suitable.

Algorithms Rectifications: In general, weakly structured
multi-modal functions (e.g., f24) impose a challenge on all
PSO algorithms. DMSPSO, being one of the top performers,
should be redesigned to consider functions of linear slope (e.g.,
f5). The strikingly different behavior of CLPSO on separable
functions from its behavior on the rest of all problems is an
interesting investigation to pursue. Multi-restart strategies may
be of a great advantage to low-complexity algorithms such as
PSO-cf.

Data, Code, and Future Benchmarking: The data of
these experiments will be made available on the BBOB web-
page [12]. Furthermore, a repository for PSO variant codes and
their data will be hosted online at https://sites.google.
com/site/psobenchmark/. The authors invite researchers to
compare their PSO variants against the discussed algorithms,
providing the community with a prime reference on the relative
performance of past and future PSO variants.
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Afopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #suce A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 #suce
T I 2 [H] 2 2 2 2 515 113 32 195 750 319 1310 752 2355 15715
PSO 4.4(3) 27(18) 277(228) 691(196) 1068(157) 1494(171) 1781(127) 15/15 PSO  [120(28) 389(458) 2883(3453) 2273(3405) oo oo o0 Sed or15
PSO-cf | 5.9(7) 25(11) 69(15) 11334)* 165(11) 275023)* 375(23) 15/15 PSO-cf | 42(5) 403(518) 820(1103) 1039(473) oo oo oo Sed or15
SRPSO  [12(7) 339) 88(31) 478(318) 917(118) 1210(53) 1368(72) 15/15 SRPSO  [107(200) 311(385) 874(1554) oo oo pos oo Sed o015
iSRPSO | 8.5(5) 29(9) 167(141) 736(92) 1005(67) 1251(54) 1410(32) 15/15 iSRPSO | 82(14) 255(386) 875(851) 2254(3522) oo oo oo Sed or1s
FIPS 5.6(7) 60(15) 194(53) 341(29) 525(63) 892(40) 1253(121) 15/15 FIPS 5009 130(170) 685(642) oo oo oo o0 Sed o015
UPSO | 6.9(8) 39(12) 87(22) 134(11) 183(23) 298(13) 395(26) 15/15 UPSO | 15(3) 24(4) 156(153) 259(469) 255(210) oo oo Sed or15
CLPSO | 8.5(8) 105(78) 299(77) 521(57) 721(51) 1060(90) 1357(48) 15/15 CLPSO | 85(26) 301(168) oo oo oo oo Sed o015
DMSPSO[12(11) 51(13) 90(28) 16321) 234(30) 385(37) 492(6) 15/15 DMSPSO| 28(8) 703) 87(52) 134(163) 118(117) oo oo Sed o015
A fopt|lel 1e0 le-1 le2 le-3 le-s le-7 fsuce A fopt|lel 1e0 fe-1 le2 le-3 le-5 le7 #suce
2 83 87 88 89 50 92 o1 515 f14 0 a1 58 50 139 251 76 [15/15
PSO 138(18) 161(15) 187(12) 207(14) 226(14) 254(9) 271(14) 15/15 PSO 1.8(2) 7.2(9) 69(30) 127(23) 134(22) oo oo Sed 0/15
PSO-cf | 28(4) 35(4) 4203) 47(5) 53(4) 67(7) 81(4) 15/15 PSO-cf [14(2) 5.64) 143) 19(3)** 24(4) 647(944) oo Sed o/15
SRPSO  [142(15) 157(7) 167(5) 177(5) 186(6) 199(7) 208(5) 15/15 SRPSO  [1.9(4) 8.7(2) 17(4) 105(18) 108(21) 697(810) oo Sed 0/15
iSRPSO [143(13) 153(12) 166(11) 178(4) 188(6) 202(3) 212(4) 15/15 iSRPSO [2.2(3) 6.1(1) 35(15) 118(23) 110(7) 525(752) oo Sed 015
FIPS 61(5) 79(6) 102(6) 126(16) 148(11) 198(8) 238(8) 15/15 FIPS  R.1(2) 15(9) 42(16) 57(11) 71(6) 2881(3033) oo Sed ons
UPSO | 30(5) 35(4) 42(4) 48(6) 56(4) 69(3) 79(5) 15/15 UPSO  [2.3(4) 10(5) 20(6) 242) 26(5) 918(1158) oo Sed o/15
CLPSO | 81(10) 105(11) 125(19) 149(11) 166(8) 200(7) 226(3) 15/15 CLPSO [1.7(2) 27(14) 75(18) 94(6) 106(21) oo oo Sed 015
DMSPSO| 29(5) 37(5) 47(5) 56(4) 66(7) 90(6) 109(5) 15/15  DMSPSO[1.1(0.6) 10(3) 20(4) 29(7) 39(6) 166(149) oo Se 015
A fopt]lel 1e0 le-1 le2 le-3 le-5 le-7 fisuce A fopg|lel 1e0 le-1 Te2 le-3 e 1e-7 Hsuce
3 716 1622 1637 1642 1646 1650 1654 15/15 s 511 9310 19369 19743 20073 20769 21359 14/15
10(5) 14(3) 16(6) 17(3) 17(3) 19(3) 20(4) 15/15 psoO [3(14) 40(34) oo oo oo oo oo Sed 015
2.7(2) 4.7(3) 22(30) 22(46) 23(16) 24(26) 24017) 10715 PSO-cf [10(14) T76(111) oo oo oo oo oo Sed 015
5.5(5) 1) 16(20) 17(9) 17(8) 18(12) 18(19) 14/15 SRPSO | 8.8(7) 4.0(4) 6.7(4) 8.5(10) 11(10) 1an 11(13) 3/15
5.8(5) 10(1) 3124) 31(46) 32031 338) 33(46) 9/15 iSRPSO [13(12) 17(29) oo oo oo oo oo Sed s
5.6(3) 13(5) 15(3) 17(5) 19(5) 24(8) 33(9) 12/15 FIPS 10(6) 18(20) 9.0(13) 19(20) oo oo oo Sed ons
2.4(0.9) 7.6(3) 18(17) 18(17) 19(15) 20(8) 23(28) 12/15 UPSO | 4.4(2) 17(13) oo oo oo oo oo Sed s
CLPSO | 7.33) 9.4(1) 112) 13(0.6) 15(0.6) 17(1) 18(1) 15/15 CLPSO [15(7) 26(21) oo oo oo oo oo Sed 015
DMSPSO| 2.0(0.8) 3.7(0.5) 5.1(2) 5.6(2) 5.7(2) 6.5(2) 7.2(2) 15/15 DMSPSO| 4.4(2) 2.8(3) 4.8(5) 4.7(8) 4.7(6) 4.6(9) 4.6(5) 6/15
Afopt]|lel 1e0 le-1 le2 le-3 le-5 le-7 fsuce A fopg|lel le0 le-1 le-2 le-3 le-5 le-7 #suce
4 809 1633 1688 1758 1817 1886 1903 15/15 16 120 612 2662 10163 10449 1 12095 15715
PSO  lI13(5) 17(4) 62(89) 60(50) 59(64) 58(35) 58(46) 615 PSO  P.6(2) 24(10) 12(12) 7.2(4) 107) 32(55) oo Sed ons
PSO-cf | 2.7(1) 68(70) 425(1096) 409(498) 396(853) 383272) 380(177) 115 PSO-cf [.2(2) 8.8(14) 3a41) 20(20) 20(28) o0 oo Sed o1s
SRPSO | 9.3(5) 3030 138(149) 132(116) 128(124) 124(132) 123(150) 3/15 SRPSO [.0(3) 17(11) 9.32) 5.6(4) 21(13) 30(42) oo Sed 015
iSRPSO | 9.5(6) 7331 oo oo oo oo oo Sed 0/15 iSRPSO [2.5(5) 17(8) 5.9(2) 4.1(4) 7.3(11) 30(28) 60(91) 1715
FIPS 6.4(2) 24(13) 442(674) oo oo oo Sed O/15  FIPs B.3(3) 32(32) 51(44) 72(32) oo oo oo Sed 0/15
UPSO | 2.6(0.5) 33(30) 431(378) 417(491) 403(378) 390(391) 387(151) 115 UPSO  [.1(3) 6.1(5) 32(35) 33(36) oo o oo Sed o1s
CLPSO | 8.1(2) 13(2) 15(2) 16(1) 16(0.8) 18(1.0) 20(1) 15/15 CLPSO PB.1(1) 32(13) 140(230) oo oo oo oo Sed 0/15
DMSPSO| 2.0(0.7) 632)* 9.34)*3 103)*3 103)*3 123)*3 13(1)*3 15/15 DMSPSOPR.1(2) 13(12) 3024) oo oo oo oo Sed ons
A fopt|lel 1e0 le-1 le-2 le-3 le-5 le-7 fhsuce A fopt|lel 1e0 Te-1 le2 le-3 le-5 le-7 #suce
5 0 0 0 0 0 10 10 1515 117 52 215 599 2861 3669 6351 7934 15715
PSO 32(6) oo oo oo oo oo oo Sed 0/15 PSO B.4(4) 6.7(4) 16(2) 12(18) 23(15) oo oo Sed 015
PSO-cf | 103)* 15(10) 15(4) 16(5) 16(5) 16(5) 16(8) 15/15 PSO-cf [2.5(2) 3.2(1) 2.8(1.0) 10(26) 22(52) 23(28) 43(50) 2/15
SRPSO  [111(87) 3020(709) 6384(4969) oo oo oo oo Sed 0/15 SRPSO [3.7(3) 3.5(1) 113) 5.6(2) 12(8) 35(39) oo Sed 0/15
iSRPSO | 54(38) 2933(1846) 7233(1321) oo oo oo oo Sed 0/15 iSRPSO @4.2(4) 3.3(1) 13(0.6) 7.009) 33(38) 114(93) 91(170) 115
FIPS 16(3) 25(11) 26(9) 26(8) 26(3) 26(11) 26(11) 15/15 FIPS @7(12) 7.33) 7.8(2) 4.9(0.5) 6.1(0.7) 12(14) oo Sed s
UPSO 14(2) 20(4) 20(5) 20(6) 20(3) 20(4) 20(4) 15/15 UPSO  W.3(3) 4.4(0.9) 3.3(0.6) 4.8(9) 31(34) oo oo Sed 0/15
CLPSO [155(63) 438(56) 746(66) 993(80) 1225(71) 1658(71) 2086(84) 15/15 CLPSO [.3(4) 15(4) 15(3) 14(19) 201(365) oo oo Sed o/15
DMSPSO| 97(18) 228(33) 384(13) 390(9) 390(9) 390(9) 390(7) 15/15 DMSPSO[5.5(3) 552 6.03) 4.9(2) 8.2(5) 38(45) 94(106) 1715
Afopt|lel le0 le-1 le-2 le-3 le-5 le-7 #suce A foptllel 1e0 Te-1 le-2 le-3 le-5 le-7 #suce
T6 i3 FI7) 381 703 50 038 33 515 18 103 378 3968 8451 9780 10905 12460 [15/15
PSO 6.7(7) 38(11) 55(7) 51(6) 443) 30(3) 27(2) 15/15 PSO 1.8(2) 30(6) 8.7(4) 41(41) b Lad oo Sed 0715
PSO-cf | 4.502) 6.5(2) 87(1)*3 8.6(1)*3 9.02)* 7.7(0.9) 8.2(1) 15/15 PSO-cf 22(0.9) 5.4(4) 5.8(3) 84(71) oo oo oo Sed 015
SRPSO 47(2) 9.3(4) 37(4) 37(3) 30(2) 20(0.9) 18(0.9) 15/15 :SRPAU 13.0(2) 15(10) 6.2(0.6) 18(10) 38(34) oo oo Sed 015
iSRPSO | 4.202) 1609) 143) 3802) 3001) 200.8) 17004y 15/15 iSRPSO [2.3(2) 22(7) 5.2(0.8) 19(52) 78(133) oo oo Sed o015
FIPS  [15(2) 2304 3103 3103 2003 2403) 2602) 1515 FIPS 514 14(5) 4.6(5) 7.92) oo oo oo Sed or15
UPSO | 8.53) 106) 132 126) 1 9.202) 9.202) 1515 UPSO  Bacl) 5.4(0.9) 2.3(0.5) 41(64) oo oo oo Sed or15
CLPSO [16(8) 37(6) 54(7) 71(43) 113(137) 235(205) oo Sed ons 746 286 2921 oo o oo oo ed o5
DMSPSO| 6.3(2) 12(5) 193) 20(6) 23(9) 2311 26(13) 14/15 SPSOB.7(2) 836) 432 29025 b oo oo Sed 0/15
A fopt|lel 1c0 le-1 le2 ) le-s le-7 #ouce Afopt|lel 1e0 le-1 le2 le3 le-5 le7 #suce
7 23 324 171 1451 1572 1572 1597 [EZERN ! ! 242 1.0e5 1.2e5 1.2e5 J2e5 IS5
PSO 9.4(9) 12(13) 15(14) 1721) 17(4) 17(2) 7(4) 14115 PSO - 32028) 9819(6242) 725(689) o o ol oo Sed s
PSO-cf | 8.1(4) 14(40) 54(39) 55(35) 209(230) 209(199) 206(282) 2/15 PSO-cf R8(14) 2835(1984) 1478(1407) oo oo oo oo Sed 0715
SRPSO  [l1(4) 2.8(0.6) 4903) 8.7(1) 1) 1) 11(1) 14715 SRPSO - R6(18) 1892(1128) 289(315) 172 o o oo Sed ots
RPSO | 8.5(5) 372) 750 9.4(1) 1200.5) 1268) 128) 14715 ISRPSO [48(d4) 2709(2566) 383(336) oo oo oo oo Sed ons
8.5(2) 6.0(0.9) 9.2(5) 10(5) 10(3) 11(4) 15/15 FIPS 21(20) 4167(3861) 3047(1961) oo oo oo oo Sed /15
6.0(1) 6.3(12) 10(7) 1521) 1521) 15(15) 13715 UPSO  BIG9) 3032(1766) 391817 it oo s oo Sed 015
14(5) 1268) 3120 S5044) 5340y 56(65) /15 CLPSO [34(39) 6315(4701) 2924(5370) oo oo oo oo Sed s
3.6(1) 2.6(2) 103) 15(14) 15(15) 1512) 14/15 DMSPSOB38(29) 1754(1175) 78(54) 6.9(13) oo oo oo Sed s
1e0 le-1 le2 le-3 le-s le-7 #suce Afopt|lel 10 Te-1 le-2 le-3 le-5 le-7 #suce
373 336 373 301 770 ry5) 1515 120 16 851 3811 51362 54470 54861 55313 [14/15
91(12) 690331) ~ oo oo oo Sed ois 10(7) 16(4) 23(2) 17(1) 1.7(1) 2.02) 2.02) 6/15
27(4) 62(97) 201(130) 1881(1406) oo oo Sed 015 5.7(3) 9.1(47) oo oo ot oo oo Sed 0715
55(18) 455(632) 1923(3156) oo oo oo Sed 0/15 10(2) 7.4(5) 1.0(1.0) 0.80(0.8) 0.77(0.7) 0.80(0.9) 0.82(0.7) 10/15
63(14) 99(17) 312(439) oo oo oo Sed o5 7.1(5) 11(3) 232) 1.8(2) 1.7(2) 17(2) 1.7(1) 6/15
56(36) 712(310) ~ oo oo oo Sed o5 9.3(6) 7.93) 0.56(0.1) 0.54(0.4) 0.71(0.5) 1.1(1.0) 1.8(1) s
1709 83(57) 571(940) 958(958) oo oo Sed o1s 10(8) 2.6(1) 431 322) 3.0(4) 3.02) 3.02) ans
65(16) 216(140) . oo oo oo Sed or1s 14(8) 12(4) 0.55(0.1) 0.530.1) 0.64(0.1) 1.4(0.5) 1421) 115
DMSPSO|17(5) 17(7) 25(10) 32013)* 398)*4 4705*% se2*4 15/15 DMSPSO| 9.5(5) 3.92) 0.36(0.2) 0.3000.1) 0.2800.1) 0.28(0.1) 0280.0*2  |is/1s
Afopt|le! 1e0 le-1 le-2 le-3 le-5 le-7 #suce Afoptllel 1e0 le-1 le-2 le-3 le-5 le-7 #suce
™ 35 27 314 363 300 335 369 15715 21 a1 1157 1674 1692 1705 1729 1757 14715
PSO  [182(58) 411381 1144(829) ~ o oo oo 5ed wis PSO  Pd@3) 25(34) 61(97) 61(67) 63(52) 66(45) 67(64) 5/15
PSO-cf | 26(8) 129(298) 162(158) 1351(2947) 2494(3287) oo oo Sed 0/15 PSO-cf  R2.2(1) 54(22) 123(189) 122(194) 121(61) 120(246) 119(124) 315
SRPSO | 27(12) 112(23) 792(727) 2828(4081) oo oo oo Sed 0715 SRPSO  B.3(3) 33657) 30(23) 32(36) 32018) 36(19) 37(58) 8/15
iSRPSO | 51(35) 124(25) 139(19) 665(802) 2442(1664)  2213(1565) oo Sed 0/15 iSRPSO R2.1(2) 1241 16(24) 17014) 19(15) 21(22) 22(43) 10/15
FIPS 67(13) 143(101) 773(463) oy o o oo Sed o5 FIPS  R9G5) 2.4(3) 4.4(15) 5.92) 7.03) 1011) 134) 14/15
UPSO | 30(5) 39(22) 148(62) 1302(1302) oo oo oo Sed o/15 UPSO  [5.5(5) 103) 1423) 1434 15(44) 15(23) 16(34) 11715
CLPSO [126(31) 162(71) 3505(6077) oo oo oo oo Sed o715 CLPSO B.7(4) 2.12) 4.2(3) 7.6(4) 12(2) 5131) 96(102) 4/15
DMSPSO| 32(6) 22318) 37015)* 4702)*2 asan*d 55100*4  e42)*4  |15/15 DMSPSOR6(2) 5.003) 6:4(8) 6.716) 7.0(1) 82314 1115) 13/15
A fopt[lel 1c0 le-1 le-2 le-3 le-5 le-7 #suce A:;ozm lel - 1e0 _— le-l - 2 le-3 - le-5 - le7 - ‘I‘;‘/'IZ
PS';IO 17403‘71;) 1496(253(;(: ) oo 574 oo 007 oo 026 oo 829 oo 51’580 ‘gﬁ; PSO (5.1(7) 29(9) 42(54) 46(36) 48(51) 53(41) 58(87) 915
PSO-cf 27](:748) 1443(2576) oo oo oo o oo ;«4 /15 PSO-cf  |.0(2) 29(53) 25(27) 25(48) 25(35) 27(26) 28(34) 11/15
SRPSO  [197(146) P = = = = pag /15 SRPSO [B3.33) 16(50) 23(41) 26(14) 35(26) 46(73) 49(82) 915
iSRPSO [183(100) 733(506) - = = hod et o/15 iSRPSO B.1(2 94(230) 112(83) 110216) 110(175) 111(168) 111(70) 5/15
FIPS l690(894) oo oo oo oo oo oo Sed 015 FIPS .44y 7.2(6) 11(12) 18(22) 24(12) 69(65) 131(118) 515
UPSO  [336(198) oo - - - - o050t o5 UPSO 1) 374) 8.5(25) 12(14) 1417) 27(36) 37(53) 11/15
CLPSO [§9301179) = hos = = hos et o1 CLPSO B.7(4) 10(12) 14(12) 33(22) 89(88) 721(1082) oo Sed o015
w2 wa “a " " " DMSPSOM.3(3) 4.4(1) 4.9(6) 6.02) 1009 17(6) 27311 15/15
DMSPSO| 58(35) 90(12) 83(0.4) 92(103) 89(60) 127091 851(640) VIS Ao ilien 1c0 ol o2 13 15 17 luce
Afopg|lel 1e0 le-l le2 le3 les ! fsuee: —m3 30 318 14245 37890 31654 33030 34356 [15/15
Pso 65(31‘)43 Z}B(lé(; 963(72716)3 <7 - N S e hos = = = 2% ons
PSO-cf [2.8(4) 24(15) oo oo oo oo oo Sed ons
PSO-cf  [126(121) 293311) 309(432) oo oo oo oo Sed 015 sRpso el 51(82) - - - - oo 5ok s
SRPSO | 54(35) 318272 971(1243) o bt bt oo sed 015 iSRPSO P.2(2) 47(33) 26(24) 27(26) oo oo o0 Sed or15
iSRPSO | 56(46) 186(193) 454(575) 366(641) 632(765) oo oo Sed 015 Eps b6(2) 46(50) - - - - o set o1s
FIPS 131264 el ot ot o oo oo Sed 15 ypso  [1.40.7) 20018) oo oo oo oo oo Sed 15
UPSO  P213(241) 1182(1493) oo oo oo oo oo Sed 015 Crpso 1708) Soes) - - - - oo 504 ons
CLPSO [ 91(73) 838(586) S - oo . oo Sed 015 Psolhss) 5202 oo oo oo oo oo Sed or1s
DMSPSO| 11(9) 63(45) 31(19) 52(32) 204(173) oo oo Sed 05 Aol 1e0 el 162 les 105 o suce
Afopt]lel 1e0 le-1 -2 le3 le-S le7 fsuce —p7 622 3365 Gac6 5,656 9,66 T3e7 37 PI5
f12 108 268 371 413 461 1303 1494 15/15 PSO 18(6) oo oo oo oo oo oo Se- /15
PSO  [171(23) 239(328) 600(438) oo oo oo oo Sed 015 psoer | 4802) - - - - - o vet loris
PSO-cf  [198(234) 388(1166) 889(1113) oo oo oo oo Sed 015 sRpso | 93(7) 1603 - - - - oo 504 loris
SRPSO  [259(10) 188(145) 591(1317) 1743(1695) oo oo oo Sed 015 (srpso | 7.2(6) o - - - - oo 50t loris
iSRPSO P23(234) 279(280) 1937(1248) oo oo oo oo Sed 015 s 1707 - - - - - o set loris
FIPS  p78271) 616(893) oo oo oo oo oo Sed 015 Upso | 2.701) 330 - - - - o vet loris
UPSO | 31(5) 3195) 171241) 813(1337)  1534(1815) oo oo Sed 015 1 pso bage) - - - - - oo 504 loris
CLPSO  476(420) 893(1313) oo oo oo oo oo Sed 015 [spso| 2.7(09) 33G3) - - - - oo 504 lors
DMSPSO| 54(7) 39(45) 53(67) 13461)* 177229)* 261(67)* oo Sed ons

TABLE I: Expected

running time (ERT in number of function evaluations) divided by the respective best ERT measured during
BBOB-2009 in dimension 5. The ERT and in braces, as dispersion measure, the half difference between 90 and 10%-tile of
bootstrapped run lengths appear for each algorithm and target, the corresponding best ERT in the first row. The different target
A f-values are shown in the top row. #succ is the number of trials that reached the (final) target fopt + 1078. The median number
of conducted function evaluations is additionally given in ifalics, if the target in the last column was never reached. Entries,
succeeded by a star, are statistically significantly better (according to the rank-sum test) when compared to all other algorithms
of the table, with p = 0.05 or p = 107 when the number k following the star is larger than 1, with Bonferroni correction by the
number of instances.
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TABLE II: Expected running time (ERT in number of function evaluations) divided by the respective best ERT measured during
BBOB-2009 in dimension 20. The ERT and in braces, as dispersion measure, the half difference between 90 and 10%-tile of
bootstrapped run lengths appear for each algorithm and target, the corresponding best ERT in the first row. The different target
A f-values are shown in the top row. #succ is the number of trials that reached the (final) target fop +1078. The median number
of conducted function evaluations is additionally given in italics, if the target in the last column was never reached. Entries,
succeeded by a star, are statistically significantly better (according to the rank-sum test) when compared to all other algorithms
of the table, with p = 0.05 or p = 107 when the number k following the star is larger than 1, with Bonferroni correction by the
number of instances.
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