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This file is the supplementary file of “Even Search in a
Promising Region for Constrained Multi-objective Optimiza-
tion Problems”. It supplies the dimensions of the benchmark
problems used in the experiments, presents the results of the
additional experiments in Section IV of the main text, and dis-
cusses these results. All experiments were conducted on
PlatEMO [1].

I. DIMENSIONS OF BENCHMARKS

The dimensions of objectives and variables of the selected
benchmarks are reported in Table S-I.

II. RESULTS ON BENCHMARK COMPARISON STUDIES

This section presents the results and discussions on bench-
mark comparison studies of Section IV-B in the main text.

A. Results on DAS-CMOPs

DAS-CMOPs [2] are featured as adjustable difficulties on
convergence, diversity, and feasibility. DAS-CMOP1-9 con-
tains all three difficulties and they are of different degrees. For
example, DAS-CMOP4 has larger difficulties in convergence
and feasibility than DAS-CMOP1. DAS-CMOP9 has larger
difficulties in diversity and feasibility than DAS-CMOPS.
These comprehensive features of the DAS-CMOP test suite
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propose a challenge to the versatility of algorithms.

1) Indicator Results on DAS-CMOPs: Tables S-11 and S-III
report the statistical results of HV and IGD+ obtained by
CMOES and other methods on DAS-CMOPs. It is apparent
that CMOES outperformed all other methods on DAS-
CMOP1-6. On DAS-CMOP7-9, it performed worse than some
methods, but referring to the indicator values, it can be found
that CMOES finally approximated the CPFs of DAS-CMOP7-
9.

2) CPF Results on DAS-CMOPs: Fig. S-1 presents the fea-
sible and non-dominated solution sets obtained by CMOES on
DAS-CMOP benchmark problems with the median IGD+
value among 30 runs. It is apparent that CMOES finally
approximated the CPFs and achieved good degrees of diver-
sity performances in all the instances, revealing that CMOES
has excellent versatility. Further, Figs. S-2 and S-3 present the
feasible and non-dominated solution sets obtained by CMOES
and other methods on DAS-CMOP3 and DAS-CMOP?9. It can
be found that DSPCMDE [3] performed well on DAS-
CMOP3 but performed poorly on DAS-CMOP9. Similarly,
URCMO [4] performed well on DAS-CMOP9 but poorly on
DAS-CMOP3. However, CMOES performed well in both of
these two instances. Therefore, our methods achieve the best
versatility in these instances.

TABLE S-1
DIMENSIONS OF OBJECTIVES M AND VARIABLES N OF THE SELECTED BENCHMARKS
DAS-CMOP LIR-CMOP DTLZ MW RWMOP

Prblem m n Prblem m n Problem m n Prblem m n prblem m n
DAS-CMOP1 2 30 LIR-CMOP1 2 30 LYO1 2 7 MW1 2 15 RWMOP1 2 2
DAS-CMOP2 2 30 LIR-CMOP2 2 30 LYO2 2 7 MW2 2 15 RWMOP2 2 5
DAS-CMOP3 2 30 LIR-CMOP3 2 30 LYO3 2 11 MW3 2 15 RWMOP3 2 3
DAS-CMOP4 2 30 LIR-CMOP4 2 30 LYO4 2 11 MwW4 3 15 RWMOP4 2 4
DAS-CMOP5S 2 30 LIR-CMOPS 2 30 LYOS 2 7 MWS5 2 15 RWMOPS 2 4
DAS-CMOP6 2 30 LIR-CMOP6 2 30 LYO6 2 7 MW6 2 15 RWMOP6 2 7
DAS-CMOP7 3 30 LIR-CMOP7 2 30 LYO7 2 7 MW7 2 15 RWMOP7 2 4
DAS-CMOPS8 3 30 LIR-CMOPS8 2 30 LYO8 2 71 MWS 3 15 RWMOP9 2 4
DAS-CMOP9 3 30 LIR-CMOP9 2 30 MW9 2 15 RWMOP10 2 2
LIR-CMOP10 2 30 MW10 2 15 RWMOPI12 2 4

LIR-CMOPI1 2 30 MWI11 2 15 RWMOP14 2 5

LIR-CMOP12 2 30 MW12 2 15 RWMOPI15 2 3

LIR-CMOP13 3 30 MW13 2 15 RWMOPI16 2 2

LIR-CMOP14 3 30 MW14 3 15 RWMOP18 2 3
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Fig. S-1.  Feasible and non-dominated solution set obtained by CMOES on DAS-CMOP benchmark problems with the median IGD+ value among 30 runs.
Figs. 5(a)—5(i) represents the results on DAS-CMOP1 to DAS-CMOP9.
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Fig. S-2.  Feasible and non-dominated solution sets obtained by CMOES and other methods on DAS-CMOP3 with the median IGD+ value among 30 runs.
Each sub-figure corresponds to the result of the algorithm in its title. (a) Includes the results of BiCo, CMOEA_MS, MFO-SPEA2, ShiP_A, URCMO, and C-
TAEA from the left to the right; (b) Includes the results of CCMO, ToP, DSPCMDE, NSGA-II-ToR, CCEA, and CMOES from the lest to the right.
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Fig. S-3. Feasible and non-dominated solution sets obtained by CMOES and other methods on DAS-CMOP9 with the median IGD+ value among 30 runs.
Each sub-figure corresponds to the result of the algorithm in its title. (a) Includes the results of BiCo, CMOEA_MS, MFO-SPEA2, ShiP_ A, URCMO, and C-
TAEA from the left to the right; (b) Includes the results of CCMO, ToP, DSPCMDE, NSGA-II-ToR, CCEA, and CMOES from the lest to the right.



B. Results on LIR-CMOPs

LIR-CMOPs [5] are featured as large infeasible regions, i.e.,
small feasible regions, which propose great challenges for an
algorithm on crossing infeasible barriers and locating feasible
regions.

1) Indicator Results on LIR-CMOPs: Tables S-IV and S-V
report the statistical results of HV and IGD+ obtained by
CMOES and other methods on LIR-CMOPs. On LIR-
CMOP1-4, CMOES performed worse than ShiP-A [6], reveal-
ing that the e-constrained technique in this work is not effec-
tive enough in dealing with these LIR-CMOPs with very
small feasible regions. On LIR-CMOP5-6, CMOES only per-
formed worse than DSPCMDE. However, referring to the
indicator values, CMOES finally approximated the CPFs and
obtained good degrees of diversity. On LIR-CMOP7-12,
CMOES outperformed all other methods. On LIR-CMOP13-
14, CMOES performed worse than some SPEA2-based
CMOEAs (CMOEA-MS [7] and CCMO [8]) and decomposi-
tion-based CMOEA (CCEA [9]). The reason is that we use the
strategy of NSGA-II [10] to update the archive (the final out-
put), and this strategy is less effective than SPEA2 [11] or
decomposition-based approaches.

2) CPF Results on LIR-CMOPs: Then, we present the feasi-
ble and non-dominated solution sets obtained by CMOES on
LIR-CMOP benchmark problems with the median IGD+
value among 30 runs in Fig. S-4. The results reflect that
CMOES could not find all the segments of CPFs on LIR-
CMOP1-4. On LIR-CMOP5-6, some extreme points are pre-
served due to the strategy of NSGA-II (protection for extreme
points). On LIR-CMOP13-14, the distributions on the CPFs
are poor, resulting in worse indicator values. Nevertheless,
CMOES finally found the CPFs of LIR-CMOP5-14. To fur-
ther compare different methods, we present the feasible and
non-dominated solution sets obtained by CMOES and other
methods on LIR-CMOPS8 in Fig. S-5. It can be found that
URCMO and DSPCMDE performed well on this instance, but
they performed very poorly on other instances of LIR-CMOPs
as shown in the tables. Therefore, they lack versatility but
CMOES could achieve much more instances.

C. Results on LYOs

LYOs [9] have an interesting feature, the initial population
arises in the complex infeasible regions below the CPF. This
makes the popular unconstrained helper problem-assisted
approaches ineffective because the UPF is very far below the
CPF, and the unconstrained helper problem will guide the
population search inward while the CPF needs a search back-
ward in the objective space.

1) Indicator Results on LYOs: Tables Tables S-VI and S-VII
report the statistical results of HV and IGD+ obtained by
CMOES and other methods on LYOs. The results clearly
show that our proposed CMOES is competitive with CCEA,
an algorithm proposed for LYOs. CCEA performed better on
LYO3, LYOS, and LYO7, while CMOES performed better on
LYO2, LYO4, and LYOG6. Referring to other benchmark test
suites, we can find that CCEA performed worse than CMOES
in most instances, demonstrating that an overly fine-tuned
technique is less generic than our method.

2) CPF Results on LYOs: Then, we present the feasible and
non-dominated solution sets obtained by CMOES on LIR-

CMOP benchmark problems with the median IGD+ value
among 30 runs in Fig. S-6. The results show that CMOES per-
formed well on LYO1-6, but performed poorly on LYO7-8.
The poor performances on LYO7-8 might be caused by the &-
constrained technique, which will be discussed in the parame-
ter analyses. Also, we depict the feasible and non-dominated
solution sets obtained by CMOES and other methods on
LYO6 in Fig. S-7. The results show that CMOES and BiCo
[12] performed the best, and CCEA is slightly worse in terms
of diversity.

D. Results on MWs

MWs [13] contain four relationships between the CPF and
the UPF, which can test the generic ability of an algorithm.
According to our practice, ignoring constraints in a helper
problem can achieve very good performance on Type-I to
Type-III problems, but is less effective on Type-IV problems.

1) Indicator Results on MWs: Tables S-VIII and S-IX report
the statistical results of HV and IGD+ obtained by CMOES
and other methods on MWs. CMOES generally performed not
the best on this benchmark test suite. Some other methods
using an unconstrained helper problem (BiCo and MFO-
SPEA2 [14]) performed better on Type-I to Type-III prob-
lems. Nevertheless, referring to the specific indicator values, it
can be found that CMOES finally obtained the CPFs in all
instances.

2) CPF Results on MWs: Fig. S-8 presents the feasible and
non-dominated solution sets obtained by CMOES on MW
benchmark problems with the median IGD+ value among 30
runs. It is apparent that CMOES finally obtained the CPFs on
all instances. On MW10, the corner segment of the CPF is
missed, revealing that CMOES failed to find the very small
feasible region. On MW 14, the diversity performance needs
improvement. Since our method and many other methods per-
formed very well on this test suite (the CPFs can be approxi-
mated and well covered), no further comparison is conducted.

III. RESULTS ON REAL-WORLD CMOPS

This section presents the results and discussions on real-
world comparison studies of Section IV-C in the main text.
We test all the methods on the IEEE CEC 2021 Competition
on Real World Multiobjective Constrained Optimization test
suite RWMOPs [15]. Specifically, the former 14 two-objec-
tive CMOPs are tested. Since real-world problems are subject
to unknown features and challenges, they propose very great
challenges to the generic ability of an algorithm.

The results of the HV indicator are reported in Table S-X.
From the results we can find that Top and CMOES generally
performed the best, they obtained better results in more
instances than others. We can have the following conclusions:

1) The performances of algorithms on real-world test prob-
lems vary significantly, some methods that performed poor on
benchmark test problems may perform well on real-world
problems;

2) ToP that adopts feasibility first (constrained dominance
principle CDP) and CMOES using the Even Search in the
promising region perform well in most instances.

IV. RESULTS OF ABLATION STUDIES
This section presents the results and discussions on ablation
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Fig. S-4.  Feasible and non-dominated solution set obtained by CMOES on LIR-CMOP benchmark problems with the median IGD+ value among 30 runs.
Each sub-figure corresponds to the result of CMOES on the instance whose name is given in its title.
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Fig. S-5.  Feasible and non-dominated solution sets obtained by CMOES and other methods on LIR-CMOPS with the median IGD+ value among 30 runs. (a)
Contains the results of BiCo, CMOEA-MS, MFO-SPEA2, ShiP-A, URCMO, and C-TAEA; (b) Contains the results of CCMO, ToP, DSPCMDE, NSGA-II-

ToR, CCEA, and CMOES.

studies of Section IV-D in the main text. In the ablation stud-
ies, we designed two variants CMOESP1 and CMOESP2.
CMOESP1 only preserves the first proportion of the popula-
tion, while CMOESP2 only preserves the second proportion
of the population. The results on DAS-CMOPs, LIR-CMOPs,
LYOs, and MWs are reported in Tables S-XI-S-XVIIIL.

On DAS-CMOPs, CMOESP1 performed better on DAS-
CMOP7-8 but CMOESP?2 performed better on DAS-CMOP9.

This is because DAS-CMOP9 has larger difficulties in diver-
sity and feasibility, so the ¢-constrained technique can lead to
better performance. For other instances, CMOES generally
performed the best.

On LIR-CMOPs, CMOESP1 performed better on LIR-
CMOP6-12, revealing that using well-distributed non-domi-
nated solutions in the promising region can help to search the
CPF. However, CMOES outperformed both of the variants in
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figure corresponds to the result of CMOES on the instance whose name is given
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Feasible and non-dominated solution set obtained by CMOES on LYO benchmark problems with the median IGD+ value among 30 runs. Each sub-

in its title.
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Fig. S-7.  Feasible and non-dominated solution sets obtained by CMOES and

other methods on LYO6 with the median IGD+ value among 30 runs. (a) Con-

tains the results of BiCo, CMOEA-MS, MFO-SPEA2, ShiP-A, URCMO, and C-TAEA; (b) Contains the results of CCMO, ToP, DSPCMDE, NSGA-II-ToR,

CCEA, and CMOES.

other instances, revealing that our method generally has the
best versatility.

On LYOs, CMOESP1 performed significantly worse in
most instances, demonstrating that ignoring constraints has no
help in dealing with such a kind of special problem.
CMOESP2 generally performed the same as CMOES, reveal-
ing that the second proportion of the population indeed
enhance the performance of our method on LYOs.

On MWs, CMOESP1 which uses non-dominated solutions
(ignoring constraints) performed better on Type-I to Type-III
problems, while CMOESP2 which uses relaxed feasible solu-
tions performed better on Type-IV problems.

V. RESULTS OF PARAMETER ANALYSES
This section presents the results and discussions on parame-
ter analyses of Section IV-E in the main text. In the parameter

analyses, we also created two variants named CMOESetal
and CMOESeta2. CMOESetal set 5 to 1/2, and CMOESeta2

set # to 1. n=1/2 provides an increasing gradient for (5),
while n =1 provides a steady gradient. The results on DAS-
CMOPs, LIR-CMOPs, LYOs, and MWs are reported in
Tables S-XIX to S-XXVI.

On DAS-CMOPs and LIR-CMOPs, n = 2 is the best setting.
The reason can be that a decreasing gradient makes ¢ a larger
value at the early stage to enhance the exploration ability.
While in the latter stage, ¢ is smaller to enhance the exploita-
tion ability. When dealing with DAS-CMOPs and LIR-
CMOPs with complex infeasible regions, such a setting of ¢ is
more suitable.

On LYOs, the differences are mainly on LYO2 and LYO7-
8. For these instances, a smaller 7 value results in better per-
formance, and the smaller, the better. The reason is that
n=1/2 provides the largest ¢ value during the evolutionary
process, so more segments of the CPF can be detected. There-
fore, for LYO2 and LYQ7-8 that contain objective space
regions of large constraint violation value, a small # can be
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Fig. S-8.  Feasible and non-dominated solution set obtained by CMOES on MW benchmark problems with the median IGD+ value among 30 runs. Each sub-

figure corresponds to the result of CMOES on the instance whose name is given in its title.

more suitable.

On MWs, a smaller # value leads to better results on Type-III
and Type-1V problems. On the contrary, a larger # value leads
to better results on Type-I and Type-II problems. The reason
is that for Type-I and Type-II problems, ignoring constraints
can get very good results. A larger # leads to a small &, which
has a similar effect as CDP. Since the first proportion of the
population contains non-dominated solutions that ignore con-
straints, if the second proportion has a larger preference for
feasibility, the CPF can be better exploited. On the contrary, a
smaller # value leads to a larger ¢. Based on a larger degree of
constraint relaxation, the CPF can be better explored since it
partially overlaps the UPF or has no overlap with the UPF.
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TABLE S-XI
STATISTICAL RESULTS OF HV OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE

PROPOSED EVEN SEARCH METHOD ON DAS-CMOPS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Problem

CMOESP1

CMOESP2

CMOES

DASCMOP1
DASCMOP2
DASCMOP3
DASCMOP4
DASCMOP5
DASCMOP6
DASCMOP7
DASCMOP8
DASCMOP9

2.1101E~1 (9.06E—4) —
3.5420E~1 (3.58E-4) —
3.0449E-1 (1.50E~2) —
2.0237E-1 (3.42B-3) —
3.5148E-1 (1.50E—4) +
3.0460E~1 (1.09E~2) —
2.8822E-1 (4.83E—4) +
2.0720E-1 (5.80E—4) +
2.0319E-1 (5.95E—4) =

1.9214E-1 (5.96E-2) =
3.3992E-1 (3.026-2) —
3.0727E~1 (1.35B-2) =
1.5107E~1 (5.99E-2) —
2.7344E-1 (1.22B-1) =
1.3865E~1 (9.82E-2) —
2.8821E-1 (4.28E-4) +
2.0716E~1 (5.02E—4) +
2.0383E-1 (6.50E—4) +

2.1165E-1 (5.03E~4)
3.5455E~1 (1.25E—4)
3.1148E-1 (4.01E—4)
2.0370E-1 (1.55E~3)
3.5141E~1 (1.40E—4)
3.0781E-1 (1.22E-2)
2.8765E-1 (4.71E-4)
2.0660E~1 (4.09E—4)
2.0350E-1 (5.36E~4)

+/—/ =

3/5/1

3/3/3

TABLE S-XII
STATISTICAL RESULTS OF IGD+ OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE

PROPOSED EVEN SEARCH METHOD ON DAS-CMOPS. THE BEST RESULT IN EACH ROW IS HIGHLIGHTED

Problem

CMOESPI

CMOESP2

CMOES

DASCMOP1
DASCMOP2
DASCMOP3
DASCMOP4
DASCMOP5
DASCMOP6
DASCMOP7
DASCMOP8
DASCMOP9

2.5943E-3 (1.93E—4) —

4.3886E-3 (3.16E-4) —

1.6105E-2 (2.55E-2) —
1.0708E~3 (8.18E—4) —
1.8538E-3 (1.03E-4) =
1.5195E-2 (1.64E-2) —
2.3579E-2 (1.03E-3) +
1.8328E-2 (7.77E-4) +
2.4183E-2 (1.02E-3) —

6.9283E-2 (2.05E-1) —
2.4299E-2 (4.21E-2) —
1.2630E-2 (2.42E-2) =
1.2430E~1 (1.51E~1) —
1.4050E~1 (2.22E~1) =
3.3706E~1 (2.01E-1) —
2.3947E-2 (1.08E-3) +
1.8402E-2 (1.06E-3) =
2.3066E-2 (1.41E-3) =

2.4430E-3 (1.31E-4)
4.1126E-3 (1.69E-4)
6.0116E-3 (3.48E~4)
7.5728E-4 (3.21E—4)
1.8832E-3 (1.14E-4)
1.0814E-2 (1.72E-2)
2.4628E-2 (8.49E—4)
1.8734E-2 (6.85E-4)
2.3415E-2 (9.81E-4)

+/ =/~

2/6/1

1/4/4

TABLE S-XIII
STATISTICAL RESULTS OF HV OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE

PROPOSED EVEN SEARCH METHOD ON LIR-CMOPS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Problem

CMOESPI

CMOESP2

CMOES

LIRCMOP1
LIRCMOP2
LIRCMOP3
LIRCMOP4
LIRCMOPS
LIRCMOP6
LIRCMOP7
LIRCMOP8
LIRCMOP9
LIRCMOP10
LIRCMOP11
LIRCMOP12
LIRCMOP13
LIRCMOP14

1.7292E~1 (2.88E~2) —
2.8610E~1 (2.61E~2) —
1.5450E—1 (2.48E-2) —
2.4139E-1 (2.95E-2) —
2.4060E-1 (9.93E-2) —
1.8516E~1 (1.58E-2) =
2.8628E~1 (1.72E-2) =
2.9356E-1 (6.77E~4) +
4.4192E-1 (1.70E-2) =
6.9391E-1 (9.70E-3) =
6.8726E~1 (5.85E-3) +
6.0492E~1 (1.22E~2) +
5.0758E~1 (3.04E-3) —
5.3884E-1 (1.82E-3) —

1.7742E-1 (2.93E-2) —
2.9591E~1 (3.44E-2) —
1.5746E-1 (2.46E-2) —
2.5437E~1 (2.13E-2) —
6.0073E-2 (1.11E~1) —
2.1128E-2 (3.336-2) —
1.9036E-1 (1.19E~1) —
9.7470E-2 (1.14B~1) —
3.5752E~1 (2.42B-2) —
4.9915E-1 (7.34E-2) —
5.5577E~1 (5.20E-2) —
4.9236E~1 (3.33E-2) -
3.5389E-1 (1.21E-1) —
3.9608E~1 (1.47E~1) —

2.0189E-1 (1.87E~2)
3.3046E-1 (1.37E~2)
1.7226E~1 (1.59E-2)
2.7422E-1 (1.94E-2)
2.6883E-1 (2.89E-2)
1.7426E~1 (4.36E-2)
2.9359E~1 (3.44E—4)
2.8927E-1 (1.51E-2)
44864E-1 (2.81E~2)
6.9288E1 (1.79E-2)
6.8237E-1 (9.71E-3)
5.7845E-1 (1.54E-2)
5.5223E-1 (1.82E-3)
5.5340E-1 (1.17E-3)

+/—/ =

3/7/4

0/14/0




TABLE S-XIV
STATISTICAL RESULTS OF IGD+ OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE

PROPOSED EVEN SEARCH METHOD ON LIR-CMOPS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Problem CMOESP1 CMOESP2 CMOES
LIRCMOPI 1.0674E—1 (5.66E—2) — 1.0036E—1 (5.66E—2) — 5.5760E=2 (3.33E-2)
LIRCMOP2 7.9056E-2 (3.01E-2) — 6.9365E-2 (3.89E-2) — 3.6954E-2 (1.52E-2)
LIRCMOP3 1.0886E—1 (5.81E~2) — 1.0400E—-1 (6.02E-2) — 6.4610E—2 (3.82E-2)
LIRCMOP4 1.0294E-1 (4.54E-2) — 8.3365E-2 (3.06E-2) — 5.4773E-2 (2.67E-2)
LIRCMOP5 1.8514E—1 (3.95E—1) — 9.3020E—1 (4.78E~1) — 5.4460E—2 (7.82E-2)
LIRCMOP6 3.0277E-2 (4.18E-2) = 1.0304E+0 (4.91E-1) — 8.7892E-2 (2.55E-1)
LIRCMOP7 2.2745E-2 (3.73E-2) — 5.1206E~1 (7.20E~1) — 7.2208E—3 (4.89E—4)
LIRCMOPS 7.2825E-3 (1.19E-3) + 1.0739E+0 (7.13E-1) — 1.6304E-2 (3.30E-2)
LIRCMOP9 1.6648E~1 (2.19E-2) = 2.8396E~1 (2.20E-2) — 1.5964E—1 (2.86E—2)

LIRCMOP10 2.6539E-2 (1.91E-2) = 3.0007E—-1 (8.28E-2) — 2.6742E-2 (2.95E-2)

LIRCMOPI11 1.0173E-2 (8.57E-3) + 1.7813E—1 (7.06E-2) — 1.7171E-2 (1.45E-2)

LIRCMOP12 3.0985E—2 (2.36E-2) + 1.9922E-1 (4.53E-2) - 7.6654E-2 (2.15E-2)

LIRCMOP13 9.4074E—2 (3.41E-3) — 2.8633E~-1 (1.73E~1) — 4.7071E-2 (1.99E-3)

LIRCMOP14 6.2287E-2 (2.05E-3) — 2.6003E—1 (2.34E-1) - 4.7087E-2 (1.28E-3)
+/ =/ = 3/8/3 0/14/0

TABLE S-XV

STATISTICAL RESULTS OF HV OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE
PROPOSED EVEN SEARCH METHOD ON LYOS. THE BEST RESULT IN EACH ROW IS HIGHLIGHTED

Problem CMOESP1 CMOESP2 CMOES
LYOl 3.4548E~1 (4.87E4) — 3.4640E~1 (3.44E-4) + 3.4616E~1 (3.20E-4)
LYO2 5.6842E-1 (4.24B-3) = 44712E-1 (4.63E-2) — 5.6528E~1 (1.16E-2)
LYO3 8.5732E~1 (3.58E—4) — 8.5782E~1 (3.14E—4) = 8.5776E~1 (2.66E—4)
LYO4 5.5438E~1 (3.46E—4) — 5.5457E~1 (9.30E—4) = 5.5462E~1 (2.22E-4)
LYO5 5.7561E~1 (2.23E-2) + 5.7903E~1 (9.93E-3) = 5.6669E~1 (4.10E-2)
LYO6 8.5847E~1 (1.36E—4) = 8.5847E~1 (1.01E—4) = 8.5844E~1 (1.30E—4)
LYO7? 1.2078E~1 (4.39E-2) — 1.3837E-1 (5.69E-2) = 1.3868E~1 (4.83E-2)
LYOS 4.4612E-1 (1.19E~1) — 5.1104E~1 (9.29E-2) = 4.8481E-1 (1.21E-1)

=/~ 1/5/2 1/1/6

TABLE S-XVI

STATISTICAL RESULTS OF IGD+ OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE
PROPOSED EVEN SEARCH METHOD ON LYOS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Problem CMOESP1 CMOESP2 CMOES
LYOI 1.3545E-2 (1.18E-3) — 1.1220E-2 (8.95E—4) + 1.1832E-2 (8.43E—4)
LYO2 6.0071E-2 (1.376-2) = 4.5089E~1 (1.49E-1) — 7.0123E-2 (3.73E-2)
LYO3 1.0251E~1 (9.55E-3) — 9.0846E-2 (1.15E-2) = 9.1690E-2 (7.64E~3)
LYO4 6.6238E-2 (2.19E-2) — 4.5840E-2 (3.31E-2) = 4.9169E-2 (1.75E-2)
LYO5 1.0115E~1 (2.28E~1) + 6.2288E-2 (7.34E-2) ~ 2.0129E-1 (4.41E~1)
LYO6 1.6726E-2 (7.29E—4) = 1.6812E-2 (5.10E—4) = 1.6813E-2 (6.89E—4)
LYO7 1.6270E+1 (2.91E+0) — 1.5116E+1 (3.80E+0) = 1.5153E+1 (3.21E+0)
LYOS 1.1067E+0 (1.26E+0) — 4.3830E~1 (9.95E~1) = 7.4180E-1 (1.29E+0)

+/-/=

1/5/2

1/1/6




TABLE S-XVII

STATISTICAL RESULTS OF HV OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE
PROPOSED EVEN SEARCH METHOD ON MWS. THE BEST RESULT IN EACH ROW IS HIGHLIGHTED

Problem CMOESPI CMOESP2 CMOES
MW1 4.9005E~1 (4.10E-5) ~ 4.8970E-1 (2.01E-3) ~ 4.9005E~1 (4.49E-5)
MW2 5.6628E—1 (1.28E-2) + 5.6526E—1 (1.17E-2) + 5.5442E-1 (1.47E-2)
MW3 5.4440E~1 (3.22E—4) = 5.4424E-1 (5.50E—4) = 5.4429E-1 (7.06E~4)
MW4 8.4122E-1 (4.59E—4) = 8.4084E—1 (5.66E—4) — 8.4117E-1 (5.66E—4)
MWS5 3.2417E-1 (5.34E—4) = 3.2290E-1 (4.45E-3) = 3.2434E-1 (2.37E-4)
MW6 3.1251E-1 (1.54E-2) + 3.1505E~1 (9.86E-3) + 3.0216E-1 (1.22E-2)
MW7 4.1245E~1 (4.59E—4) + 4.1225E~1 (4.82E-4) = 4.1206E~1 (5.30E—4)
MWS8 5.3787E~1 (1.22E-2) + 5.3734E~1 (9.78E-3) + 5.2543E-1 (2.86E-2)
MW9 3.9816E~1 (1.82E-3) = 3.9519E~1 (3.00E-3) — 3.9875E~1 (2.40E-3)
MW10 4.3591E~1 (1.38E-2) + 43121E-1 (1.55E-2) = 4.2378E~1 (2.19E-2)
MWI11 44721E~1 (1.43E-3) — 4.4781E~1 (1.61E—4) + 4.4769E~1 (2.18E~4)
MW12 6.0470E~1 (1.89E—4) — 5.8499E—1 (1.10E-1) — 6.0497E~1 (1.94E—4)
MW13 4.5691E~1 (1.54E-2) + 4.5722E~1 (1.17E-2) + 4.4442F~1 (2.51E-2)
MW14 4.7318E~1 (1.55E-3) = 4.7152E~1 (1.57E-3) — 4.7222F~1 (2.26E-3)
)=/~ 6/2/6 5/4/5

TABLE S-XVIII

STATISTICAL RESULTS OF IGD+ OBTAINED BY CMOES AND ITS VARIANTS FOR ABLATION STUDIES ON THE EFFECTIVENESS OF THE
PROPOSED EVEN SEARCH METHOD ON MWS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Problem CMOESP1 CMOESP2 CMOES
MW1 1.1601E-3 (1.49E-5) = 1.2861E-3 (6.41E—4) = 1.1601E-3 (2.10E-5)
MW2 1.2030E-2 (7.55E-3) + 1.2474E-2 (6.76E~3) + 1.9621E-2 (9.37E-3)
MW3 2.9231E-3 (2.05E-4) = 3.0087E-3 (3.16E—4) = 2.9912E-3 (4.19E—4)
MW4 2.9399E-2 (3.13E-4) = 2.9677E-2 (4.96E—4) = 2.9529E-2 (3.91E~4)
MWS5 1.0216E-3 (1.05E-3) = 2.3876E-3 (4.60E-3) = 6.8107E—4 (4.50E—4)
MW6 1.2761E-2 (1.13E-2) + 1.0854E-2 (7.21E-3) + 2.0342E-2 (9.00E-3)
MW7 1.9382E-3 (2.06E—4) + 2.0038E-3 (2.10E—4) = 2.1215E-3 (2.66E~4)
MWS8 2.6585E-2 (6.96E~3) + 2.6939E-2 (5.41E-3) + 3.3714E-2 (1.60E-2)
MW9 3.0973E-3 (2.23E—4) - 3.5236E-3 (9.58E—4) — 2.9111E-3 (3.75E-4)
MW10 1.6662E~2 (1.34E-2) + 2.1432E-2 (1.57E-2) = 3.0534E-2 (2.46E-2)
MW11 2.6356E-3 (1.45E—4) = 2.4597E-3 (1.48E—4) + 2.5839E-3 (1.48E—4)
MW12 3.0352E-3 (1.18E—4) — 2.6964E-2 (1.33E~1) — 2.8734E-3 (1.01E-4)
MW13 2.6379E-2 (2.00E~2) + 2.5544E-2 (1.42E-2) + 4.4284E-2 (4.19E-2)
MW14 6.4892E-2 (2.22E-3) ~ 6.7092E-2 (2.51E-3) — 6.575TE-2 (3.36E-3)

+/-/ =~

6/2/6

5/3/6
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TABLE S-XXVII

STATISTICAL RESULTS OF HV AND IGD+ OBTAINED BY CMOES AND CONSTRAINT RELAXATION-BASED CMOEAS ON
BENCHMARK PROBLEMS. THE BEST RESULT IN EACH ROW 1S HIGHLIGHTED

Indicator HV IGD+
Problem DPPPS PPTA CMOES DPPPS PPTA CMOES
DASCMOP1 1.3611E-1 (8.37E-2) — 1.9420E—1 (3.64E-2)— | 2.1165E-1 (5.03E-4)  2.5262E-1 (2.85E-1)— 6.4897E-2 (1.27E-1)= | 2.4430E-3 (1.31E—4)
DASCMOP2  3.4401E-1(2.48E-2)= |3.5498E-1 (8.18E—5) +  3.5455E-1 (1.25E-4)  2.1552E-2 (3.98E-2)= 3.7697E-3 (1.44E—4)+  4.1126E-3 (1.69E—4)
DASCMOP3  2.2655E-1 (3.44E-2)— 2.1247E—1(1.89E-2)—  3.1148E-1 (4.01E-4)  1.5860E-1(6.07E-2)— 1.8674E-1 (3.57E-2)— | 6.0116E—3 (3.48E—4)
DASCMOP4 1.9717E-1 (4.63E-3) — 1.9997E-1 (4.21E-3) - | 2.0370E-1 (1.55E-3)  3.0566E-3 (1.31E-3)— 1.6184E-3 (9.09E-4)— | 7.5728E—4 (3.21E—4)
DASCMOPS5  3.4930E-1 (2.99E-3) — 3.5104E-1(2.24E-4)—  3.5141E-1 (1.40E—4)  3.8829E-3 (3.78E-3) — 2.3339E-3 (1.76E-4) — = 1.8832E-3 (1.14E—4)
DASCMOP6  3.1071E-1 (4.19E-3) + 3.0282E-1 (1.46E-2)—  3.0781E-1 (1.22E-2)  6.8687E-3 (4.34E-3) + 1.5993E-2 (2.00E-2)—  1.0814E-2 (1.72E-2)
DASCMOP7  2.8470E-1 (7.68E—4) — 2.8680E—1 (6.50E-4) — = 2.8765E—1 (4.71E-4)  3.5334E-2(3.32E-3)—  2.6532E-2 (1.46E-3) — = 2.4628E-2 (8.49E—4)
DASCMOP8  2.0434E-1 (8.44E-4)—  2.0530E-1(8.52E-4)— = 2.0660E—1 (4.09E—4)  2.3565E-2 (1.56E-3)— 2.0922E-2 (1.59E-3)— | 1.8734E-2 (6.85E—4)
DASCMOP9 1.6702E—1 (2.28E-2) —  1.7988E-1 (3.25E-2) — | 2.0350E-1 (5.36E—4)  1.1802E-1(7.31E-2)— 9.0061E-2 (9.89E-2) — | 2.3415E—2 (9.81E—4)
+—/= 17711 1/8/0 1/7/1 1/71
LIRCMOP1 2.1692E-1 (1.86E-2) + 2.2742E-1 (1.14E-2) +  2.0189E-1 (1.87E-2)  3.3406E-2 (2.81E-2)+ 2.1713E-2 (2.15E-2) +  5.5760E-2 (3.33E-2)
LIRCMOP2 3.4224E-1 (1.88E-2) + 3.5484E-1 (5.58E-3) +  3.3046E-1(1.37E-2)  2.2951E-2(1.56E-2)+ 1.2097E-2 (7.18E-3)+  3.6954E-2 (1.52E-2)
LIRCMOP3 1.8667E-1 (1.84E-2) + 1.9624E—-1 (1.28E-2) +  1.7226E-1 (1.59E-2)  4.0726E-2 (4.05E-2) + 1.9270E-2 (2.35E-2) +  6.4610E-2 (3.82E-2)
LIRCMOP4 2.8040E-1 (2.56E-2) = 2.9650E—1 (2.44E-2) +  2.7422E-1 (1.94E-2)  4.8043E-2 (3.37E-2)= 2.8364E-2 (3.45E-2) + 5.4773E-2 (2.67E-2)
LIRCMOP5 2.7705E-1 (1.99E-2) + 2.9086E—1 (6.40E—4) +  2.6883E—1 (2.89E-2)  2.1842E-2 (2.26E-2) + 6.2620E-3 (8.56E—4) + = 5.4460E-2 (7.82E-2)
LIRCMOP6 1.6681E—1 (1.49E-2) — 1.9001E-1 (8.61E-3) + = 1.7426E-1 (4.36E-2) 1.1012E-1 (5.60E-2) — 2.4023E-2 (2.56E-2) + = 8.7892E-2 (2.55E-1)
LIRCMOP7 2.5252E-1(9.00E-3) =  2.4946E—-1 (1.60E-2) — | 2.9359E-1 (3.44E—-4)  8.8722E-2 (2.24E-2)— 1.0058E-1 (3.57E-2) - | 7.2208E-3 (4.89E—4)
LIRCMOPS 2.4522E-1(9.75E-3)—  2.5277E-1 (2.50E-2)— | 2.8927E-1 (1.51E-2)  1.1872E-1 (3.53E-2)— 1.1047E-1 (7.66E-2) — | 1.6304E-2 (3.30E-2)
LIRCMOP9 42115E-1 (6.45E-2)= 3.9203E-1(7.22E-2)— | 4.4864E-1 (2.81E-2)  2.4519E-1 (1.15E-1)— 2.9995E-1(1.27E-1)— | 1.5964E-1 (2.86E-2)
LIRCMOP10  5.8035E-1 (7.86E-2) —  5.9806E—1 (8.95E-2) — = 6.9288E-1 (1.79E-2)  1.8848E—1 (1.10E-1)— 1.4804E-1 (1.07E-1)— | 2.6742E-2 (2.95E-2)
LIRCMOP11 6.5510E—1 (2.39E-2) —  6.0656E—1 (7.02E-2) — | 6.8237E-1 (9.71E-3)  5.8236E-2 (3.41E-2)— 1.2180E-1 (8.52E-2)— | 1.7171E-2 (1.45E-2)
LIRCMOPI12  5.5634E-1 (3.66E-2) —  5.6424E-1 (3.91E-2)=  5.7845E—1 (1.54E-2)  1.0943E-1 (5.21E-2)— 9.5221E-2 (6.08E-2)= | 7.6654E-2 (2.15E-2)
LIRCMOP13  5.4481E-1(2.89E-3)— 5.3056E—1 (3.64E-3) — | 5.5223E-1 (1.82E-3)  5.3419E-2 (2.56E-3) — 6.7902E-2 (3.61E-3) - | 4.7071E-2 (1.99E-3)
LIRCMOP14  54911E-1(1.54E-3)— 5.4140E-1 (2.96E-3)— | 5.5340E-1 (1.17E-3)  5.0804E-2 (1.59E-3)— 5.8145E-2 (3.15E-3)— | 4.7087E-2 (1.28E-3)
+—/= 4/8/2 6/7/1 4/9/1 6/7/1
LYOl 3.4512E-1 (1.78E-3) —  3.4555E—1 (4.47E-4)— | 3.4616E-1 (3.20E—4)  1.4415E-2 (4.37E-3)— 1.3296E-2 (1.18E-3)— | 1.1832E-2 (8.43E—4)
LYO2 5.5379E-1 (2.57E-2) — 5.4618E—1 (2.03E-2)— | 5.6528E-1 (1.16E-2)  1.0790E-1 (8.32E-2) —  1.3287E-1 (6.60E-2) — | 7.0123E-2 (3.73E-2)
LYO3 8.5579E—1 (1.28E-3) —  8.5730E—1 (9.30E-4)= | 8.5776E—1 (2.66E—4)  1.4024E-1(3.49E-2)— 1.0337E-1(2.61E-2)= | 9.1690E-2 (7.64E-3)
LYO4 5.5352E—1 (7.84E—4) —  5.5354E—1(9.22E-4) — | 5.5462E-1 (2.22E-4)  1.4233E-1(4.10E-2)— 1.2128E-1 (3.62E-2)— = 4.9169E-2 (1.75E-2)
LYOS NaN (NaN) NaN (NaN) 5.6669E—1 (4.10E-2) NaN (NaN) NaN (NaN) 2.0129E-1 (4.41E-1)
LYO6 7.9561E~1 (0.00E+0) = NaN (NaN) 8.5844E-1 (1.30E-4)  1.4010E-1 (0.00E+0) = NaN (NaN) 1.6813E-2 (6.89E—4)
LYO7 1.4080E—-1 (8.91E-3) = NaN (NaN) 1.3868E—1 (4.83E-2) 1.5254E+1 (3.48E-1) = NaN (NaN) 1.5153E+1 (3.21E+0)
LYOS8 NaN (NaN) NaN (NaN) 4.8481E—1 (1.21E-1) NaN (NaN) NaN (NaN) 7.4180E-1 (1.29E+0)
+—/= 0/4/2 0/3/1 0/4/2 0/3/1
MW1 4.8781E-1 (8.75E-3) = 4.8831E—1 (1.63E-3)— | 4.9005E-1 (4.49E-5) 2.2233E-3 (4.21E-3)— 2.1661E-3 (6.37E-4) - | 1.1601E-3 (2.10E-5)
MW2 5.6046E—-1 (1.51E-2)= 5.4627E-1 (2.19E-2)=  5.5442E-1(1.47E-2)  1.5794E-2 (9.44E-3)= 2.4905E-2 (1.54E-2)=  1.9621E-2 (9.37E-3)
MW3 5.4422E-1 (3.96E-4)=  5.4405E-1 (6.14E-4) —  5.4429E-1 (7.06E-4) 3.0114E-3 (2.32E-4)= 3.1108E-3 (3.90E-4)=  2.9912E-3 (4.19E-4)
MW4 8.3503E—1 (1.35E-3) —  8.2603E—1 (4.50E-3) — | 8.4117E-1 (5.66E—4)  3.4697E-2 (1.16E-3)— 4.2921E-2 (3.36E-3)— | 2.9529E-2 (3.91E—4)
MW5 3.2388E—1 (3.41E—4)—  3.1976E—1 (4.50E-3) — | 3.2434E-1 (2.37E-4)  1.3836E-3 (7.48E-4)— 6.9047E-3 (5.52E-3)— | 6.8107E—4 (4.50E—4)
MW6 3.1291E-1 (9.43E-3) + 2.9437E-1 (3.65E-2)=  3.0216E-1 (1.22E-2)  1.2363E-2 (6.94E-3) + 3.6811E-2 (8.40E-2)=  2.0342E-2 (9.00E-3)
MW7 4.1207E-1 (3.16E—4) = 4.1079E-1 (7.28E-4) —  4.1206E-1 (5.30E-4)  2.3374E-3 (1.51E-4)— 2.7618E-3 (3.21E-4)—  2.1215E-3 (2.66E—4)
MWS 5.3948E-1 (8.54E-3) + 5.1245E-1 (3.45E-2)—  52543E-1(2.86E-2)  2.6381E-2 (4.87E-3) + 3.9618E-2(1.96E-2)—  3.3714E-2 (1.60E-2)
MW9 3.9464E—1 (2.18E-3) —  3.9223E-1 (6.60E-3) — = 3.9875E-1 (2.40E-3)  5.5605E-3 (9.41E-4)— 5.4046E-3 (3.48E-3)—  2.9111E-3 (3.75E-4)
MW10 4.3458E—1 (1.16E-2) = 4.0309E—1 (5.26E-2)—  4.2378E-1(2.19E-2)  1.7401E-2 (1.05E-2) + 5.7779E-2 (8.55E-2)—  3.0534E-2 (2.46E-2)
MWI1 4.4737E-1 (2.13E-4) —  4.4742E-1 (1.80E-4) — | 4.4769E-1 (2.18E-4)  3.0714E-3 (1.23E-4)— 3.2659E-3 (1.61E-4)—  2.5839E-3 (1.48E—4)
MWI12 6.0283E—1 (7.86E—4) —  6.0221E—1 (7.64E-3) — | 6.0497E-1 (1.94E—4)  4.3557E-3 (6.61E-4)— 4.6708E-3 (4.94E-3)— | 2.8734E-3 (1.01E—4)
MWI13 4.6187E-1 (1.11E-2) + 4.4052E-1 (3.23E-2)=  4.4442E-1 (2.51E-2)  1.9955E-2 (1.31E-2) + 5.1292E-2 (5.55E-2)=  4.4284E-2 (4.19E-2)
MW14 4.6763E-1 (4.02E-3)— 4.6427E—1 (3.87E-3)— | 4.7222E-1 (2.26E-3)  7.3879E-2 (5.79E-3)— 7.4970E-2 (3.32E-3) - | 6.5757E-2 (3.36E-3)

+i~/ =

3/7/4

0/11/3

4/8/2

0/10/4
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