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Abstract 

Evolutionary algorithms (EAs) are a kind of population-based heuristic algorithms, 

which can be used to solve some complex optimization problems. The properties of 

EAs include parallel computing, globality, robustness, and nonlinear solvability. EAs 

are generally applied to complex numeric optimization problems and engineering 

application optimization problems, which have attracted a lot of attention of experts 

and scholars at home and abroad. In general, constrained evolutionary algorithms 

(CEAs) can be regarded as a kind of EAs, which apply different constraint-handling 

techniques to solve constrained optimization problems (COPs). According to the 

number of optimized objectives, COPs can be classified into constrained single-

objective optimization problems (CSOPs), constrained multi-objective optimization 

problems (CMOPs) and constrained many-objective optimization problems (CMaOPs). 

This paper focused on the study of CSOPs and CMOPs, and it proposes three EA-based 

constraint handing techniques benchmarks and real-world engineering application, 

which are detailed as follows:  

1) The paper proposes an improved version of  constraint handing technique 

IEpsilon, which are embedded in the framework of the adaptive differential 

evolution(DE) algorithm LSHADE44, to solve CSOPs. Based on the rules of  

constraint handing technique, the IEpsilon can adjust the value of   adaptively 

according to the proportion of feasible solutions in the current generation during the 

evolutionary process. The experimental results show that LSHADE44 outperforms 

LSHADE44 and LSHADE-Epsilon which is combined with the original  method on 

CEC2017 benchmarks and two real-world engineering optimization problems. 

2) The paper proposes an angle-based constrained domination principle (ACDP), 

which is applied to the framework of the multi-objective optimization evolutionary 

algorithm MOEA/D, to solve CMOPs. The principle uses the angle information of 

solutions to maintain the diversity of the population and enhance the convergence of 

the population. The experimental results manifest that the MOEA/D with ACDP 
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outperform 4 other classical constrained multi-objective optimization evolutionary 

algorithms on the LIR-CMOP benchmarks and an I-beam optimization problem. 

 

Keywords: evolutionary algorithm, single-objective optimization, multi-objective 

optimization, constraint-handling technique 
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̔ № ׆ ҉ ̆ᵖ ᴨ

ҹ ᴨ ̆ ԅ ₱ ̆ ⱴ

̆ ⱴԅ ̆ ≢ ᴆ ≢ ̆

ⱴ Ȃ̓̀ № ԍ ҍ № ̆

Ȃ 

CDP ᵬҹ ̆

ᴨ ̆ ѿ └ȂSR

ѿ ҉ ԅ CDP Ҥ ᴆ̆ ԅ Ҭ

Ҍ ̆ ‗ѿ֓ ᴨ ̆ ⱴ Ȃ 

1.3 Ӏ Ὺ  

Һ ̆ ᴨ ̆№

≢ ̆ ױ ⌠ ‰ ᶛ

ҬȂ ñ ᾧ ò ̂No Free Lunch Theorem, NFL̃[38]̆ Ҍᴪ

ԍ Ȃ ̆ץ Ҭ

̆ ̆ ᵞ ѿ ̆ ꜛ

ԍ Ȃ ԍ ̆ ᴨ

₮ѿ ̆ ╠ ’ ṿ Ȃ

ᴨ ̆ Ḥ ᶛ ₮

̆ ̆ Ҍ ̆ⱴ ԅ

Ȃ ̆ ₮ ֓ ԍ ᴨ

Ȃ 

Һ Ҋ̔ 

ѿ №Ȃ №Һ ׃ ԅ ̆ ԅ

ӈ̆ ׃ ԅ ӈ ̆ ׃ ԅ

ᴰ └ ԍ └Ȃ 

ԋ ׃ ԅѿ ԍ ‗ ᴨ DE ðð

LSHADE44[39]Ȃ ᾢ DE Ạ ̆ ׃ ԅѿ ԍ ⱳ
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└ DE LSHADE[40]̆ ץ ץ

ⱳ └ ̆ ꜚ Ҋѿף └ ̆

ףף ⱴ̆ ⁞ ׆̆ ⱴ ף ף ̆

Ȃ ׃ ԅLSHADE LSHADE44̆ LSHADE

҉ ᶫԅ ֟ └ ̆ ѿ ԅ Ҍ

Ȃ ҹҊѿ ԍ LSHADE44ң └ ᶫ

ԅ Ȃ 

҈ ₮ԅѿ ԍLSHADE44҉ └IEpsilon̆

₮ LSHADE44-IEpsilonLSHADE44̆LSHADE44-Epsilon

CEC2017 [41]ңҩ ᴨ Ȃ

LSHADE44-IEpsilonᴨԍ ң Ȃ 

׃ ̆Ῥ׃ ₃ ᵀ

ᵀ Ȃ ׃ ѿ ῖ ð ԍ№

ᴨ MOEA/D[43]Ȃ 

ԓ ₮ԅѿ ԍ MOEA/D ԍ ↕ ACDP̆

₮ MOEA/D-ACDPҍῒז ԍ№

LIR-CMOP ᴨ I ᴨ [44]҉ Ȃ

ԅACDP└ MOEA/Dᴨԍῒז ῖ Ȃ 

̆ ҍ Ȃ № Ạ ᵬ ԅ ̆

Ӟ Ҋ ץ ᵬ Ȃ 
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2   ⅎ LSHADE44 

ᶏ LSHADE44[39] ᴨ ̆ ׃ DE ῏

LSHADE44 Ȃ 

2.1 ⅎ  

DE 1995 StornPriceᾢ ₮[15]̆ ѿ ԍ ᴨ

Ȃҍῒז ᵌ̆DE ΐ ֜ ȁ ȁḱ ȁ

ᵬȂҌ D̆E ᶏ ₃ҩҩᵣ №Ḥ ᵬҹ ҩᵣ ꜚ ̆

ᶏ ҩᵣΐ ⱬȂ ᴨ ̆DE

ѿᶏ Ҋ ̔ 

 

῀̔ 

1̃ ΐᵣ ᴨ ץ ᴆȂ 

2̃ N̔ Ȃ 

₮̔ ᴨ bestx Ȃ 

1̔ ∆  

֟ ѿҩ Rῤ 1{ ,..., }NP x x= ̆ ҩ ₱ ᵀȂ 

2̔  

ԍ Pῤ ѿҩ , 1,...,ix i N= Ҋ ᵬ 

ã  ix ᵬ֟ iv Ȃ 

b̃ ix iv ֜ ᵬ֟ ̂Trial Vector̃ iy ɺ 

c̃ ̔ ( ) ( )iif y f x< ̆↕ iy ף Ҭ ix Ȃ 

3̔  

ᴆ ̆ ₮PҬ ᴨ bestx ̕ ↕ ⌠ 2Ȃ 
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҉ ̆DE ῒ Ȃ ᾢ DE ∆ ѿҩ

ҹN P̆ ѿ Ҭ̆ף Ҭ ҩҩᵣ , 1,...,ix i N=

ȁ֜ ᵬ̆֟ ѿҩ iy ̆ iy ṿ ԍ ix ̆↕ iy ף

ix ̆ ף ᴆ ҹ Ȃ 

DE ץ ̆DE Ḃ ԅᴧ ֲ ῐ ̆ ῒ

ז ̆DE ΐ Ҋץ [45]̔ 

1̃ ῒז ̆DE ғ Ȃ 

2̃ DE ҉ ΐ ̆ ₮Ҍ

̆ ̆ ̆ № ̆Ҍ № Ȃ 

3̃DE ̂ ῖ DE ҈ҩ ̔ F̆

֜ └ CR N Ȃ̃ 

4̃ ԍ ᴨ Ȃ 

DE ԍ ᴨ ҉̆ ᴪ ҉

ᴨ ῒ̆Ҭ 2017 ᴪ ̂IEEE Congress on Evolutionary Computation, 

CEC̃ ᴨ ҉̆DE LSHADE44ԅ  ´Ȃ

ԍ DE ΐ ᴨ ̆ Ḃ LSHADE44҉

└Ȃ 

2.1.1 ⅎ ᵲ  

2.1.1.1  

ῒז ̆DE ԍ Ȃ

ᶏ ԋҩ ҩᵣ҉ץ №Ḥ ᵬҹ ҩᵣ ꜚṿ̆֟ Ȃץ

Ҋ׃ ₃ ῖ DE : 

1̃DE/rand/1[46]: 

 
1 2 3, , , ,(+ )i G r G r G r Gv xF xx= Ö -   (2-1) 

2̃DE/best/1[46]: 

 
1 2, , , ,( )i G best G r G r GF xv x x= + Ö -   (2-2) 
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3̃DE/current-to-best/1[46]: 

 
1 2, , , , , ,( () )i G i G best G i G r G r Gx x xv FF xx= Ö+ - + -Ö   (2-3) 

4̃DE/current-to-pbest/1̂Ҍ Ã[47]: 

 
1 2, , , , , ,( ( ))i G i G pbest G i G r G r Gv F x xx x F x+ -Ö + Ö-=   (2-4) 

5̃DE/current-to-pbest/1̂ Ã[47]: 

 
1 4, , , , , ,( ( ))i G i G pbest G i G r G r Gv F x xx x F x+ -Ö + Ö-=   (2-5) 

6̃DE/randr1/1[48]: 

 
1 2 3, , ,* * * ,( )i G r G r G r Gxv xx F= Ö -+   (2-6) 

҉ץ Ҭ̆ ,i Gx ҹ ╠ GP Ҭ iҩҩᵣ̂ 1,2,...,i N= ̃̆ ҹ Ȃ ,best Gx

ҹ ╠ Ҭ ᴨҩᵣ̆ ,pbest Gx ҹ ╠ 100 %p ̆ ,i Gv

ᵬ ⌠ Ȃ 1r ̆ 2r 3r {1,2..., } \N iҬҌ ҈ҩ ̆
4 ,r Gx

1, ,,\ { }
ir G r GP A x xÇ Ҭ ѿҩҩᵣȂ

1 ,*r Gx ҩᵣ
1,r Gx ̆

2 ,r Gx
3,r Gx

Ҭ ̆
2 ,*r Gx

3 ,*r Gx ῒזңҩҩᵣȂ 

F ҹ ̆ ṿ‗ ԅ № ꜚ Ȃ

ѿҩ ẠץҊѿ ̔DE/a/bȂῒҬa

̆b № Ȃ 

2.1.1.2 ֢  

 DE ֟ , ,1, , ,( ,..., )i G i G i D Gv v v= ̆ ҍ

, ,1, , ,( ,..., )i G i G i D Gx x x= ֜ ᵬ ̆ ֟ , ,1, , ,( ,..., )i G i G i D Gy y y= Ȃ

╠ ң ֜ ᶏ ̔ 

1̃ԋ ֜ ̂Binomial Crossover, Biñ̔  

 
, ,

, ,

, ,

    rand (0,1)   i j G j rand

i j G

i j G

j j
y

x

v CR¢ëî
=

=
ì
îí

 

  ῒז ’
  (2-7) 

҉ Ҭ̆rand (0,1)j ҹ [0,1]ӊ ⌠ ṿ̆ randj ҹ [1, ]D ӊ ⌠

ṿȂ 
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2̃ ֜ ̂Exponential Crossover, Exp̃[49]̔ 

 
, ,

, ,

, ,

    1, ,...,i j G D D D

i j G

i j G

v l l
y

x

Lj là ð à + ð à + ðëî
=ì
îí

= 

  ῒז ’
  (2-8) 

҉ Ҭ̆ Dàð ѿҩ D ₱ Ȃ l ҹ [1, ]D ῤ ⌠ ̆ᵬҹ

Ȃ L [1, ]D ץ҉ 1( ) ( 0)v

rP L CR vv -= >² ⌠Ȃ 

 CR ҹ֜ └ ̆ ṿ 0⌠1ӊ Ȃ Bin Ҭ̆CR ᵬ

ҹҩᵣ֜ ᶏ Ȃ ≢ ̆ 1CR= ̆ ,, i Gi Gy v= Ȃ 

 ѿ DE ֜ ץ ҹѿ № ̆

ᵬץҊ D̔E/a/b/cȂɒ DE/rand/1/Binᶏ ԅDE/rand/1 Bin

֜ ѿ № Ȃ 

2.1.1.3 ḷ  

֜ ᵬ D̆E ץ ѿҩ , ,1, , ,( ,..., )i G i G i D Gy y y= Ȃ

ᵖ ҩ Ҍѿ ᴪ ̆ Ҍѿ Rῤ̆

ᶏ ḱ ḱ Ȃ [50]₮ѿ ḱ ̔ ԍ

, ,1, , ,( ,..., )i G i G i D Gy y y= ҉ ᴋ ѿᵝ , ,i j Gy ̆ , ,i j G jy L< ̆ ḱױ , ,i j G jy L= ̆

, ,i j G jy U> ̆ ḱױ , ,i j G jy U= Ȃ 

2.1.2 ⅎ  

2.1.1 D̆E Һ ҈ҩ F̆CR N ᶏ

№ ̆ ԍ ҩ ̆ ֲ DE Ạԅ ῏ Ȃ 

StornPrice∆ Fҹ 0.5̆CR 0.10.9̆N 5D⌠

10Dӊ [14]Ȃ [51] ̆ ₮F ҹ0.6̆CR 0.3⌠0.9ӊ

̆N 3D⌠8Dӊ Ȃ [52] F 0.4⌠ 0.95ӊ ̆CR ҹ 0.9̆

N 2D⌠4Dӊ ȂCoDE DE Ҭ ԅ F CR

[53]Ȃ [54]₮ԅѿ ᴨ Ḥ Ȃ [55]₮

ԅѿ DE/current-to-best/1 ̆ ⱬ ̆

ῃ ⱬȂ 
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֓ № ԅ DE ̆p ₮

̆ ≠ ⌠ Ҭ Ḥ

̆ ץ ‗Ҍ ̆ ׅ

Ȃ ԍ ’̆ DE └ ⌠ ֲ ῏

Ȃ [56]₮ FADE ̆ ᶏ ңף Ҭ Ḥ ᵬҹ └

׆̆῀ ֟ F CRȂjDE ѿץףѿ F CR

[57]Ȃ [47]₮ԅJADE ̆ ѿף ѿҩҩᵣ ֟ ѿ F CR̆

ץ ⱳ FȁCR Ȃ

[58]₮ԅ ѿ └ Success-History based Adaptive DE

̂SHADẼ ̆ ᶏ ѿҩ ⱳ Ḡ̆ ѿ ⱳ

FȁCR Ḥ Ȃ ҩᵣ ╠ S̆HADE

Ҭ Ḥ ̆ № № FȁCR ȂSHADE with 

Linear Population Size Reduction̂LSHADẼ SHADE [59]̆

SHADE ҉̆ ₱ ᵀ ̂Objective Function Evalutations, 

FEs̃ ⱴ̆ ⁞ NȂ 

LSHADE44LSHADE ѿ ̆ ₮ԅѿ № └

ץ № ׆̆ ԅ ‗Ҍ [39]Ȃ

Ҭ ῀ԅ Ҍ № ̆ ץ ⱳ ̆

№ ̆ ╠̆

№ Ȃ׆ LSHADE44└҉ ̆ ԍ҈ҩ DE

№ ץ Ҭ ̆ ץ DE Ҍ

ғҌ ̆ ץ LSHADE44ѿ DE Ȃ 

2.2 LSHADE44 

2.2.1 ԓ ꜗ  

҉ ̆DE Ҭ̆ ԍ PҬ ᴋ ѿҩҩᵣ

, 1,2,...ix i N= ̆ ѿ { iF  ,iCR }׆ Ȃ

LSHADE44Ҭ̆ iF iCR№≢ ҹH ⱳ FM CRM Ȃ 



                                     2   LSHADE44 

18 

 

iy ╠̆ ╠ FM CRM ̆ Fm CRm ᴪ

ҹ ∆ ṿ̆ ↕ ᴪ׆ Ҭ ѿ ṿ Fm CRm ᵬҹ

Fm CRm ̆ (2-9) (2-10) ̆ № № { iF  ,

iCR}Ȃ 

 randc ( ,0.1)i i FF m=   (2-9) 

 randn ( ,0.1)i i CRCR m=   (2-10) 

randc ( , )i m s ѿҩ ṿҹm̆ ҹs № ⌠ ṿ̆

randn ( , )i m s ѿҩ ṿҹ m̆ ҹs № ⌠ ṿȂ iF

iCR [0,1]ῤ̆ ץ iF iCR [0,1] ̆ (2-9) (2-10)ᴪ

ҹ Ȃ 

ѿ ף ̆ ҩᵣ ̆ FM CRM ᴪ Ữ

ѿ ṿ̆ΐᵣ Ҋ ̔ 

 

1̔ ╠∆ 0k= Ȃ 

2̔ ѿ ף ╠∆ ⌠ңҩ FS CRS Ȃ 

3̔ ╠ Ҭ̆ף ԍᴋ ѿҩҩᵣ ix ̆ iy ix ̆ iF  

iCR№≢ ῀ FS CRS ̆ (2-16) iy ҍ ix ṿȂ 

4̔ ף ̆ FS CRS ̆ ῀Ҋѿ ̆ף ⌠

2̆ ↕k ṿ ⱴ 1̆ k H> ̆↕ 1k=Ȃ 

5̔ (2-11)-(2-16) ₮ѿ ṿ Fm CRm ̆ №≢Ữ ⌠ FM

CRM kҩᵝ Ҭ̆ ῀Ҋѿ ̆ף ⌠ 2Ȃ 

 

 mean ( )F WL Fm S=   (2-11) 
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 mean ( )CR WA CRm S=   (2-12) 

 
1

2

22

1

1

| |

1

| |

1

2

me ( )an

F

F

t t

W

S

t

S

t

L F

t t

F

F

S

w

w

=

=

=

ä

ä
  (2-13) 

 
| |

1

mean ( )
CR

WA CR t

S

t

t

S CRw
=

=ä   (2-14) 

 

1

CR

t
t S

u

u

func

func

w

=

D

D

=

ä
  (2-15) 

 ( ) ( )| |tt tfunc func x func yD -=   (2-16) 

(1-1) (1-2)̆ ԍҩᵣ ix ̆ ( ) ( )i ix yf f= ғ ( ) ( )i if x f y> ̆ ( )funcÖҹ

₱ ( )f Ö̕ ( ) ( )i ix yf f> ̆ ( )funcÖҹ ₱ ( )fÖȂ 

2.2.2  

ҹԅ DE L̆SHADE44ԅѿ ⁞ └̂ Linear 

Population Size Reduction, LPSRȂ̃ └Ҋ̆ N Ὲ FEs

ⱴꜚ ⁞Ȃ 

 roun ](d[ )max max minN N N
Max

FEs

E
N

F s
--=   (2-17) 

Ҭ maxN ҹ∆ ̆ minN ҹ ̆MaxFEsҹ ᵀ Ȃ 

2.2.3 ⅎ ┼ 

ԍҌ ᴨ ̆DE № Ȃ

Ҭ Ҍ̆ ᴨ Ȃ ӎ ᾢ ԅ

’̆ ֲ ⌠ѿ № Ȃԍ ױ ץ DE Ҭ

№ ̆ Ҭ ⌠ Ḥ ̆

̆ Ҍ ̆ LSHADE44

Ҭ ₮ № └ȂLSHADE44ᶏ ԅ Ҍ № ̆ ԇ
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№ ѿ ̆ ԍ ҩҩᵣ , 1,2,...ix i N=

iy ѿ № ̆ ҩᵣ ⱳ ̆

̆ΐᵣ └ Ҋ ̔ 

 

1̔ ╠̆∆ K № ץ ṿ 1/lq K=

̂ 1,2,...,l K= Ȃ̃ 

2̔ ѿ № ⱳ ҩᵣ ̆ № Ὲ Ȃ 

 

 0

1

0( )

l
l

k

K

k

n
q

n n

n

=

+
=

+ä
  (2-18) 

ln l № ⱳ Ȃ 0 0n > ѿҩ ̆ Ὲ

Ҭ ץ ѿ֓Ẽ ⱳ Ȃҹԅ №

└Ҥ ̆ ѿҩ ṿd̆ ᴋ ѿҩ ᵞԍ

d ̆ № lq̂ 1,2,...,l K= ̃ ῒ ⱳ ln ᴪ

№≢ ҹ1/ K 0Ȃ 

2.2.4 LSHADE44 

LSHADE44 ԍ҉ ₃ └ DE ̆

ԅCDP ↕[34]‗ ᴨ ̆LSHADE44ΐᵣ

Ҋ ̔ 

 

῀̔ 

1̃ ΐᵣ ᴨ ץ ᴆȂ 

2̃ maxN ̆ minN ̔ ∆ Ȃ 

3̃ H̔ ⱳ Ȃ 
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4̃
0n ̆d̔ № └ Ȃ 

₮̔ ᴨ bestx Ȃ 

1̔ ∆  

ã  ∆ № 1/ 4lq = ̂ 1,2,3,4l = Ȃ̃ 

b̃ ∆ № ⱳ 0ln = ̂ 1,2,3,4l = Ȃ̃ 

c̃ ֟ ѿҩ Rῤ 1{ ,..., }NP x x= ̆ῒҬ maxN N= Ȃ 

d̃ ῤ ҩ ix ₱ ( )if x ῒ ṿ )( ixf ᵀȂ 

2̔  

ԍ Pῤ ѿҩ , 1,...,ix i N= Ҋ ᵬ 

ã  lq ̂ 1,2,3,4l = ̃ l ҩ № Ȃ 

b̃ ⱳ FM iCR֟ iF iCR  

c̃ ix № ֟ iy Ȃ 

d̃ ( ( ) ( ( ) ( ))) ( ( ) ( ))i i i i i if x fx y y x yf f f f= Ø Ù >> ↕ 

1̃ iy ף Ҭ ix Ȃ 

2̃ 1l ln n= +̆ Ὲ (2-18) , 1,2,3,4sq s= Ȃ 

3̃ iF iC ̆ Ὲ (2-16) iy ҍ ix ṿȂ 

3̔  

Ὲ (2-17) NȂ 

4̔ ⱳ  

Ὲ (2-11)-(2-16) FM CRM Ȃ 

5̔   

ᴆ ̆ ₮PҬ ᴨ bestx ̕ ↕ ⌠ 2Ȃ 

 



                                     2   LSHADE44 

22 

 

2.3  

 Һ ׃ ԅѿ DE LSHADE44̓͂ ̆№≢ ԅ

DE ῏ LSHADE44ΐᵣ Ȃ ᾢ̆ ׃ ԅ

Ҭ ῖ DE D̆E № ̂

ȁ֜ ̃ ῒ҈ҩ N̆F CRȂῒ ԅDE

҉ ̆ ׃ ԅѿ DE

LSHADE44 └ ΐᵣ Ȃΐᵣ L̆SHADE44 DE

҉̆ ԅꜚ ȁ └ № ̆ ѿ ΐ

DE Ȃ ҹDE ΐ

ᴨ ̆ ‗ ᴨ Ҭ ₮ ̆Ҋ ԍ LSHADE44

ᴨ └ Ȃ 
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3   ԓ Epsilon ┼

LSHADE44  

₮ѿ └̂Improve Epsilon constraint-handling 

method, IEpsiloñ ̆ ῒ ⌠ LSHADE44 Ҭ̆ ₮ѿ

LSHADE44-IEpsilon̆ ῒ ⌠ ᴨ Ҭ̆ LSHADE44

ԅ └ LSHADE44 Ȃ 

3.1 LSHADE44-IEpsilon  

3.1.1 Epsilon ┼ 

╠ 1.3.2.4 Ҭ ⌠ԅ └ ѿ ῖ №

└̆ ѿ ׃ └Ȃ 

ѿ ᴨ ᴨ ̆ ѿҩ ṿ ̆ (3-1)Ҭᴋ

ѿ ᴆ ̆ ץ ҹҩᵣ 1x Ҋᴨԍ 2x ̆ Ạ 21<x x Ȃ 

 

2

2 2

1 1 1

1 1 1

1

2

2

( ) ( ) ( ), ( )

( )

    

    ( ) ( ) ( )

      ( ) ( )

  

  

ῒז ’

f f

f f

f f

ë < ¢
îî

< Ú < =ì
î

<îí

x x x x

x x x x x x

x x

f f

f f   (3-1) 

ץ ѿ ̆ ץ ṿ ̆↕

ⱴ Ȃ └ ’ҊḠ ԅ № ṿ

ԍ Ҍ ׆̆ ̆ ץ ⱴ ̆ ᾧ ῀

ῃ ᴨȂp ṿҌ Ӟ̆Ҍ ῃף Ḡ ԍ 0 ṿ̆

ҹ ̆ ԅ ̆p Ҍ≠ԍ

̆ ԅ └ ∆ ̔ ⌠ѿҩ Ȃ ץ

└Ҭ №Ȃ 

└ Ҭ̆ ṿ ף ⱴ ⁞ ̆

ѿ ῤḠ ṿȂ ╠ ̆ └ ץ

̆ ף ̆ ̆ ⁞ ⌠
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0̆ ᵣ Ȃ 

[60] ₮ԅΐᵣ Ȃ∆ Ὲ (3-2) ∆ ṿ̆

ῒҬ qx ҹ∆ Ҭ q ṿ ҩᵣȂ ף kף ̆ ( )k

ṿ Ὲ (3-3) Ȃ 

 (0) ( )qf= x   (3-2) 

 
  

0        

( 1)(1 )
( )

ë
- - <î

=ì
î ²í

cp

c

c

c

FEs
k FEs T

Tk

FEs T

  (3-3) 

ῒҬ FEsҹ ╠ ₱ ᵀ ̆ cT ҹ ₱ ᵀ ̆

(0)( 5 log ) / log(0.05)= - -cp Ȃ 

3.1.2 Epsilon ┼IEpsilon 

└ ṿ̆ ꜚץ Ȃᵖ

ṿ ף ⱴ ⁞ ̆ ᾟ№ ≠ ╠ Ҭ

Ḥ Ȃ ᶛ ̆ ṿᴪ ⌠ ̕

ᶛ ̆ ⱴ ṿ ץ ̆ ≠ԍ

ᴨ׆ ⌠ῃ ᴨ Ȃ ץ ѿ ץ ╠ ᶛ

̆ ץ ≠ └ ᴨלȂ 

₮ԅѿ └ IEpsilon̆ ╠ kף

ᶛ kr ̆ ( )k ṿȂ 

 

0

( 1)(1

  

      

  

) and
( )

(1 ) and  

  0

  

 

cp

k c

c

max k c

c

k

FEs
k r FEs T

Tk

r FEs T

FEs T

qf

a

t f a

=ë
î
î - - < <î
=ì
î + ² <
î

²îí

  (3-4) 

ῒҬFEsҹ ╠ ₱ ᵀ ̆ cT ҹ ₱ ᵀ ̆ cp

t f̆max ṿ ă ∞ ᶛ ṿȂ

ᶛ ԍa ̆ ᴪ ҹ ╠Ḡ ԅ ̆ ץ ⱴ ̆
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ⱴ Ҍ ῤ ᴪȂ ̆ ᶛ ԍa ̆ ᴪ ҹ

╠ ̆ ⁞ ᶏ ԍ Ȃ 

3.1.3 ҩ Epsilon ┼ LSHADE44 

ң Epsilon └̔ └ IEpsilon └ ԍ

LSHADE44 ̆ ץ ⌠ң LSHADE44-

Epsilon LSHADE44-IEpsilonȂ ң ΐ ᵌ ѿ ̆

ΐᵣ Ҋ Ȃ 

LSHADE44-Epsilon / LSHADE44-IEpsilon ̔ 

 

῀̔ 

1̃ ΐᵣ ᴨ ץ ᴆȂ 

2̃ LSHADE44̔ maxN ̆ minN ̆H̆ 0n ̆dȂ 

3̃ └ ̔ cT ̆q / IEpsilon└ ̔ cT ̆q̆ăcpȂ 

₮̔ ᴨ bestx Ȃ 

1̔ ∆  

1̃ ∆ № 1/ 4lq = ̂ 1,2,3,4l = Ȃ̃ 

2̃ ∆ № ⱳ 0ln = ̂ 1,2,3,4l = Ȃ̃ 

3̃ ֟ ѿҩ Rῤ 1{ ,..., }NP x x= ̆ῒҬ maxN N= Ȃ 

4̃ ῤ ҩ ix ₱ ( )if x ῒ ṿ )( ixf ᵀȂ 

5̃ ∆ ( )qf= x Ȃ 

2̔  

ԍ Pῤ ѿҩ , 1,...,ix i N= Ҋ ᵬ 

1̃ lq ̂ 1,2,3,4l = ̃ l ҩ № Ȃ 

2̃ ⱳ FM iCR֟ iF iCRȂ  
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3̃ ix № ֟
iy Ȃ 

4̃ (max(0, ( ) ) max(0, ( ( )) ) ( ))f f- = - Ø >i ii ix x f yy f   

(max(0, ( ) ) max(0, ( ) ))f f- > -i ix y ↕ 

a. 
iy ף Ҭ ix Ȃ 

b. 1l ln n= +̆ Ὲ (2-18) , 1,2,3,4sq s= Ȃ 

c. iF iC ̆ Ὲ (2-16) iy ҍ ix ṿȂ 

3̔  

Ὲ (2-17) NȂ 

4̔ ⱳ  

Ὲ (2-11)-(2-16) FM CRM Ȃ 

5̔ ṿ 

Ὲ (3-3) / (3-4) ṿȂ 

6̔   

ᴆ ̆ ₮PҬ ᴨ bestx ̕ ↕ ⌠ 2Ȃ 

 

3.2  

ԍ ᴨ ңҩ ᴨ

₮ LSHADE44-IEpsilonLSHADE44LSHADE44-Epsilon№≢

25 ̆ ױ Ȃ 

3.2.1 ᴮ  

2017̆IEEE ᴪ ̂Congress on Evolutionary Computation, CEC̃

Ὲ ԅ 28ҩ ᴨ ₱ C01-C28 ̂Ҋ

CEC2017 ̃[41]Ȃ ֓ ΐᵣ ₱ ᴆ ԍ

IҬ̆ ѿ Ҍ ᴆ̆ ҩ

₱ ᴆ ԅ № /Ҍ № / Ȃ
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CEC2017 ᶫԅҌ ̆ 10,30,50,100D= ῍

Ȃ ̆ ԍ D̆ ₱ ᵀ

20000D Ả Ȃ 

3.2.2 ᴮ  

ҹԅ ѿ ₮ LSHADE44-IEpsilon ̆ ױ

ңҩ ῖ ᴨ ̔ ⱬ ᴨ ᶷ ₯ Ȃ

ңҩ ᴨ ̆ ѿ LSHADE44-IEpsilon

ᴨ Ȃ 

3.2.2.1 Ⱶ ᴮ  

 3-1 ̆ѿҩ ⱬ ῒ ҉ѿҩ ̆ ᶏ

₮ ̆ ⱬ ᴨ [61]Ȃ ҩ Ҭ ᴨ

sT ̆ hT ̆̓̀ ῤ R ⱬ

№ L̆ ‗ ҹ 1 2 3 4[ , ] [, , , , ],T T

s hx x x Tx x T R L= = Ȃ 

 

3-1  ⱬ ᴨ  

ⱬ ᴨ ΐᵣ Ҋ ̔ 

 

2 2 2

1

2

2 3

3

4

min imize   ( ) 0.6224 1.7781 19.84

subject to   ( ) 0

                  ( ) 0

4
                

3

 

.1661

0.0193

0.009

 ( ) 1728 0
3

                  

54

750

(

s h hs

s

h

f x T RL T R L T R

g x

g x T

g x R L R

g

T

T R

R

x

p p

+

=- +

= + +

¢

=- ¢+

= -- + ³ ¢

) 240 0

 

L

ë
î
î
î
î
ì
î

- ¢í =

î
î
î

  (3-5) 



                     3   Epsilon LSHADE44  

28 

 

ῒҬ 0.0625 99 0.061 5, 2s hTT³ ¢ ¢ ³ ̆10 200R¢ ¢ ̆10 240L¢ ¢ Ȃ 

3.2.2.2 ʑ  

 3-2 ԅ ᶷ ᾝ ̆ [62]Ҭᶏ ԅ

ԅ ᾝ Ȃ ҩ Ҭ̆ ᴨ

̆ ᴨ ԅῤҬ ̂ 1x ȁ̃ⱴ Ҭ

̂ 2x ȁ̃ ̂ 3x ȁ̃ ̂ 4x ȁ̃ ̂ 5x ȁ̃

̂ 6x ȁ̃ ̂ 7x ȁ̃ῤᶷҬ ̂ 8x ȁ̃ ̂ 9x ȁ̃

̂ 10x ̃ ₯ᵝ ̂ 11x Ȃ̃ 

ᶷ ΐᵣ Ҋ ̔ 

Minimize  ( )f x Weight=   (3-6) 

Subject to 

 1( ) 1axg F= ¢  (3-7) 

 2( ) 0.32ux VCg = ¢   (3-8) 

 3( ) 0.32mx VCg = ¢   (3-9) 

 4( ) 0.32lx VCg = ¢   (3-10) 

 5( ) 32xg ur=D ¢  (3-11) 

 6( ) 32xg mr=D ¢  (3-12) 

 7( ) 32xg lr=D ¢  (3-13) 

 8( ) 4pxg F= ¢  (3-14) 

 9( ) 9.9MBPg x V= ¢   (3-15) 

 10( ) 15.7FDx Vg = ¢   (3-16) 
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3-2  ᶷ ᾝ  

̆҉ ΐᵣ ӈ Ҋ [63]Ȃ 

 
1 2 3 4 5

6 7

1.98 4.9 6.67 6.98 4.01 1.78

0.00001 2.73

Weight x x x x x

x x

= + + + + +

+ +
   (3-17) 

 2 4 2 10 3 9 6 101.16 0.3717 0.00931 0.484 0.01343a x xF xx x x x x= - - - +   (3-18) 

 
1 2 1 8 2 7 3 5

5 10 6 9 8 11 10 11

0.261 0.0159 0.188 0.019 0.0144

0.0008757 0.001390.08045 0.00001575

u x x xVC x x x x

x x

x

x x x xx x

= - - - +

+ ++ +
  (3-19) 

 

5 1 8 1 9 2 6

2 7 3 8 3 9 5 6 5 10

2

6 10 8 11 9 10 2

0.214 0.00817 0.131 0.0704 0.03099

0.018 0.0208 0.121 0.00364 0.0007715

0.0005354 0.00121 0.00184 -0.018

mVC x x x x x

x x x x x

x x

x x

x x x x

xx

x

x x x

= + - - +

- + + - +

- + +

  (3-20) 

 
2 3 8 3 10 7 8

2

2

0.74 0.061 0.163 0.001232 0.166

0.227

lVC x x xx xxx

x

= - - + -

+
  (3-21) 

 
3 1 2 5 10 6 9 7 8

9 10

4.2 0.0207 6.63 7.7

0

28.98 3.

. 2

818

3

x xur x x x x x

x

x x

x

- + + -

+

D = +
  (3-22) 

 
3 10 1 2 2 8 5 10

7 8 8 9

0.1792 5.057 11 0.0215

9.98 2

33.86 2.9

2

5mr x x x x

x

x x x x

x x x

+ - - -

- +

D = +
  (3-23) 

 2 1 8 3 1046.36 9.9 12.9 0.1107lr x x x x xD = - - +   (3-24) 

 
4 2 3 4 10 6 10

2

11

4.72 0.5 0.0122 0.009325

0

0

.000191

.19p x x x xF x x x

x

= - +

+

--
  (3-25) 
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1 2 2 8 3 10 4 10

6 10

10.58 0.674 1.95 0.02054 0.0198

0.028

MBPV x x x xx x x

x

x

x

= - - + -

+
  (3-26) 

 
3 7 5 6 9 10 9 11

2

11

0.843 0.0432 0.0556

0.000786

16.45 0.489FDV x x xx x

x

x x x- + -

-

= -
  (3-27) 

ῒҬ ṿ Ҋ ̔ 1 3 4 10 110.5 ,, , , 1.5x x x xx¢ ¢ ̆ 20. 5 .354 1x¢ ¢ ̆

50.87 6255 2.x¢ ¢ ̆ 6 7,0.4 1.2x x¢ ¢ ̆ 8 9, {0.192,0.345}x x Í Ȃ 

3.2.3 ᵆ  

3.2.3.1  

LSHADE44-IEpsilonLSHADE44 LSHADE44-Epsilonΐᵣ Ҋ

̔ 

1̃ ̔ 10maxN D= ̆ 5minN = Ȃ 

2̃ ⱳ ̔ 10H = Ȃ 

3̃ № └̔ № DE/current-to-pbest/1/Bin̕

DE/current-to-pbest/1/ExpD̕E/randr1/1/BinD̕E/randr1/1/Exp̆ 0 2n = ̆ 0.05d= Ȃ 

4̃DE/current-to-pbest/1̔ 0.2p= Ȃ 

5̃IEpsilon̔ 0.5a= ̆ 0.1t= Ȃ 

6̃ ᵀ ̔CEC2017 20000MaxFEs D= ̆ 250MaxFEs D= Ȃ 

7̃ῒז ̔ 20%q= ̆ 0.8c M sT axFE= Ȃ 

3.2.3.2 ᴂ  

[41]̆ ңҩ ̆ ᶏץ Ҋңץ

̔ 

1̃ ԍ ṿ  

a. ᾢ ⌠ ᶛ ̕ 

b. Ῥ ṿ ̕ 

c. ₱ ṿ Ȃ 
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2̃ ԍҬᵝ  

a. ᾢ Ҭᵝ ̕ 

b. ңҩ Ҭᵝ ױ ₱ ṿ ̕ 

c. ңҩҌ Ҭᵝ ױ ṿ Ȃ 

3.2.4 ⅎ  

3.2.4.1 CEC2017  

 ԍ CEC2017 Ҭ 28ҩ C01-C28̆ LSHADE44-

IepsilonLSHADE44LSHADE44-Epsilon25 ᴨ ̆

↓ԍ 3-1⌠ 3-8ҬȂ ҩ Ҭ̆ómeanô ₱ ṿ̆SR

25 ⌠ ᶛ̆óvioô ṿ̆ómedianôҬ

ṿ ₱ ṿ ó̆vôҬᵝ ṿȂ ԍ ṿ Ҭṿ ң

̆ ԍ LSHADE44-IEpsilonҍῒזң ’

↓ԍ 3-9 3-10ҬȂῒҬ ó+ôȁó-ô ó=ô№≢

LSHADE44-IEpsilonȁ Ҍ Ҍ Ȃ 

3-9 3-10 ̆ 2 Ҍ L̆SHADE44-

IEpsilon ̂ 10,30,50,100D= ҉̃

LSHADE44LSHADE44-EpsilonȂ ԅ LSHADE44-IEpsilon

CEC2017 ҉ 2017CEC  ´ LSHADE44

ᴨ ̆ Ӟ ԅ └IEpsilon‗ ᴨ

└ Ȃ 

3-1  LSHADE44-IEpsilonῒזң C01-C14҉ ᴨ ̂ 10D= ̃ 

  mean SR vio median v 

C01 

LSHADE44-IEps 1.327E+01 100% 0.000E+00 3.787E-29 0.000E+00 

LSHADE44 3.220E+00 100% 0.000E+00 7.889E-29 0.000E+00 

LSHADE44-Eps 1.227E+00 100% 0.000E+00 2.524E-29 0.000E+00 

C02 

LSHADE44-IEps 1.472E-01 100% 0.000E+00 4.418E-29 0.000E+00 

LSHADE44 2.147E+00 100% 0.000E+00 7.573E-29 0.000E+00 

LSHADE44-Eps 3.873E-02 100% 0.000E+00 9.151E-29 0.000E+00 

C03 
LSHADE44-IEps 1.612E+02 100% 0.000E+00 9.260E+01 0.000E+00 

LSHADE44 1.030E+05 84% 1.267E-04 7.451E+04 0.000E+00 
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LSHADE44-Eps 5.153E+02 100% 0.000E+00 2.652E+02 0.000E+00 

C04 

LSHADE44-IEps 2.730E+01 100% 0.000E+00 2.721E+01 0.000E+00 

LSHADE44 4.179E+01 100% 0.000E+00 4.078E+01 0.000E+00 

LSHADE44-Eps 2.870E+01 100% 0.000E+00 2.595E+01 0.000E+00 

C05 

LSHADE44-IEps 7.495E-01 100% 0.000E+00 2.194E-12 0.000E+00 

LSHADE44 7.881E-01 100% 0.000E+00 6.372E-08 0.000E+00 

LSHADE44-Eps 5.153E-01 100% 0.000E+00 1.900E-20 0.000E+00 

C06 

LSHADE44-IEps 4.230E+01 16% 2.482E-01 2.000E+00 2.805E-01 

LSHADE44 9.958E+02 24% 2.757E-01 5.692E+02 1.713E-01 

LSHADE44-Eps 4.618E+01 28% 2.785E-01 2.000E+00 2.805E-01 

C07 

LSHADE44-IEps -3.053E+02 84% 1.427E+01 -3.139E+02 0.000E+00 

LSHADE44 2.001E+01 96% 5.011E-04 4.763E+01 0.000E+00 

LSHADE44-Eps -2.488E+02 88% 7.692E+00 -2.539E+02 0.000E+00 

C08 

LSHADE44-IEps -1.347E-03 100% 0.000E+00 -1.348E-03 0.000E+00 

LSHADE44 4.016E-02 96% 4.181E-02 -1.348E-03 0.000E+00 

LSHADE44-Eps 1.899E-02 96% 1.025E-02 -1.348E-03 0.000E+00 

C09 

LSHADE44-IEps -4.975E-03 100% 0.000E+00 -4.975E-03 0.000E+00 

LSHADE44 1.077E+00 100% 0.000E+00 -4.975E-03 0.000E+00 

LSHADE44-Eps -4.975E-03 100% 0.000E+00 -4.975E-03 0.000E+00 

C10 

LSHADE44-IEps -5.096E-04 100% 0.000E+00 -5.096E-04 0.000E+00 

LSHADE44 -4.631E-04 100% 0.000E+00 -5.096E-04 0.000E+00 

LSHADE44-Eps 3.836E-02 96% 3.593E-01 -5.096E-04 0.000E+00 

C11 

LSHADE44-IEps -3.481E+02 40% 7.466E+02 -5.920E+02 6.913E+02 

LSHADE44 2.372E+01 52% 4.438E+01 1.632E-02 0.000E+00 

LSHADE44-Eps -2.598E+02 32% 3.883E+02 -1.973E+00 4.454E-08 

C12 

LSHADE44-IEps 4.348E+00 100% 0.000E+00 3.992E+00 0.000E+00 

LSHADE44 8.363E+00 96% 2.628E-02 3.988E+00 0.000E+00 

LSHADE44-Eps 1.294E+01 96% 1.464E+00 4.111E+00 0.000E+00 

C13 

LSHADE44-IEps 2.662E+00 100% 0.000E+00 2.050E-26 0.000E+00 

LSHADE44 6.891E+00 100% 0.000E+00 1.394E-13 0.000E+00 

LSHADE44-Eps 1.059E+04 96% 5.635E-01 2.189E-12 0.000E+00 

C14 

LSHADE44-IEps 3.825E+00 76% 2.924E+01 2.629E+00 0.000E+00 

LSHADE44 3.418E+00 100% 0.000E+00 3.449E+00 0.000E+00 

LSHADE44-Eps 4.220E+00 88% 2.976E+01 3.554E+00 0.000E+00 

3-2  LSHADE44-IEpsilonῒזң C15-C28҉ ᴨ ̂ 10D= ̃ 

  mean SR vio median v 

C15 

LSHADE44-IEps 4.492E+00 84% 5.168E-05 2.356E+00 0.000E+00 

LSHADE44 1.857E+01 56% 4.671E-04 2.121E+01 0.000E+00 

LSHADE44-Eps 7.131E+00 84% 4.276E-05 5.498E+00 0.000E+00 

C16 

LSHADE44-IEps 6.283E-02 100% 0.000E+00 0.000E+00 0.000E+00 

LSHADE44 6.673E+01 96% 1.482E-06 6.911E+01 0.000E+00 

LSHADE44-Eps 6.472E+00 100% 0.000E+00 6.283E+00 0.000E+00 
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C17 

LSHADE44-IEps 1.997E-01 0 5.220E+00 1.040E-01 5.500E+00 

LSHADE44 9.560E-01 0 5.500E+00 1.014E+00 5.500E+00 

LSHADE44-Eps 6.211E-01 0 5.460E+00 6.085E-01 5.500E+00 

C18 

LSHADE44-IEps 1.246E+02 56% 2.165E+01 4.794E+01 0.000E+00 

LSHADE44 5.280E+02 88% 2.608E+02 3.722E+01 0.000E+00 

LSHADE44-Eps 5.414E+01 84% 1.495E+02 3.660E+01 0.000E+00 

C19 

LSHADE44-IEps 3.345E+00 0 6.636E+03 3.049E-01 6.634E+03 

LSHADE44 7.971E-01 0 6.634E+03 0.000E+00 6.634E+03 

LSHADE44-Eps 1.137E+00 0 6.635E+03 0.000E+00 6.634E+03 

C20 

LSHADE44-IEps 9.138E-01 100% 0.000E+00 9.054E-01 0.000E+00 

LSHADE44 1.143E+00 100% 0.000E+00 1.205E+00 0.000E+00 

LSHADE44-Eps 8.512E-01 100% 0.000E+00 8.808E-01 0.000E+00 

C21 

LSHADE44-IEps 1.203E+01 100% 0.000E+00 4.329E+00 0.000E+00 

LSHADE44 7.626E+00 100% 0.000E+00 3.988E+00 0.000E+00 

LSHADE44-Eps 5.239E+00 100% 0.000E+00 3.988E+00 0.000E+00 

C22 

LSHADE44-IEps 4.397E+03 96% 1.790E-01 7.200E-11 0.000E+00 

LSHADE44 2.572E+05 84% 6.190E+00 3.987E+00 0.000E+00 

LSHADE44-Eps 1.151E+05 92% 4.264E+00 3.987E+00 0.000E+00 

C23 

LSHADE44-IEps 2.565E+00 100% 0.000E+00 2.629E+00 0.000E+00 

LSHADE44 3.496E+00 100% 0.000E+00 3.507E+00 0.000E+00 

LSHADE44-Eps 3.351E+00 96% 4.965E-01 3.388E+00 0.000E+00 

C24 

LSHADE44-IEps 3.613E+00 84% 7.552E-05 2.356E+00 0.000E+00 

LSHADE44 1.756E+01 96% 1.847E-07 1.806E+01 0.000E+00 

LSHADE44-Eps 6.503E+00 100% 0.000E+00 5.498E+00 0.000E+00 

C25 

LSHADE44-IEps 6.786E+00 100% 0.000E+00 6.283E+00 0.000E+00 

LSHADE44 7.219E+01 100% 0.000E+00 7.540E+01 0.000E+00 

LSHADE44-Eps 2.400E+01 100% 0.000E+00 1.885E+01 0.000E+00 

C26 

LSHADE44-IEps 2.435E-01 0 5.380E+00 2.529E-01 5.500E+00 

LSHADE44 1.012E+00 0 5.460E+00 8.645E-01 5.500E+00 

LSHADE44-Eps 9.170E-01 0 2.251E+01 1.010E+00 5.500E+00 

C27 

LSHADE44-IEps 7.715E+01 68% 6.471E+03 3.660E+01 0.000E+00 

LSHADE44 4.274E+03 68% 8.890E+04 3.852E+01 0.000E+00 

LSHADE44-Eps 3.889E+01 100% 0.000E+00 3.661E+01 0.000E+00 

C28 

LSHADE44-IEps 3.716E+01 0 6.657E+03 1.914E+01 6.658E+03 

LSHADE44 3.555E+01 0 6.658E+03 3.597E+01 6.659E+03 

LSHADE44-Eps 3.421E+01 0 6.658E+03 3.413E+01 6.659E+03 

3-3  LSHADE44-IEpsilonῒזң C01-C14҉ ᴨ ̂ 30D= ̃ 

  mean SR vio median v 

C01 

LSHADE44-IEps 2.970E+02 100% 0.000E+00 2.497E-12 0.000E+00 

LSHADE44 4.662E+02 100% 0.000E+00 5.596E-09 0.000E+00 

LSHADE44-Eps 4.348E+02 100% 0.000E+00 4.313E-08 0.000E+00 

C02 LSHADE44-IEps 1.478E+01 100% 0.000E+00 7.623E-08 0.000E+00 
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LSHADE44 8.297E-01 100% 0.000E+00 4.706E-11 0.000E+00 

LSHADE44-Eps 5.933E+01 100% 0.000E+00 8.061E-08 0.000E+00 

C03 

LSHADE44-IEps 1.377E+04 100% 0.000E+00 1.148E+04 0.000E+00 

LSHADE44 1.219E+06 80% 1.342E-04 1.388E+06 0.000E+00 

LSHADE44-Eps 2.216E+04 96% 2.952E-05 2.228E+04 0.000E+00 

C04 

LSHADE44-IEps 1.498E+02 100% 0.000E+00 1.460E+02 0.000E+00 

LSHADE44 1.741E+02 100% 0.000E+00 1.666E+02 0.000E+00 

LSHADE44-Eps 1.539E+02 100% 0.000E+00 1.499E+02 0.000E+00 

C05 

LSHADE44-IEps 3.725E+00 100% 0.000E+00 3.346E-03 0.000E+00 

LSHADE44 1.024E+01 100% 0.000E+00 1.089E-02 0.000E+00 

LSHADE44-Eps 7.260E+00 100% 0.000E+00 2.008E+00 0.000E+00 

C06 

LSHADE44-IEps 3.151E+02 88% 1.022E-02 3.240E+02 0.000E+00 

LSHADE44 4.872E+03 88% 5.715E-02 4.904E+03 0.000E+00 

LSHADE44-Eps 4.116E+02 100% 0.000E+00 4.202E+02 0.000E+00 

C07 

LSHADE44-IEps -4.305E+02 32% 1.813E+02 -4.581E+02 1.810E+02 

LSHADE44 3.030E-01 92% 1.163E+01 -2.015E+00 0.000E+00 

LSHADE44-Eps -2.057E+02 92% 2.405E+01 -1.678E+02 0.000E+00 

C08 

LSHADE44-IEps 3.606E-01 96% 8.091E-01 6.886E-04 0.000E+00 

LSHADE44 2.841E+00 84% 5.666E+01 8.111E-04 0.000E+00 

LSHADE44-Eps 9.285E-01 96% 5.379E+00 6.362E-04 0.000E+00 

C09 

LSHADE44-IEps 1.570E-01 100% 0.000E+00 -2.666E-03 0.000E+00 

LSHADE44 1.088E+00 96% 1.156E-02 -2.666E-03 0.000E+00 

LSHADE44-Eps 2.718E-01 100% 0.000E+00 -2.666E-03 0.000E+00 

C10 

LSHADE44-IEps 1.334E-04 100% 0.000E+00 5.431E-05 0.000E+00 

LSHADE44 2.138E+00 88% 1.571E+02 1.656E-04 0.000E+00 

LSHADE44-Eps 2.141E-02 96% 1.874E-02 6.816E-05 0.000E+00 

C11 

LSHADE44-IEps -1.464E+03 0 4.238E+02 -1.816E+03 2.019E+02 

LSHADE44 -9.707E+01 4% 4.629E+01 1.696E+02 1.827E+00 

LSHADE44-Eps -1.147E+03 0 4.472E+02 -9.718E+02 1.288E+02 

C12 

LSHADE44-IEps 2.162E+01 80% 2.652E+00 1.574E+01 0.000E+00 

LSHADE44 1.150E+01 100% 0.000E+00 9.775E+00 0.000E+00 

LSHADE44-Eps 1.140E+01 100% 0.000E+00 9.775E+00 0.000E+00 

C13 

LSHADE44-IEps 4.951E+05 72% 1.246E+01 2.755E+02 0.000E+00 

LSHADE44 7.738E+05 56% 1.974E+01 3.976E+04 0.000E+00 

LSHADE44-Eps 8.164E+04 48% 7.144E+00 6.433E+04 1.450E-01 

C14 

LSHADE44-IEps 1.624E+01 16% 8.988E+03 1.944E+01 7.952E+03 

LSHADE44 2.037E+00 100% 0.000E+00 2.159E+00 0.000E+00 

LSHADE44-Eps 3.467E+00 92% 8.233E+02 2.165E+00 0.000E+00 

3-4  LSHADE44-IEpsilonῒזң C15-C28҉ ᴨ ̂ 30D= ̃ 

  mean SR vio median v 

C15 
LSHADE44-IEps 1.367E+01 96% 2.781E-06 1.178E+01 0.000E+00 

LSHADE44 2.171E+01 80% 8.093E-05 2.121E+01 0.000E+00 
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LSHADE44-Eps 1.618E+01 80% 8.926E-05 1.492E+01 0.000E+00 

C16 

LSHADE44-IEps 9.110E+00 100% 0.000E+00 6.283E+00 0.000E+00 

LSHADE44 2.135E+02 96% 8.981E-07 2.262E+02 0.000E+00 

LSHADE44-Eps 9.199E+01 100% 0.000E+00 8.325E+01 0.000E+00 

C17 

LSHADE44-IEps 7.716E-01 0 1.550E+01 6.082E-01 1.550E+01 

LSHADE44 1.026E+00 0 1.550E+01 1.029E+00 1.550E+01 

LSHADE44-Eps 1.023E+00 0 1.550E+01 1.030E+00 1.550E+01 

C18 

LSHADE44-IEps 8.197E+02 8% 4.595E+03 2.261E+02 1.082E+03 

LSHADE44 1.443E+02 84% 5.302E+00 3.822E+01 0.000E+00 

LSHADE44-Eps 6.787E+01 88% 8.575E-01 4.053E+01 0.000E+00 

C19 

LSHADE44-IEps 7.365E+00 0 2.139E+04 2.913E+00 2.138E+04 

LSHADE44 1.017E+01 0 2.139E+04 8.666E+00 2.139E+04 

LSHADE44-Eps 6.674E+00 0 2.138E+04 1.034E+00 2.138E+04 

C20 

LSHADE44-IEps 4.544E+00 100% 0.000E+00 4.557E+00 0.000E+00 

LSHADE44 5.399E+00 100% 0.000E+00 5.520E+00 0.000E+00 

LSHADE44-Eps 4.254E+00 100% 0.000E+00 4.341E+00 0.000E+00 

C21 

LSHADE44-IEps 9.090E+00 100% 0.000E+00 9.776E+00 0.000E+00 

LSHADE44 1.161E+01 100% 0.000E+00 9.795E+00 0.000E+00 

LSHADE44-Eps 1.119E+01 100% 0.000E+00 9.775E+00 0.000E+00 

C22 

LSHADE44-IEps 1.730E+06 20% 9.729E+01 2.494E+05 3.224E+01 

LSHADE44 5.335E+06 4% 1.283E+02 6.748E+05 6.834E+01 

LSHADE44-Eps 2.978E+06 12% 1.200E+02 7.929E+05 8.757E+01 

C23 

LSHADE44-IEps 2.327E+00 96% 9.670E+01 1.564E+00 0.000E+00 

LSHADE44 1.968E+00 100% 0.000E+00 2.088E+00 0.000E+00 

LSHADE44-Eps 1.950E+00 100% 0.000E+00 2.100E+00 0.000E+00 

C24 

LSHADE44-IEps 1.400E+01 96% 1.292E+02 1.178E+01 0.000E+00 

LSHADE44 2.058E+01 100% 0.000E+00 2.121E+01 0.000E+00 

LSHADE44-Eps 1.970E+01 100% 0.000E+00 1.806E+01 0.000E+00 

C25 

LSHADE44-IEps 9.946E+01 100% 0.000E+00 1.005E+02 0.000E+00 

LSHADE44 2.185E+02 100% 0.000E+00 2.199E+02 0.000E+00 

LSHADE44-Eps 1.954E+02 100% 0.000E+00 1.948E+02 0.000E+00 

C26 

LSHADE44-IEps 9.366E-01 0 1.931E+01 1.024E+00 1.550E+01 

LSHADE44 1.025E+00 0 1.550E+01 1.030E+00 1.550E+01 

LSHADE44-Eps 1.031E+00 0 3.001E+01 1.029E+00 1.550E+01 

C27 

LSHADE44-IEps 2.784E+02 44% 1.094E+04 7.118E+01 8.854E+00 

LSHADE44 8.443E+02 44% 2.439E+02 3.643E+01 6.784E-05 

LSHADE44-Eps 3.039E+02 64% 5.183E+02 5.299E+01 0.000E+00 

C28 

LSHADE44-IEps 1.682E+02 0 2.149E+04 1.666E+02 2.149E+04 

LSHADE44 1.652E+02 0 2.149E+04 1.588E+02 2.149E+04 

LSHADE44-Eps 1.648E+02 0 2.149E+04 1.506E+02 2.149E+04 

3-5  LSHADE44-IEpsilonῒזң C01-C14҉ ᴨ ̂ 50D= ̃ 

  mean SR vio median v 
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C01 

LSHADE44-IEps 6.887E+02 100% 0.000E+00 2.806E-01 0.000E+00 

LSHADE44 8.110E+02 100% 0.000E+00 4.574E-01 0.000E+00 

LSHADE44-Eps 1.904E+02 100% 0.000E+00 1.407E-01 0.000E+00 

C02 

LSHADE44-IEps 1.637E+03 100% 0.000E+00 5.727E-02 0.000E+00 

LSHADE44 2.237E+02 100% 0.000E+00 6.158E-03 0.000E+00 

LSHADE44-Eps 6.703E+02 100% 0.000E+00 2.177E-01 0.000E+00 

C03 

LSHADE44-IEps 3.385E+04 100% 0.000E+00 3.653E+04 0.000E+00 

LSHADE44 8.700E+06 76% 4.263E-05 1.744E+07 0.000E+00 

LSHADE44-Eps 8.162E+04 100% 0.000E+00 7.514E+04 0.000E+00 

C04 

LSHADE44-IEps 2.867E+02 100% 0.000E+00 2.863E+02 0.000E+00 

LSHADE44 3.173E+02 100% 0.000E+00 3.085E+02 0.000E+00 

LSHADE44-Eps 2.906E+02 100% 0.000E+00 2.904E+02 0.000E+00 

C05 

LSHADE44-IEps 1.142E+01 100% 0.000E+00 7.457E+00 0.000E+00 

LSHADE44 2.040E+01 100% 0.000E+00 1.722E+01 0.000E+00 

LSHADE44-Eps 1.370E+01 100% 0.000E+00 4.174E+00 0.000E+00 

C06 

LSHADE44-IEps 6.703E+02 96% 1.003E-02 6.371E+02 0.000E+00 

LSHADE44 8.254E+03 88% 1.970E-02 8.305E+03 0.000E+00 

LSHADE44-Eps 1.142E+03 96% 1.830E-04 1.040E+03 0.000E+00 

C07 

LSHADE44-IEps -5.038E+02 44% 2.281E+02 -5.233E+02 1.508E+02 

LSHADE44 -8.224E+01 72% 4.071E+01 -9.311E+00 0.000E+00 

LSHADE44-Eps -6.883E+01 76% 4.022E+01 2.733E+01 0.000E+00 

C08 

LSHADE44-IEps 4.121E-02 60% 5.264E-03 4.202E-03 0.000E+00 

LSHADE44 3.381E+00 52% 1.080E+02 5.131E-03 0.000E+00 

LSHADE44-Eps 1.455E-01 68% 8.685E-02 3.099E-03 0.000E+00 

C09 

LSHADE44-IEps 1.762E-01 100% 0.000E+00 -1.620E-03 0.000E+00 

LSHADE44 1.314E+00 100% 0.000E+00 -1.973E-03 0.000E+00 

LSHADE44-Eps 4.660E-01 96% 1.280E-02 -1.564E-03 0.000E+00 

C10 

LSHADE44-IEps 5.850E-04 100% 0.000E+00 5.471E-04 0.000E+00 

LSHADE44 3.164E+00 84% 1.115E+03 7.338E-04 0.000E+00 

LSHADE44-Eps 5.070E-01 92% 1.866E+02 6.067E-04 0.000E+00 

C11 

LSHADE44-IEps -3.291E+03 0 5.250E+02 -3.012E+03 3.763E+02 

LSHADE44 4.435E+00 0 1.171E+02 -1.873E+01 9.304E-01 

LSHADE44-Eps -1.821E+03 0 2.400E+02 -1.650E+03 7.250E+01 

C12 

LSHADE44-IEps 1.448E+01 84% 6.794E-01 1.460E+01 0.000E+00 

LSHADE44 1.951E+01 100% 0.000E+00 1.794E+01 0.000E+00 

LSHADE44-Eps 1.799E+01 100% 0.000E+00 1.794E+01 0.000E+00 

C13 

LSHADE44-IEps 4.902E+05 16% 4.488E+01 1.839E+05 2.769E+01 

LSHADE44 7.514E+05 4% 6.497E+01 3.092E+05 4.462E+01 

LSHADE44-Eps 1.071E+06 12% 5.884E+01 4.219E+05 5.554E+01 

C14 

LSHADE44-IEps 1.495E+01 24% 1.679E+04 1.959E+01 1.527E+04 

LSHADE44 1.515E+00 100% 0.000E+00 1.586E+00 0.000E+00 

LSHADE44-Eps 2.236E+00 96% 8.751E+02 1.498E+00 0.000E+00 
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3-6  LSHADE44-IEpsilonῒזң C15-C28҉ ᴨ ̂ 50D= ̃ 

  mean SR vio median v 

C15 

LSHADE44-IEps 1.643E+01 96% 1.209E-05 1.492E+01 0.000E+00 

LSHADE44 2.648E+01 80% 2.495E-05 2.435E+01 0.000E+00 

LSHADE44-Eps 2.271E+01 92% 9.110E-06 2.121E+01 0.000E+00 

C16 

LSHADE44-IEps 4.028E+01 100% 0.000E+00 1.885E+01 0.000E+00 

LSHADE44 3.549E+02 100% 0.000E+00 3.644E+02 0.000E+00 

LSHADE44-Eps 2.395E+02 100% 0.000E+00 2.262E+02 0.000E+00 

C17 

LSHADE44-IEps 9.923E-01 0 2.550E+01 8.710E-01 2.550E+01 

LSHADE44 1.048E+00 0 2.550E+01 1.050E+00 2.550E+01 

LSHADE44-Eps 1.049E+00 0 2.550E+01 1.050E+00 2.550E+01 

C18 

LSHADE44-IEps 1.165E+03 16% 4.094E+03 1.225E+02 5.844E+02 

LSHADE44 8.927E+01 84% 9.211E-01 3.822E+01 0.000E+00 

LSHADE44-Eps 4.448E+01 92% 8.478E-01 3.723E+01 0.000E+00 

C19 

LSHADE44-IEps 1.517E+01 0 3.614E+04 5.537E+00 3.613E+04 

LSHADE44 1.242E+01 0 3.613E+04 1.592E+01 3.613E+04 

LSHADE44-Eps 1.218E+01 0 3.613E+04 9.250E+00 3.613E+04 

C20 

LSHADE44-IEps 9.107E+00 100% 0.000E+00 9.009E+00 0.000E+00 

LSHADE44 1.074E+01 100% 0.000E+00 1.093E+01 0.000E+00 

LSHADE44-Eps 8.376E+00 100% 0.000E+00 8.281E+00 0.000E+00 

C21 

LSHADE44-IEps 3.623E+01 96% 2.269E+00 7.076E+00 0.000E+00 

LSHADE44 1.478E+01 100% 0.000E+00 1.462E+01 0.000E+00 

LSHADE44-Eps 9.935E+00 100% 0.000E+00 7.075E+00 0.000E+00 

C22 

LSHADE44-IEps 4.046E+06 0 2.105E+02 1.733E+06 1.373E+02 

LSHADE44 3.980E+06 0 2.005E+02 1.591E+06 1.668E+02 

LSHADE44-Eps 1.629E+06 4% 1.270E+02 6.637E+05 9.435E+01 

C23 

LSHADE44-IEps 1.191E+00 100% 0.000E+00 1.130E+00 0.000E+00 

LSHADE44 1.349E+00 100% 0.000E+00 1.308E+00 0.000E+00 

LSHADE44-Eps 1.386E+00 100% 0.000E+00 1.321E+00 0.000E+00 

C24 

LSHADE44-IEps 1.681E+01 100% 0.000E+00 1.806E+01 0.000E+00 

LSHADE44 2.108E+01 100% 0.000E+00 2.121E+01 0.000E+00 

LSHADE44-Eps 2.171E+01 100% 0.000E+00 2.121E+01 0.000E+00 

C25 

LSHADE44-IEps 1.859E+02 100% 0.000E+00 1.759E+02 0.000E+00 

LSHADE44 3.599E+02 100% 0.000E+00 3.581E+02 0.000E+00 

LSHADE44-Eps 3.637E+02 100% 0.000E+00 3.707E+02 0.000E+00 

C26 

LSHADE44-IEps 1.041E+00 0 2.550E+01 1.050E+00 2.550E+01 

LSHADE44 1.048E+00 0 2.550E+01 1.050E+00 2.550E+01 

LSHADE44-Eps 1.049E+00 0 2.550E+01 1.050E+00 2.550E+01 

C27 

LSHADE44-IEps 2.512E+02 44% 4.684E+03 3.419E+01 5.166E-03 

LSHADE44 5.912E+02 20% 9.248E+01 3.367E+01 7.762E-03 

LSHADE44-Eps 9.136E+01 32% 3.288E+01 3.517E+01 1.853E-03 

C28 LSHADE44-IEps 2.863E+02 0 3.632E+04 2.575E+02 3.632E+04 
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LSHADE44 2.784E+02 0 3.632E+04 2.743E+02 3.632E+04 

LSHADE44-Eps 2.868E+02 0 3.632E+04 2.775E+02 3.632E+04 

3-7  LSHADE44-IEpsilonῒזң C01-C14҉ ᴨ ̂ 100D= ̃ 

  mean SR vio median v 

C01 

LSHADE44-IEps 3.355E+03 100% 0.000E+00 1.409E+03 0.000E+00 

LSHADE44 6.273E+03 100% 0.000E+00 9.014E+02 0.000E+00 

LSHADE44-Eps 3.626E+03 100% 0.000E+00 2.274E+03 0.000E+00 

C02 

LSHADE44-IEps 1.528E+03 100% 0.000E+00 7.409E+02 0.000E+00 

LSHADE44 5.088E+02 100% 0.000E+00 3.178E+02 0.000E+00 

LSHADE44-Eps 9.367E+02 100% 0.000E+00 4.671E+02 0.000E+00 

C03 

LSHADE44-IEps 1.488E+05 100% 0.000E+00 1.402E+05 0.000E+00 

LSHADE44 2.036E+07 96% 3.046E-06 1.089E+07 0.000E+00 

LSHADE44-Eps 3.262E+05 100% 0.000E+00 3.152E+05 0.000E+00 

C04 

LSHADE44-IEps 5.965E+02 100% 0.000E+00 5.962E+02 0.000E+00 

LSHADE44 6.464E+02 100% 0.000E+00 6.467E+02 0.000E+00 

LSHADE44-Eps 5.904E+02 100% 0.000E+00 5.836E+02 0.000E+00 

C05 

LSHADE44-IEps 6.867E+01 100% 0.000E+00 6.751E+01 0.000E+00 

LSHADE44 6.984E+01 100% 0.000E+00 6.788E+01 0.000E+00 

LSHADE44-Eps 7.654E+01 100% 0.000E+00 6.904E+01 0.000E+00 

C06 

LSHADE44-IEps 1.821E+03 100% 0.000E+00 1.814E+03 0.000E+00 

LSHADE44 1.625E+04 96% 7.662E-04 1.589E+04 0.000E+00 

LSHADE44-Eps 3.512E+03 100% 0.000E+00 3.453E+03 0.000E+00 

C07 

LSHADE44-IEps -4.959E+02 28% 7.135E+02 -2.900E+02 6.653E+02 

LSHADE44 4.681E+01 56% 1.530E+02 2.772E+02 0.000E+00 

LSHADE44-Eps -1.388E+02 56% 1.900E+02 2.568E+01 0.000E+00 

C08 

LSHADE44-IEps 9.544E+00 0 1.367E+02 6.130E+00 4.443E+01 

LSHADE44 1.604E+01 0 5.456E+02 1.009E+01 1.006E+02 

LSHADE44-Eps 1.289E+01 0 3.610E+02 9.060E+00 5.220E+01 

C09 

LSHADE44-IEps 5.218E+00 96% 1.271E-02 4.021E+00 0.000E+00 

LSHADE44 6.183E+00 96% 1.271E-02 4.528E+00 0.000E+00 

LSHADE44-Eps 7.536E+00 88% 3.814E-02 4.330E+00 0.000E+00 

C10 

LSHADE44-IEps 8.346E-01 0 1.254E+01 2.579E-01 1.905E+00 

LSHADE44 6.096E-01 0 1.245E+01 1.619E-01 5.182E-01 

LSHADE44-Eps 3.632E-01 0 1.928E+00 6.760E-01 8.299E-01 

C11 

LSHADE44-IEps -7.775E+03 0 6.843E+02 -7.630E+03 5.073E+02 

LSHADE44 2.576E+01 0 2.805E+01 -2.964E+02 7.397E+00 

LSHADE44-Eps -2.803E+03 0 7.428E+01 -2.503E+03 3.714E+01 

C12 

LSHADE44-IEps 1.338E+01 100% 0.000E+00 9.999E+00 0.000E+00 

LSHADE44 1.697E+01 100% 0.000E+00 1.886E+01 0.000E+00 

LSHADE44-Eps 1.829E+01 100% 0.000E+00 1.886E+01 0.000E+00 

C13 
LSHADE44-IEps 3.228E+06 0 2.212E+02 2.301E+06 2.059E+02 

LSHADE44 2.064E+06 0 1.668E+02 7.911E+05 1.434E+02 
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LSHADE44-Eps 3.016E+06 0 2.224E+02 1.335E+06 1.982E+02 

C14 

LSHADE44-IEps 9.468E+00 52% 1.872E+04 9.176E-01 0.000E+00 

LSHADE44 9.740E-01 100% 0.000E+00 1.008E+00 0.000E+00 

LSHADE44-Eps 9.342E-01 100% 0.000E+00 9.243E-01 0.000E+00 

3-8  LSHADE44-IEpsilonῒזң C15-C28҉ ᴨ ̂ 100D= ̃ 

  mean SR vio median v 

C15 

LSHADE44-IEps 2.435E+01 100% 0.000E+00 2.121E+01 0.000E+00 

LSHADE44 2.623E+01 96% 8.225E-06 2.435E+01 0.000E+00 

LSHADE44-Eps 2.875E+01 96% 3.596E-05 2.749E+01 0.000E+00 

C16 

LSHADE44-IEps 1.947E+02 100% 0.000E+00 1.948E+02 0.000E+00 

LSHADE44 7.016E+02 100% 0.000E+00 7.100E+02 0.000E+00 

LSHADE44-Eps 6.825E+02 100% 0.000E+00 6.990E+02 0.000E+00 

C17 

LSHADE44-IEps 1.097E+00 0 5.050E+01 1.100E+00 5.050E+01 

LSHADE44 1.098E+00 0 5.050E+01 1.100E+00 5.050E+01 

LSHADE44-Eps 1.092E+00 0 5.050E+01 1.100E+00 5.050E+01 

C18 

LSHADE44-IEps 9.438E+01 48% 2.577E+01 3.597E+01 3.887E-04 

LSHADE44 5.918E+01 68% 3.390E+00 4.896E+01 0.000E+00 

LSHADE44-Eps 6.648E+01 76% 5.080E+00 4.746E+01 0.000E+00 

C19 

LSHADE44-IEps 2.797E+01 0 7.300E+04 2.513E+01 7.300E+04 

LSHADE44 2.792E+01 0 7.300E+04 2.203E+01 7.300E+04 

LSHADE44-Eps 3.212E+01 0 7.301E+04 3.285E+01 7.301E+04 

C20 

LSHADE44-IEps 2.233E+01 100% 0.000E+00 2.235E+01 0.000E+00 

LSHADE44 2.584E+01 100% 0.000E+00 2.602E+01 0.000E+00 

LSHADE44-Eps 2.059E+01 100% 0.000E+00 2.008E+01 0.000E+00 

C21 

LSHADE44-IEps 7.713E+00 100% 0.000E+00 5.040E+00 0.000E+00 

LSHADE44 9.608E+00 100% 0.000E+00 1.000E+01 0.000E+00 

LSHADE44-Eps 1.090E+01 100% 0.000E+00 1.002E+01 0.000E+00 

C22 

LSHADE44-IEps 1.316E+07 0 4.811E+02 2.952E+06 3.076E+02 

LSHADE44 1.431E+07 0 6.091E+02 6.384E+06 4.865E+02 

LSHADE44-Eps 1.505E+07 0 6.066E+02 8.169E+06 4.615E+02 

C23 

LSHADE44-IEps 8.413E-01 100% 0.000E+00 8.002E-01 0.000E+00 

LSHADE44 9.621E-01 100% 0.000E+00 9.502E-01 0.000E+00 

LSHADE44-Eps 9.104E-01 100% 0.000E+00 8.987E-01 0.000E+00 

C24 

LSHADE44-IEps 2.083E+01 100% 0.000E+00 2.121E+01 0.000E+00 

LSHADE44 2.359E+01 100% 0.000E+00 2.435E+01 0.000E+00 

LSHADE44-Eps 2.322E+01 100% 0.000E+00 2.435E+01 0.000E+00 

C25 

LSHADE44-IEps 5.583E+02 100% 0.000E+00 5.592E+02 0.000E+00 

LSHADE44 7.451E+02 100% 0.000E+00 7.493E+02 0.000E+00 

LSHADE44-Eps 7.424E+02 100% 0.000E+00 7.430E+02 0.000E+00 

C26 

LSHADE44-IEps 1.099E+00 0 5.050E+01 1.100E+00 5.050E+01 

LSHADE44 1.099E+00 0 5.050E+01 1.100E+00 5.050E+01 

LSHADE44-Eps 1.099E+00 0 5.050E+01 1.100E+00 5.050E+01 



                     3   Epsilon LSHADE44  

40 

 

C27 

LSHADE44-IEps 1.223E+03 20% 1.398E+02 1.204E+02 8.688E+01 

LSHADE44 6.983E+03 0 1.461E+03 1.018E+04 3.435E+02 

LSHADE44-Eps 3.373E+03 8% 7.344E+02 1.205E+03 2.016E+02 

C28 

LSHADE44-IEps 6.326E+02 0 7.341E+04 6.357E+02 7.341E+04 

LSHADE44 6.319E+02 0 7.341E+04 6.533E+02 7.341E+04 

LSHADE44-Eps 6.045E+02 0 7.341E+04 6.179E+02 7.341E+04 

3-9  LSHADE44-IEpsilonԍ ṿҍῒזң ’ 

vs. LSHADE44-IEpsilon  10D=  30D=  50D=  100D=  

LSHADE44 

+ 9 11 10 10 

- 19 17 18 18 

= 0 0 0 0 

LSHADE44-Epsilon 

+ 13 11 14 11 

- 14 17 14 17 

= 1 0 0 0 

3-10  LSHADE44-IEpsilonԍҬᵝ ҍῒזң ’ 

vs. LSHADE44-IEpsilon  10D=  30D=  50D=  100D=  

LSHADE44 

+ 6 6 6 6 

- 21 21 22 22 

= 1 1 0 0 

LSHADE44-Epsilon 

+ 11 9 9 6 

- 17 18 19 22 

= 0 1 0 0 

3.2.4.2 ɟB  

ԍңҩ ᶛᴨ ⱬ ᴨ ᶷ ̆

LSHADE44-IEpsilonLSHADE44LSHADE44-Epsilon25

ᴨ ̆ ↓ԍ 3-11⌠ 3-12ҬȂ ҩ Ҭ̆ómeanô

₱ ṿ S̆R 25 ⌠ ᶛ ó̆vioô

ṿ̆óBestôȁóworstôȁómedianôᴨȁ Ҭṿ ₱ ṿ̆óvôҬ

ᵝ ṿ ó̆stdô ṿ ‰ Ȃ ᵣ ᶃȂ 3-11

3-12 ̆ ңҩ ᴨ ̆LSHADE44-

IEpsilon׆ ṿ Ҭṿ҉ Ȃ ԅ LSHADE44-

IEpsilon‗ ᶛᴨ ̆ ѿ ᴨ Ȃ 
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3-11  ҈ ⱬ ᴨ ҉25 ᴨ  

 
LSHADE44-IEpsilon LSHADE44 LSHADE44-Epsilon 

Best 5.795E+03 5.795E+03 5.795E+03 

mean 5.898E+03 6.009E+03 6.192E+03 

worst 6.491E+03 6.439E+03 8.055E+03 

std 1.997E+02 2.789E+02 5.508E+02 

SR 100% 100% 100% 

vio 0 0 0 

median 5.799E+03 5.829E+03 5.900E+03 

v 0 0 0 

3-12  ҈ ᶷ ҉25 ᴨ  

 
LSHADE44-IEpsilon LSHADE44 LSHADE44-Epsilon 

Best 2.356E+01 2.356E+01 2.357E+01 

mean 2.362E+01 2.370E+01 2.389E+01 

worst 2.456E+01 2.440E+01 2.781E+01 

std 1.976E-01 2.586E-01 8.440E-01 

SR 100% 100% 100% 

vio 0 0 0 

median 2.358E+01 2.359E+01 2.363E+01 

v 0 0 0 

 

3-3  ⱬ ᴨ Ҭ҈ Ҭᵝ  

3-3 3-4 ԅ҈ ңҩ Ҭᵝ Ȃ ԍ
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ⱬ ᴨ ̆LSHADE44 ╠ ̆ᵖ ף10

῀ ӊ ᴨ Ḡ Ҍ ̆ LSHADE44-Epsilon ̆

ף30 ῀ Ḡ Ҍ ̆LSHADE44-IEpsilon

ѿѿҩ ף30 Ȃ ԍ ᶷ L̆SHADE44-

IEpsilon ⌠ ᴨ L̆SHADE44ӊ̆ LSHADE44-

Epsilonᶭ ̆ ף ⱴ LSHADE44-IEpsilon

⌠ ᴨ Ȃ ԅ LSHADE44-IEpsilonῒזң

ᴨ̆ ғ ҉ ԍLSHADE44-EpsilonȂ 

 

3-4  ᶷ Ҭ҈ Ҭᵝ  

3.3  

 ₮ԅѿ └ IEpsilonȂ Ҭ

└ ⌠ 2017 ᴪ CEC ᴨ Ҭ  

LSHADE44Ҭ̆ ₮ԅѿ LSHADE44-IEpsilon̆ ҍLSHADE44

ԅ └ LSHADE44-Epsilon Ȃ 

ᶏ ԅ CEC2017 ңҩ ᴨ

Ȃ LSHADE44-IEpsilon ᴨ ᴨԍ



                     3   Epsilon LSHADE44  

43 

 

LSHADE44 └ LSHADE44-Epsilon̆ᶷ ԅ

IEpsilon└ ѿ ΐ Ԉⱬ └Ȃ ᵣ ̆LSHADE44-

IEpsilonΐ Ҋᴨץ ̔ 

1̃ └̆ꜚ ԅ Ҍ

Ȃ 

2̃ ץ ╠ ᶛ ṿ ᶏ̆

̆ ԅ ᴨ ⱬ̆ⱴ ԅ Ȃ 
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4    

4.1  

ᴨ ₱ ̆ ҹ№⅞ץ ̆

ᴨ ̆ῒҬ ԍ ‗ ‗ ᴨ ̂Multi-objective Optimization 

Problems, MOPs̃ ̆ ҹ ̂Multi-objective 

Evolutionary Algorithms, MOEAs̃Ȃ 

4.1.1 ԓPareto∑ ᴮ  

Ҍ ԍ ᴨ ̆ ᴨ ₮ ₱ ѿҩ

̆ ̆ ԍ ᴨ ҩ ӊ ‖ ̆

ץ ᴨ Ҍ ѿ ᴨ Ȃҹԅ ⌠ ᴨ

ᴨ ̆ ҩ ̂Tradeoffs̃ ̆

ᴨ ̆ ױ ᴪ ῀Pareto↕ ׆̆ ⌠ԅѿҩ

ᴨ Ȃ 

ӈ4.1̔Pareto 

 ԍ‗ Rῤ ᴋ ңҩ ax bx ̆ ̆↕ҊParetoץ

ҹ ax ᴨԍ bx ̆ ax bx ̆ Ạ a bx x  

1̃ ԍ ₱ ̆ ax Ҍ bx Ȃ 

2̃ ѿҩ ₱ ̆ ax bx Ȃ 

 

   ( ) (  ( ) ( ))a b a bi i j ji f x f x j f x f x" ¢ Ø$ <   (4-1) 

ῒҬ {1,2,..., },i j mÍ ̆mҹ ₱ Ȃ 

ӈ4.2̔Pareto 

ԍ‗ Rῤ ѿҩ
*

x Ҍ Rῤῒזᴋ ѿҩ ̆

Ӈ
*

x ҹѿҩParetoᴨ ȂRῤ Paretoᴨ ̆ ҹPareto
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̂Pareto Set, PSȂ̃ 

ӈ4.3̔Pareto╠  

PS ҉ ҹPareto╠ ̂Pareto Front, PFȂ̃

ӈҹץҊ ̔ { ( ) | }PF F x PSxÍ= Ȃ 

ѿ ̆ ᴨ PF ҹ ̆҈ ᴨ

PF ҹ ̆ ᴨ PF↕ Ȃ

4-1 ̆ ѿҩ ᴨ PF̆ῒҬ ăb̆c̆

d̆eҹ PF҉ ҩᵣ̆ ҉ Paretoᴨ ̆ Ҍױ

ᴋ ѿҩҩᵣ ̆ ҹ ̂Non-dominated SolutionsȂ̃

f ̆ğh̆ ĭ j Ҍ PF҉ ̆ ῤ ѿҩ ץ

̂ᴨԍ̃ ױ ̆ ץ ױ ҹ ̂Dominated SolutionsȂ̃ 

 

4-1  Pareto  

4.1.2  

̆ ῒז ῖ

ѿ ̆ Ӟ ѿ Ȃ 

1967̆ Rosenberg₮ᶏ ‗ ᴨ ̆
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ᵖ [64]Ȃ1984̆David Schafferⱳ ᵀ ᴰ ̂Vector 

Evaluated Genetic Algorithm̆VEGÃ ԍ ӟҬ[65]Ȃ1989̆ David 

Goldberg₮ԅѿ ̆ ӊ

ӈ[66]Ȃ1990ץ ̆ ᴨ

₮ ῒ̆Ҭ ΐף Multi-objective Genetic AlgorithmMOGA

[67]Non-Dominated Sorting Genetic AlgorithmNSGÃ[68]̆ Niched Pareto Genetic 

Algorithm̂NPGÃ[69]Ȃ ῀ԅParetoᴨ ̆ ԅ

└Ȃ1999̆Eckart Zitzlerֲ ₮ԅStrength Pareto Evolutionary Algorithm

SPEA[70]̆ ѿ ₮ԅ Ḡ ̆ ╠ Ҭᴨ ҩᵣḠ

⌠ҊѿףҬȂ ԍ Ḡ ̆ ᴨ ₮ȂῒҬ Pareto 

Envelope-Based Selection AlgorithmPESA[71]ɹPareto Archived Evolution Strategy

PAES[72]ɹSPEA2[73]ɹNSGA-II[74] NPGA2[75]ɺ 

ץ2004 ̆ └ ⌠ Ȃ2004Eckart 

Zitzler₮ԅ ԍ Indicator-based Evolutionary Algorithm̂IBEÃ[76]̆ᶏ

╠ ᵀ ᵬҹ ꜚ ⱬȂ2005̆ Coello 

Coelloֲ ₮ԅMuti-objective Particle Swarm Optimization̂MOPSÕ [77]̆

ԍ ᴨ ⌠ ᴨ Ȃ 

2007̆ ῤ ₮ԅѿ ԍ№

MOEA Based on Decomposition̂MOEA/D̃[78]̆ ≠ Ҭ №

̆ ѿ ᴰ ̆ ᴨ № ҹ ҩ

ᴨ ̆ ҩ ̆ ᾧԅ Pareto ₮

Ҍ ̂ҩᵣ ԑҌ Ȃ̃ ԍ ҩ ῏ ҍῒ

֜ ᵬ ̆ ץ MOEA/D ⌠ ץ

ҍ Ȃ ԍ MOEA/D ᴨ ̆ ῒ ₮ӊ

Ḃ ⌠ԅ ῏ ̆ MOEA/D ₮̆

MOEA/D-DE[79]̆MOEA/D-M2M[80]̆EAG-MOEA/D[81]̆MOEA/D-SAS[82]̆

ѿ ‗ ᴨ MOEA/DӞ ₮̆ C-MOEA/D[83]̆
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MOEA/D-CDP[84]̆MOEA/D-Epsilon[85]MOEA/D-SR[84]Ȃ 

4.1.3 ᵆ  

ѿ ̆ ᵀѿҩ ̆ ѿ ṿ ᵀ

Ȃ ╠̆ ῤ MOEA ₮ԅ ᴇ ΐ̆Һ ᵀ

MOEAң ̔ № ̂ Ȃ̃ MOEA ᵀ ̆ң

ҩ № ̆№≢ Pareto╠ knownPF Pareto╠ truePF Ȃ 

ԍ ̆ ױ ̔ 

1̃ knownPF ԍ truePF Ȃ 

2̃ knownPF ҩ truePF Ȃ 

ԍ№ ̆ ױ ̔ 

1̃ knownPF № Ȃ 

2̃ knownPF № Ȃ 

Һ ׃ ҈ ⌠ MOEA ᵀ Ȃ 

1̃ҕף ̂Generational Distance, GD̃  

GD ׆ knownPF ⌠ truePF ̆ ᵀ MOEA

Ȃѿ ̆GD ̆ Ȃ 

 

* *

2*

*

* 2

1

( ( , ))

( , )
| |

( , ) min ( ( ) ( ))

v A

m

i i
x P

i

d v P

GD A P
A

d v P f v f x

Í

*

Í
=

ë
î

=î
î
ì
î ë ûî î

= -î ì ü
î î îí ýí

ä

ä

  (4-2) 

Ҭ A knownPF ҉ ̆ *P truePF ҉ № ҩᵣȂ *( , )d v P

knownPF ҩᵣv⌠ *P Ȃ 

2̃ ҕף ̂Inverted Generational Distance, IGD̃  

IGD ׆ truePF ⌠ knownPF ̆ ᵀMOEA

№ Ȃѿ ̆IGD ̆ № Ȃ 
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*

*

2

1

( , )
( , )

| |

( , ) min ( )

y P

m

i i
y A

i

d y A
IGD P A

P

d y A y y

* *

*

Í

* *

Í
=

ë
=î

î
ì

ë ûî îî
= -ì üî

î îí ýí

ä

ä

  (4-3) 

Ҭ A knownPF ҉ ̆ *P truePF ҉ № ҩᵣȂ Ҭ̆

ᴨ ᴨ ҉̆ *P truePF ҉ 1000ҩҩᵣ̆ ᴨ ҈

ᴨ ҉̆ *P truePF ҉ 10000ҩҩᵣȂ *( , )d y P truePF ҩᵣ y

⌠ A Ȃ 

3̃ ᵣ ̂Hypervolume, HṼ  

HV ץ truePF knownPF ӊ ̆ ᵀ MOEA

№ Ȃѿ H̆V ̆ № Ȃ 

 1 1( ) [ ( ), ] ...[ ( ), ]r r

m mHV S VOL f x z f x z
x S

å õ
= ³æ ö

Íç ÷
Ç   (4-4) 

Ҭ ( )VOLÖ ѿҩ Lebesgue№₱ ̆ S knownPF ҉ Ȃ

1 2( , ,..., )
r

r r r T

mz z z z= ҹ Ҭ ̆ ѿ ṿҹ

1.4ṐȂῒҬ 1 2( , ,..., )
n

n n n T

mz z z z= ҹ ̆ғ (){ }max , 1,2,...,n

i iz f x x R i m= Í = ɺ

HV ҍ knownPF ᵣ Ȃץ ᴨ ҹᶛ̆

4-2 ̆ ҹ knownPF ̆ ҹ ̆

ҹ ᵣ Ȃ 
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4-2  HV  

4.2 ԓⅎ MOEA/D 

MOEA/Dᵬҹѿ ῖ ‗ ᴨ ῒ̆ ѿҩ

ᴨ № ҹ ҩ ᴨ [78]̆ ѿ ⌠PF҉

ҩParetoᴨ ȂMOEA/Dѿ 4-3 Ȃ 

4.2.1 MOEA/Dⅎ  

ѿ ̆ MOEA/DҬ̆ ᾢ∆ ⌠ N ҩ №

1

( ,..., )
N

l l l= ̆ ױ ѿҩm ᴨ № ₮Nҩ ȂῒҬ ᴋ

ѿҩ 1( ,..., ) , 1,2,...,
i

i T

m

i i Nl l l= = Ҋץ ᴆ̔ 

 
1

1    0, {1,2,..., }i i
m

k

k k k ml l
=

² Í=ä ғ   (4-5) 

MOEA/DҬ̆Һ ҈ № ̔ⱴ ȁ℗

ȁ ֜ Ҋץ̆ ҈ ᵬ ׃ ̔ 

1̃ⱴ ̂Weighted Sum Approach̃ 

ԍѿҩ ᴨ ̆ ₱ ⱴ ̆

ҩ ҹ ҩ ᴨ Ȃ
i

l № ⌠ iҩ
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Ҋ ̔ 

 
( ) ()

1

minimize  

subject  to  

m
ws

k k

k

i
ig x f x

x R

l l
=

ë
=î

ì
î Íí

ä
  (4-6) 

Ҭ ( )iwsg xl ҹ iҩ ₱ ̆ xҹ‗ ̆Rҹ‗

Ȃⱴ ԍ € ᴨ ̆ ץ ̆ѿ Ҍ

Ȃ 

2̃℗ ̂Tchebycheff Approach̃ 

℗ ̆ ѿҩ ᴨ ҹ ҩ ᴨ Ȃ

i

l № ⌠ iҩ Ҋ ̔ 

 
( ) (){ }

1

*
*minimize  , max (1/ )

subject to  

te
i

i

k
m

k
k

kg x z f x z

x R

l l
¢ ¢

ë
= Ö -î

ì
î Íí

  (4-7) 

Ҭ ( )iteg xl ҹ iҩ ₱ ̆ xҹ‗ ̆Rҹ‗

ȂῒҬ
*

* *

1 2

*( , ,..., )Tmz z z z= ҹ ̆ғ (){ }* mini iz f x x R= Í 1,2,...,i m= ɺ 

3̃ ֜ ̂Penalty-based Boundary Intersection Approach, PBĨ 

֜ Ӟ ѿ ῖ № Ȃᶏ ̆
i

l № ⌠

iҩ Ҋ ̔ 

 

( )
()

()

1 2

1

2 1

*

*

*

minimize  ,

subject to 

                

                

bi
i

i

i

pg dx z d

F x z d

d F x z d

x R

l

l

l

që
= +

î
î

- =î
ì
î

= - -
î
î

Íí

Ļ Ļ

  (4-8) 

Ҭ ( )ibipg xl ҹ iҩ ₱ ̆xҹ‗ ̆Rҹ‗

ȂῒҬ
*

* *

1 2

*( , ,..., )Tmz z z z= ҹ ̆ғ (){ }* mini iz f x x R= Í 1,2,...,i m= Ȃ

4-4 ̆ 1d ҹ ⌠ ()F x ̆ 2d ҹ⌠ ()F x

ȂPBI ℗ ѿ ץ ᴋ ᴨ ̆ᵖ ԍ ԅѿ

ҩ q̆ῒṿ ̆ ץ MOEA/Dѿ



                                                  4    

51 

 

℗ Ȃ 

 

4-3  MOEA/D  

 

4-4  PBI№  


























































































