BATE 2 M
2025 4 4 f

/IS B A NI S
JOURNAL OF NATIONAL UNIVERSITY OF DEFENSE TECHNOLOGY

Vol. 47 No.2
Apr. 2025

doi:10. 11887/j. cn. 202502003

http://journal. nudt. edu. cn

HitthEENEEZRBES Birz TIERIEE E&

EEEAN ZN WA - O I

(L PEBRRF(RR) HHMFERE, #1db KX 4300785 2. AP HHE XS At h TSR, #d KX 430074)

B HA RO R = TR BBy B B AR A =4 HARI 2 HARE LR, &
REFEAr 5 ISR TR o W SEIRAG G 7 I R R 5 25 AR A VR () R el Ay R B i) B P L P
PE BT AERE I S AR AR FR 0 22 H AR IR R, 1 X022 TR AU 1 — b ke i P ] s A B0k, A4 XL
B SR AN 22 R RERE B DR RIS A 28t P i £ i S E AN 2R BT PR SO RE D o FE-E2R S AR

1 E R SC BT, BB T AR F B AL R 2 HUR O0 T nl 4B S R 7 5
KB = TR B 882 H ARl s DRI ; S BRI  PERERS b
X EHS:1001 -2486(2025)02 - 035 - 14

HESES TPIS  XEFRERS:A

Improved co-evolutionary algorithm for solving many-objective
cloud workflow scheduling problem
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Abstract: Most current studies formulate the cloud workflow scheduling as a single-objective or multi-objective optimization problem with at
most three objectives, which is unable to fully meet practical scenarios’ needs. To address the limitations above, many-objective cloud workflow
scheduling model was established, where many indicators such as time, cost, reliability, resource consumption, load balancing, were taken into
account. Then, an improved co-evolutionary algorithm was introduced to address this problem, where dual-stage search strategy and multi-indicator
cooperation mechanism were employed to effectively balance the convergence and diversity of solution set, so as to enhance the search capability of

algorithm. Experiments on seven types of real life workflow instances reveal that our proposal outperforms the existing peers and can find better

scheduling schemes in most cases.
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Alg. 1  Procedure of DSICEA

BN FIRERN N
5 RIS maxFEs
W SRR P
1. Initialize P
2. Initialized =0
3. while FE < maxFEs do
4. if FE <t x maxFEs then

5 Parent«—MatingSelection ( P)

6 Off«—OperatorGA ( Parent )

7. P«—EnvironmentalSelection( P U Off)

8 else

9 if Initialized =0 then

10. CA=P

11. DA =P

12. end if

13. [ Parent, , Parent, | +—MatingSelection ( CA ,DA)

14. Off«<—OperatorGA ( Parent, ,Parent, )
15. CA<—UpdateCA ( Off,CA)

16. DA<«—UpdateDA ( Off,DA)

17. P=DA

18. Initialized =1

19. end if

20. end while

21. return P
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Alg.2  Environmental selection
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Alg.3 Mating selection for Parent,
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Tab.3 Parameter configurations of cloud workflow instances

TAEmER TR (E58E UG
CyberShake — /j/rfi/ K 30/50/100 5/8/10
Epigenomics  /NH/k  24/47/100 5/8/10
Inspiral ANH/R 307507100 5/8/10
Montage AN/ 25/50/100 5/8/10
SIPHT AN/ 29/58/97 5/8/10
Gaussian N /K 14,3577/ 4/8/16
135,209
Fast Fourier  /N/Hi/ K 15/39/95,223  4/8/16
/ N
I
L
;

i
(3

(b) Epigenomics (¢) Inspiral

(a) Montage

(d) CyberShake (e) SIPHT

T o
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Fig.5 Cloud workflow topology structures
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Tab.4 One-way analysis of variance results
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Tab.5 Mean and standard deviation of IGD metric for DSICEA and variants over all instances
Il RS DSICEA DSICEA- T DSICEA-TI DSICEA-TI DSICEA-IV

CyberShake_30 | 5.43E +1(2.3E+1) 6.39E+1(1.6E+1) §

CyberShake_50  3.81E +2(1.5E+2) 3.90E+2(1.5E+2) §

CyberShake_100  6.24E +2(2.6E +2) 5.74E +2(1.9E +2) §

5.52E+1(5.9E+0) 8.46E+1(1.7E+1) @

Epigenomics_24

Epigenomics_47 = 2.19E +2(4.0E+1) 2.75E+2(9.7E+1) @

Epigenomics_100 = 4. 18E +3(2.0E +2) 4.34E +3(3.2E+2) @

Fast Fourier_15  2.25E+1(2.3E+1) 2.96E+1(2.5E+1) @

Fast Fourier 39  1.48E+2(1.1E+2) 1.45E+2(7.4E+1) §

Fast Fourier 95 = 3.87E +2(1.8E +2) 4.69E +2(2.6E+2) §

Fast Fourier 223  1.50E +3(6.7E +2) 1.35E +3(7.6E +2) §

Gaussian_14 2.16E+1(4.4E+1) 1.76E+1(2.5E+1) §
Gaussian_35 1.50E +2(6.5E +1) 1.80E+2(6.0E+1) §
Gaussian_77 3.9E +2(1.5E+2) 3.41E+2(1.1E+2) §
Gaussian_135 8.00E +2(2.3E+2) 7.47TE+2(2.1E+2) §
Gaussian_209 1.35E+3(5.7E+2) 1.42E+3(4.8E+2) §
Inspiral_30 2.96E +1(2.8E+0) 3.93E+1(9.8E+0)@®
Inspiral_50 1.11E +2(1.0E+1) 1.36E+2(2.1E+1)@
Inspiral_100 2.70E +2(5.1E+1) 2.83E+2(7.1E+1) §
Montage_25 4.33E+0(2.7E+0) 3.38E+0(1.3E+0) §

Montage_50 1.08E +1(3.4E+0) 1.28E+1(4.9E+0) §

5.94E +1(2.6E+1) §
4.13E+2(1.8E+2) §
5.96E +2(1.9E+2) §
5.56E +1(5.1E+0) §
2.22E+2(4.1E+1) §
4.28E +3(2.8E +2) §
1.2E+1(1.5E+1)O
1.47TE +2(1.1E+2) §
5.03E+2(2.1E+2) @
1.92E +3(8.9E+2) §
8.84E +0(1.1E+1)O
1.73E +2(7.6E +1) §
4.37TE +2(2.1E+2) §
1.07E +3(4.2E+2) @
1.27E +3(6.1E +2) §
3.08E+1(7.1E+0) §
1.LISE+2(1.2E+1) §
2.49E +2(4.3E +1) §
3.72E +0(2.5E +0) §
1.40E +1(6.7E+0) @

7.62E+1(4.7E+1) @
5.14E+2(1.8E+2) @
9.24E+2(4.0E+2) @
5.71E +1(8.3E+0) §
2.51E+2(5.0E+1) @
4.37E+3(4.7TE+2) @
3.69E+1(3.2E+1) @
3.03E+2(1.9E+2) @
1.00E +3(4.3E+2) @
4.36E +3(9.6E +2) @
6.88E+1(1.0E+2) @
1.69E +2(6.4E +1) §
6.47E +2(3.1E+2) @
1.64E +3(4.7TE+2) @
2.33E+3(8.8E+2) @
3.32E+1(7.9E+0) §
1.L17TE+2(1.2E+1) §
3.62E+2(7.7E+1) @
8.54E +0(5.2E+0) @

2.56E+1(1.1IE+1) @

6.10E +1(2.0E+1) §
2.76E +2(1.4E +2) O
5.99E +2(2.8E +2) §
5.56E +1(5.1E+0) §
2.25E+2(4.3E+1) §
4.26E +3(2.7E+2) §
1.49E +1(1.7E +1) §
1.43E +2(9.6E +1) §
5.44E +2(2.4E+2) @
1.28E +3(7.0E +2) §
7.90E +0(1.9E +0) §
1.77E +2(3.3E+1) §
3.81E+2(1.2E +2) §
7.42E +2(1.6E +2) §
1.31E +3(6.2E +2) §
2.97E +1(3.7E+0) §
LLI7TE+2(1.1E+1) @
2.76E +2(6.6E +1) §
3.46E +0(2.5E+0) §

1.31E+1(6.6E +0) §

Montage_100 | 4.22E+1(8.8E+0) 4.57E+1(9.3E+0) § 4.56E+1(1.2E+1)§ 9.22FE+1(4.1E+1) @ 4.66F. +1(9.8E +0) @
SIPHT 29 4.12E+1(2.6E +0) 4.43E+1(7.3E+0) § 4.20E+1(3.4E+0) § 4. 18E+1(1.9E+0) § 4.24E +1(5.8E+0) §
SIPHT 58 1.81E +2(6.0E +1) 2.46E+2(1.2E+2) @ 1.70E+2(8.1E+1)O 1.65E +2(6.6E+1) § 1.67E +2(6.6E+1) §
SIPHT 97 2.96F +2(3.6E+1) 3.25E+2(5.9E+1) § 2.90E+2(3.3E+1) § 3.63E+2(6.1E+1)® 2.83E+2(3.5E+1) §
Friedman 2.208 3(1) 3.375(4) 2.625(3) 4.4167(5) 2.375(2)

Best 11/24 3/24 3/24 1/24 6/24
+/=/- 7/17/0 3/18/3 18/6/0 3/20/1

SIS AR, S — B B A U s A A XS
B BOSURS SREE W FHR R BA BURAE T, 15 4%
LSO Ao U A I A B — PR RE A A
1 B o TE SN 2R LA A 25
PERERRLF MRS . AT AU CA Fp B FERERS A

M4, DSICEA (1) Friedman HE44 4 1. 166 7,
1E 8 FPEE Y hHEA 55—, DSICEA 7£ 20 A [n]
S R, B4 AIAE 19 .21 17 .24 21 19,
16 A5 1 2500 T H ARG, {UAE CyberShake
FAEH 100 F1 SIPHT $iAs Ky 58 B e B R A%

Friedman {55045 52 4 : Friedman {54 109.458 3,
KT FAE x* = 1407, H A 5 F KT o =
0.05 [ OL T, 8 FITILTE 24 4> SE ] FisqT 30
AT R W2 16D HAFE R F E R 458
Bonferroni-Dunntest 31515 2] Ili #L 22 CD =2.143 2,
A0 Friedman HE 44 22 (6 R T2 (8 RUAA1E 2 3% 22
o 8 MRERY Y HEA A 8 s, B ME
Threshold =3.309 9 /NT R A% B 209 HE44 , HL
DSICEA 1V HE 5 %7 bL 3R A A W) W 2280, 72
S3IER] T DSICEA i fft T Hoar 7 gk,

1, N CA 5 DA ()45 48 i B B 6 AR mT £ - id
MIARI Z R, — R Tk G i A R R I Al
S A SRR
3.4 xftbscg

Sk DSICEA () 5-6RE ) H 5 H FT 0
7 3 AGE-MOEA'®! | BCE-IBEA"! | BCE-MOEA/
D NSGA-M"" . SPEA2"™' | Two _ Arch2 A
MSPSO"™ HEFTXF L. 766 244 T 8 FhEivkTE 24
S s T 30 R4S 20 IGD SF-3{H A2 K4
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Tab.6 Mean and standard deviation of IGD metric of compared algorithms over all instances
J¥a) 551 52451 DSICEA  AGE-MOEA  BCE-IBEA BCE-MOEA/D  MSPSO NSGA-TI SPEA2 Two_Arch2
CyberShake_  5.43E +1 6.17E +1 6.56E +1 7.24E +1 5.53E +2 6.68E +1 5.98E +1 8.44F +1
30 (23E+1) (25E+1)§ (21E+1)® (22E+1)@ (2.6E+2)® (2.7E+1)§ (L.7E+1)§ (5.2E+1)@
CyberShake_  3.81E +2 3.89E +2 4.62E +2 4.66F +2 1.64E +3 3.63E +2 4.03E +2 4.80E +2
50 (1.5E+2)  (2.1E+2)§ (1.5E+2)@® (1.7E+2)§ (2.5E+2)@® (1.8E+2)§ (1.6E+2)§ (1.8E+2)@
CyberShake_  6.24E +2 6.93E +2 8.75E +2 4.71E +2 6.75E +3 8.63E +2 1.31E +3 8.40F +2
100 (2.6E+2) (3.4E+2)§ (3.5E+2)@® (2.2E+2)0 (1.3E+3)@® (2.3E+2)@ (4.4E+2)® (3.0E+2)@
Epigenomics_ | 5.53E +1 9.53E +1 8.74F +1 1.19E +2 5.27E +2 1.78E +2 9.08E +1 5.75E +1
24 (5.9E+0) (L.IE+1)® (8.9E+0)® (lL4E+1)® (L.5SE+2)® (L9E+1)® (2.1E+1)@® (6.7TE+0)§
Epigenomics_ 2.19E +2 3.58E +2 3.11E +2 4.20E +2 6.53E +3 1.55E +3 3.81E +2 2.94E +2
47 (4.0E+1) (8.7E+1)®@ (7.7E+1)® (1.9E+2)@® (1.3E+3)® (2.7E+2)@®@ (7.4E+1)® (1.1IE+2)@®
Epigenomics_ ~ 4.18E +3 5.22E+3 5.17E +3 6.45E +3 7.84E +4 1.67E +4 5.29E +3 4.34E +3
100 (2.0E+2) (5.0E+2)® (7.0E+2)® (1.0E+3)® (1.2E+4)@® (6.6E+3)@® (3.8E+2)@ (5.4E+2)§
Fust Fourier 15 2-2E+1 3.32E+1 3.02E +1 3.17E +1 2. 04E +2 3.35E +1 2.89E +1 3.14E +1
WO T Q3E+1)  (24E+1)@ (1L9E+1)@ (2.4E+1)§  (1.OE+2)® (1.8E+1)@®@ (2.3E+1)§ (2.5E+1)@
Fast Fourier 30 L-48E+2 2.43E +2 2.00E +2 2.10E +2 1.07E +3 2.51E +2 2.06E +2 2.87E +2
ast Hourier— (1.L1IE+2) (1.6E+2)® (1.2E+2)§ (1.2E+2)® (3.0E+2)® (1.4E+2)® (1.IE+2)® (2.0E+2)®
Fast Fourier 05 3 STE+2 8.29F +2 6.45E +2 5.12E +2 2.63E +3 6.87E +2 6.71E +2 8.57E +2
ast Houner (1.8E+2) (3.2E+2)® (2.5E+2)® (3.0E+2)§ (3.8E+2)® (2.8E+2)@® (3.2E+2)® (3.2E+2)@
Fust Fourier 223 L-S0E+3 3.04E +3 2.62E +3 2.52E +3 1.47E +4 1.93E +3 3.15E +3 3.56E +3
ast rounier (6.7E+2) (9.8E+2)® (9.5E+2)®@ (9.4E+2)®@ (1.1IE+3)® (8.1E+2)®@ (7.8E+2)@® (L.1IE+3)®@
Catssian 14 2.17E +1 5.64E +1 2.67E +1 6.24F +1 2.14E +2 4.21E +1 3.64E +1 4.30E +1
ausstan (4.4E+1) (5.8E+1)@® (5.3E+1)§ (6.8E+1)@® (1.5E+2)@ (6.2E+1)§ (5.6E+1)§ (7.3E+1)§
Ganssian 35 1.50E +2 1.71E +2 1.75E +2 1.83E +2 7.66E +2 2.33E +2 1.88E +2 1.77E +2
aussian. (6.5E+1) (6.6E+1)§ (49E+1)§ (5.0E+1)@ (2.0E+2)@® (6.3E+1)@® (7.3E+1)@ (7.1E+1)§
Catssion 77 3.99E +2 5.60F +2 5.34E +2 4.29E +2 2.15E+3 6.88E +2 6.85E +2 6. 14E +2
ZAuSsIan- (1.5E+2) (2.5E+2)@ (2.4E+2)@® (1.5E+2)§ (4.7E+2)®@ (2.7E+2)@® (2.2E+2)® (3.1E+2)@
Covsion 135 S-O0E+2 1.41E +3 1.32E +3 8.55E +2 6.39E +3 1.56E +3 1.35E +3 1.73E +3
Arssan~ (2.3E+2)  (6.1E+2)® (3.9E+2)@® (4.1E+2)§ (L.IE+3)@® (5.6E+2)® (5.4E+2)@® (5.7E+2)@
Cotssian 200 L-SOE+3 1.98E +3 2.00E +3 1.92E +3 1.30E +4 2.19E +3 2.86F +3 2.17E +3
aussian- (5.3E+2) (6.1E+2)® (7.2E+2)® (6.8E+2)@® (1.7E+3)® (5.8E+2)@ (9.6E+2)® (6.1E+2)@
Insoiral 30 2.96E +1 4.41E +1 3.71E +1 4.81E +1 7.50E +2 1.36E +2 4.48F +1 3.08E +1
TSpIE (2.8E+0) (1.3E+1)® (7.6E+0)® (6.2E+0)® (2.6E+2)® (4.2E+1)® (5.7E+0)@® (5.1E+0) §
Insoiral 50 1.11E +2 1.37E +2 1.34E +2 1.64E +2 9.30E +2 3.48F +2 1.86E +2 1.19E +2
TSpHE (L.OE+1) (l.4E+1)® (1.2E+1)® (L.6E+1)® (1.2E+2)® (8.3E+1)® (2.5E+1)® (1.2E+1)@
Insoiral 100 2.70E +2 4.09E +2 3.99E +2 4.08E +2 4.42E +3 1.79E +3 5.58E +2 3.33E +2
nepal (5.1E+1) (1.LIE+2)® (L.2E+2)® (9.5E+1)® (4.0E+2)® (3.2E+2)@® (1.3E+2)® (8.0E+1)®
Montaze 95 4.33E +0 7.05E +0 7.63E +0 4.49E +0 1.43E +2 9.61E +0 4.98E +0 7.81E +0
oniage-- (2.7E+0) (49E+0)® (7.0E+0)® (2.7E+0)§ (3.4E+1)® (6.1E+0)@® (3.9E+0)§ (5.2E+0)@®
Montase 50 1.08E +1 2.53E +1 1.91F +1 1.73E +1 4.04E +2 3.46F +1 2.54F +1 2.28E +1
ontage— (3.4E+0) (1.3E+1)® (LIE+1)® (8.6E+0)® (49E+1)® (1.2E+1)® (L4E+1)® (LOE+1)®
Montage 100 HRE+1 8.89F +1 7.14E +1 6.36E +1 1.0IE +3 1.01E +2 1.03E +2 8.80F +1
ontage— (8.8E+0) (2.5E+1)® (2.4E+1)® (2.2E+1)@® (7.9E+1)® (2.1E+1)® (2.5E+1)® (2.6E+1)®
SIPHT 29 4.13E +1 6.21E +1 5.60F +1 7.31E +1 1.00E +3 1.72E +2 6.21E +1 4.09E +1
- (2.6E+0) (7.6E+0)@ (6.5E+0)® (8.0E+0)@® (4.0E+2)® (6.0E+1)@ (3.8E+0)@® | (2.1E+0) §
SIPHT 58 1.81E +2 1.94E +2 2.47E +2 2.51E +2 1.27E +3 5.14E +2 2.62F +2 1.56E +2
= (6.0E+1) (7.0E+1)§ (1.6E+2)® (7.5E+1)@ (1.7E+2)® (2.3E+2)@® (3.6E+1)® (3.4E+1)O
SIPHT 7 3.00E +2 3.82F +2 3.26F +2 4.37E +2 5.42E +3 7.27E +2 4.80E +2 3.11E +2
- (3.6E+1) (5.1E+1)® (42E+1)® (9.2E+1)@® (6.0E+2)@® (1.2E+2)@® (42E+1)@® (5.5E+1)§
Friedman 11667 (1) 4.25(5) 3.375 (2)  4.1667 (4) 8 (8) 6 (7) 4.9167 (6)  4.125 (3)
Best 20/24 0/24 0/24 1/24 0/24 1/24 0/24 2/24
+/=/- 19/5/0 21/3/0 17/6/1 24/0/0 21/3/0 19/5/0 16/7/1
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Fig. 8 Friedman ranking of compared algorithms
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Fig.9 The final solution sets of compared algorithms on the 7-objective large-scale Gaussian workflow,

shown by parallel coordinates
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Fig. 10 The final solution sets of compared algorithms on the 7-objective large-scale Montage workflow,

shown by parallel coordinates
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Tab.7 Average runtime of compared algorithms on all instances
B s
[11) 751 S 5] DSICEA  AGE-MOEA  BCE-IBEA BCE-MOEA/D MSPSO NSGA-II SPEA2  Two_Arch2
CyberShake_30 51.38 29.82 35.50 59.22 19.17 21.51 37.31 51.24
CyberShake_50 58.15 33.67 38.48 61.63 27.72 30.51 41.98 52.94
CyberShake_100 73.99 56.97 59.47 81.86 54.23 50. 96 61.67 72.04
Epigenomics_24 48.33 27.92 34.53 54.36 16.07 18.20 44.34 53.94
Epigenomics_47 51.34 32.85 38.97 67.42 27.82 27.75 41.23 52.13
Epigenomics_100 77.63 58. 14 64.51 91.99 55.81 49.63 79.83 82.91
Fast Fourier_15 46. 12 22.21 28.01 51.91 12.37 16.26 36.23 48.45
Fast Fourier_39 57.00 30. 83 39.03 62.93 20.07 25.59 41.67 56.88
Fast Fourier_95 81.06 56.28 62.75 90. 06 45.01 51.55 65.39 84.24
Fast Fourier_223 155.24 130. 15 137.85 173.73 112.33 125.54 136.22 149.48
Gaussian_14 50.98 22.06 31.24 55.79 9.62 14.59 49.95 52.07
Gaussian_35 52.54 30.39 35.86 60. 20 19.11 25.22 37.79 51.94
Gaussian_77 69.32 45.83 53.77 73.75 36.12 40. 85 52.04 68.63
Gaussian_135 96. 44 75.72 78.58 101. 66 61.90 68. 89 80.51 96. 69
Gaussian_209 137.27 117.28 122.74 151.21 113.01 115.32 127.27 143.16
Inspiral_30 48.63 28.57 32.86 56.17 17.80 19.82 40. 66 51.20
Inspiral_50 55.84 35.44 41.39 67.25 26.44 28.15 54.73 59.67
Inspiral_100 76.97 54.41 60.29 91.63 48. 64 48.04 82.53 80.33
Montage_25 48.18 25.12 30.89 53.13 16. 88 19.49 32.06 52.11
Montage_50 55.75 33.74 43.31 64.45 26.93 27.41 36.70 50.57
Montage_100 71.18 50.50 56.02 80.97 48.29 47.94 56.41 69.01
SIPHT_29 46. 10 27.28 31.08 51.48 13.56 16.61 48.78 51.82
SIPHT_58 52.99 33.19 38.33 62.62 24.46 25.59 56.20 58.69
SIPHT_97 66.35 45.79 52.13 83.62 36.87 40.40 72.18 73.29
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