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Figure 1 (Color online) Gantt chart example for the HRCES.
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Figure 6 (Color online) JT-RC cooperative operator.
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Figure 7 (Color online) Neighborhood structure of N.
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Table 2 The parameters of experimental instances

Instance

n ng n, ny n,
P01 20 4 2 1 2
P02 20 6 4 2 4
P03 20 8 6 3 6
P04 40 4 2 1 2
P05 40 6 4 2 4
P06 40 8 6 3 6
P07 60 4 2 1 2
P08 60 6 4 2 4
P09 60 8 6 3 6
P10 80 4 2 1 2
P11 80 6 4 2 4
P12 80 8 6 3 6
P13 100 4 2 1 2
P14 100 6 4 2 4
P15 100 8 6 3 6
3 IEXERRSESHAE MR
Table 3 Orthogonal table and the metric of each parameter combination
ps P, T, HV GD
80 0.1 0.5 0.217185 0.003074
80 0.2 0.6 0.227224 0.001991
80 0.3 0.7 0.232597 0.001331
100 0.1 0.6 0.217311 0.002822
100 0.2 0.7 0.230161 0.001618
100 0.3 0.5 0.216935 0.003232
120 0.1 0.7 0.219096 0.002867
120 0.2 0.5 0.215958 0.003148
120 0.3 0.6 0.240624 0.000610
F 4 SBHUKTLEFTE TR R 0 R
Table 4 Average response values of each parameter level on all metrics
HV GD
KF
ps P, T, ps P, T,
1 0.2257 0.2179 0.2167 0.0021 0.0029 0.0032
2 0.2215 0.2244 0.2284 0.0026 0.0023 0.0018
3 0.2252 0.2301 0.2273 0.0022 0.0017 0.0019
Delta 0.0042 0.0122 0.0117 0.0004 0.0012 0.0013
Rank 3 1 2 3 2 1

a) M Ron m L e E
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FAAE: A AL F] BE R 18] 14 BE (3 R RE fI AL

TR REAE . HV T8 bRl o B B2 fe i iy, mGD
FebrAl . HFRIF4TTEL, BRI SEOE R Nps=80,
P,=0.3, T=0.6.

4.3 BFIEVE) SR N A B RIE

A I TPCFOF L AL LA KRB SRIS: £
KR FEVIGEN . ZEWRARER. ZHEFR
AR B A SORHLER SO Rk R R
W&, SR T AT REAS SO A U, ASCRE T AR AR A
k. (1) A-I: FRINTPCFOM 2 2 S5 Yr [RIWI iR AL H-R
FBEALILEI. (2) A-L: FK/RTPCFOMI 2 £ #AE W ]
JRERIE R, (3) A-T: FK/NTPCFOMI 2 Z B Beth [Fi2t 1k,
RS — M B RIS R B0, (4) A-F: RoR
TPCFOTE 5 M B RN 2% ) isLfl, IF HEANR
HRERVERAT — IR, (5) A-X: FIRTPCFOM| %% ZHhIE
2RI RIRE IS NHE T 53CHR[6] 5. (6) A-E: &
SRTPCFOM 2: SPEA2 ity B 55 e 4% S g, 11 5%
NSGA-TPVFR LR G, (7) A: FIRTPCFOAM
FFTAE SO SRS, RN R SR DUAH [F] (138 47 B[R]
STIBAT20UK, SGEitHVAIGDIRFR MG, A RAEES
Mo R, Ha iR R IEbrE. HESA6RT 1
SR R B AR T %o Bl R A D 0k 1) AL

F£ 5 PrAEEEEIIHV (max) RS2 1Y

Table 5 Statistical results of HV(max) metric for all variant algorithms

HRHAS T B AFHVAIGDAEFR. BB 7 MIBR T #&-Fh oot
FWE Ja FEVERE A BT R, R T AR I %2R
b5 1A R

N T 325 o T AN TR St R SR P B T R
K15 B T PR G811 25 SR 34T Friedman B FTAS 36 R 43 BT
ANEFEZ AR EE. RTRR TR 145 3.
ZITES AR RN L TR R G T 25 SRR R R A
Here, RN T A S 5 i R vk 2 TR 1) B 3 1 22
S, HEAZREBUN B SV R, R T, A
SCHE SR T AR AR SV AEHV R GDAR Ar_E 2L
BT B4, B P AT &1, TPCROSEARE: T HoAth
ARGEA IS T B R, RO 2ol S5
FIEMERE R E A, IR T ASCHRE B 145 2R ik S g
A 2. ARIE R S~7 45 R, ikt b VEA S A-TA]
A, FIEATE SIS IR R T REERLS, BIET 2
SEME W FRIAR AL I 2, RS R 1) R s e B
EF PO R B R R, AR REREA TR
TSRV, X RRA S A-L AT 5GIE 2 84 U [H) =
TR R I . AR IR MR A AN, 2
b A B[R] CRAIE B AN R PAT A7 R ) 454 DU i 8k
XFEEA S A-TRI A, 20 B R 23 n 1 S5k 125
HrERE, BRUNEE BB 4 R R A S P S i

Instances A-1 A-L A-T A-F A-X A-E A
PO1 0.2770 0.2683 0.2686 0.2681 0.2716 0.2679 0.2685
P02 0.4497 0.4619 0.4610 0.4587 0.4583 0.4561 0.4622
P03 0.4839 0.5262 0.5288 0.5256 0.5146 0.5174 0.5326
P04 0.2428 0.2620 0.2628 0.2579 0.2595 0.2552 0.2630
P05 0.4042 0.4264 0.4314 0.4161 0.4256 0.4103 0.4329
P06 0.5636 0.5753 0.5808 0.5481 0.5727 0.5239 0.5856
P07 0.2382 0.2568 0.2515 0.2393 0.2479 0.2255 0.2595
P08 0.4297 0.4618 0.4565 0.4286 0.4531 0.4183 0.4751
P09 0.5436 0.5478 0.5607 0.5351 0.5758 0.5222 0.5877
P10 0.2416 0.2665 0.2599 0.2407 0.2504 0.2343 0.2665
P11 0.4746 0.4784 0.4879 0.4469 0.4867 0.4344 0.5105
P12 0.5937 0.5389 0.5529 0.5289 0.5840 0.5250 0.5722
P13 0.2576 0.2747 0.2641 0.2281 0.2745 0.2051 0.2790
P14 0.5039 0.4824 0.4945 0.4613 0.4956 0.4511 0.5154
P15 0.5421 0.5287 0.5296 0.5180 0.5536 0.5217 0.5414

a) M Eh Fon L e E
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F£ 6  FrHEKEEIGD(min)fEhR iS4 1Y
Table 6 Statistical results of GD(min) metric for all variant algorithms
Instances A-1 A-L A-T A-F A-X A-E A
P01 0.0002 0.0015 0.0014 0.0015 0.0014 0.0016 0.0014
P02 0.0010 0.0003 0.0003 0.0005 0.0009 0.0007 0.0002
P03 0.0017 0.0008 0.0008 0.0008 0.0017 0.0010 0.0005
P04 0.0022 0.0003 0.0002 0.0009 0.0017 0.0012 0.0002
P05 0.0015 0.0008 0.0004 0.0016 0.0017 0.0018 0.0004
P06 0.0011 0.0013 0.0009 0.0025 0.0017 0.0036 0.0005
P07 0.0021 0.0003 0.0007 0.0021 0.0018 0.0034 0.0002
P08 0.0024 0.0018 0.0020 0.0034 0.0030 0.0036 0.0006
P09 0.0016 0.0039 0.0031 0.0038 0.0028 0.0041 0.0008
P10 0.0030 0.0003 0.0009 0.0033 0.0030 0.0038 0.0005
P11 0.0022 0.0028 0.0020 0.0045 0.0032 0.0044 0.0006
P12 0.0008 0.0070 0.0058 0.0052 0.0037 0.0052 0.0027
P13 0.0030 0.0008 0.0018 0.0055 0.0016 0.0070 0.0006
P14 0.0012 0.0044 0.0035 0.0048 0.0040 0.0047 0.0010
P15 0.0007 0.0055 0.0054 0.0045 0.0035 0.0039 0.0028
a) MO EEE R R BT E
£ 7 FrARRE K Friedman RIS I 45 1Y
Table 7 Results of Friedman rank and sum test for all variant algorithms
HV GD
Algorithm
Rank P-value <0.05? Rank P-value <0.05?
A-1 5.4000 0.0000 Y 4.6000 0.0008 Y
A-L 3.8667 0.0139 Y 4.4667 0.0014 Y
A-T 3.5333 0.0369 Y 3.8667 0.0113 Y
A-F 6.6000 0.0000 Y 6.3333 0.0000 Y
A-X 4.0667 0.0073 Y 5.2667 0.0000 Y
A-E 7.6000 0.0000 Y 7.0667 0.0000 Y
A 1.6667 - - 1.6000 - -

a) MRS R bR

NI, B BT R S R A AT L s
SLBTIRAR 2B (AR SCRC AR, 350 1 I T 0 2 AR
XTEEA S A-FRISN, Beit iR SHL A Ratg i 1 5%
MR EYERE, BRIV RS B AT LARE 24 Bl AN s AT
ENIESES GRS o aPUAITESEo 2 IR S AR TN P = N
5A-XATHL, EERASFE T ) v 1A X B AL
M HERR HOAE R AZHAG NI 2 DRI IniEs. xfbe
A5 A-E AT BIEA SCR AR 5308 35 SRS 47 281
NERE TERETRAR (K PRIE T SAE AT 53547 5 2 (K I [a] 3k

AT PR AR 3 110 4 SR PR AL

44 HIHGHEDX

N TR IAE TR A Sk, ¥ TPCFOXY
B F5 A S i PMA L R 0 b 28 g SR A7 12:SPE A2
FINSGA-IPY, MANEEMSHARE T 4R Sk
[4], PMAFIFIEE K INps=100, A HHP,=0.2, &%
WHLS=30. 4t % SPEA2FINSGA-IIf{ 3 $ 5 TPCFO{#
FF— 2 PR R/ Ips=80, AR ZP,=0.3. N T RUEXT L
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PIAFYE, Frf B3R AR R R IS TR I 20E IESTIE4T201K
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NSGA-11f§ | 5 TPCFOM A ) & Rt R 1. FH Ja— TS T HIE B E ST R, hRSFoA 40,

F£ 8 AR LTV (max)$E bR 0 S5 i 45 1Y

Table 8 Statistical results of HV(max) metric for all compared algorithms

Instances SPEA2 NSGA-II PMA TPCFO
P01 0.3384+ 0.3376+ 0.2822— 0.3307
P02 0.4576— 0.4476— 0.2852— 0.4719
P03 0.4868— 0.4805— 0.3067— 0.5476
P04 0.3162— 0.3137- 0.1975— 0.3370
P05 0.4254— 0.4114— 0.2298— 0.4766
P06 0.4933— 0.4831— 0.2671— 0.5416
P07 0.3414— 0.3384— 0.1758— 0.3649
P08 0.3906— 0.3883— 0.2021- 0.4735
P09 0.4625— 0.4594— 0.2323— 0.5437
P10 0.3116— 0.3169— 0.1465— 0.3455
P11 0.4100— 0.3973— 0.1817—- 0.4951
P12 0.5347= 0.5196= 0.2674— 0.5435
P13 0.3709— 0.3627— 0.1213— 0.3829
P14 0.3896— 0.3739—- 0.1633— 0.4401
P15 0.4949— 0.4622— 0.2779— 0.5214

—/=+ 13/1/1 13/1/1 15/0/0

a) M EEE R R B AL IEE, 755 —/= R WA RE L E T BA B M. B34 T TPCFO

£ 9 FifTxt L EIVEIGD(min) 8 bR 10 Gt 45 Y

Table 9 Statistical results of GD(min) metric for all compared algorithms

Instances SPEA2 NSGA-II PMA TPCFO
POl 0.0002+ 0.0003+ 0.0158— 0.0013
P02 0.0010— 0.0013— 0.0286— 0.0002
P03 0.0021— 0.0027— 0.0350— 0.0004
P04 0.0021— 0.0022— 0.0333— 0.0003
P05 0.0020— 0.0020— 0.0416— 0.0003
P06 0.0021— 0.0024— 0.0361— 0.0004
P07 0.0020— 0.0022— 0.0392— 0.0002
P08 0.0038— 0.0033— 0.0412— 0.0006
P09 0.0028— 0.0031- 0.0439— 0.0009
P10 0.003— 0.0023— 0.0453— 0.0004
P11 0.0045— 0.0040— 0.0564— 0.0006
P12 0.0015= 0.0018= 0.0469— 0.0023
P13 0.0016— 0.0021- 0.0593— 0.0005
P14 0.0025— 0.0034— 0.0466— 0.0012
P15 0.0020+ 0.0033= 0.0381— 0.0027

—/=/+ 12/172 12/2/1 15/0/0

a) MBI R R R IR I, T —/= R U A R E M2 T A R, B3I T TPCFO
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Figure 9 (Color online) Pareto front comparison plots for all compared algorithms on different scales of instances.
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A swarm intelligence optimization algorithm for human-robot
collaborative energy-efficient shop scheduling

WANG Ling, LI Rui & CHEN JingFang

Department of Automation, Tsinghua University, Beijing 100084, China

With the intelligentization of manufacturing enterprises, the new development mode of “human-robot-cyber” comprehensive
interconnection and integration has become the direction of the new generation of intelligent manufacturing. Collaborative
manufacturing between workers and robots has become a common practice in modern manufacturing workshops, leading to increased
challenges in resource allocation due to the departure from traditional, human-machine independent production scheduling mode.
This complexity poses new challenges for algorithm design. Therefore, this paper addresses the characteristics of human-robot
collaborative energy-efficient shop scheduling problem. The optimization objectives are to minimize the maximum completion time
and total energy consumption. To achieve this, a swarm intelligence optimization algorithm is proposed. This algorithm features the
following components: Firstly, a two-stage collaborative search framework is present. In the first stage, swarm intelligence
optimization is employed to achieve rapid convergence and build an elite archive. In the second stage, a feedback collaborative search
is conducted near elite solutions to explore a wide range of solutions. Secondly, multiple collaborative search operators are introduced
to address human-robot resource allocation issues for rapid convergence. Lastly, in consideration of the problem’s characteristics,
problem-specific knowledge is extracted, and a multi-strategy collaborative initialization method is designed to provide a high-quality
initial population. Additionally, multiple collaborative local search operations are proposed for efficient optimization of the two
objectives. To validate the effectiveness of the proposed algorithm, 15 cases of varying sizes are generated. The conducts parameter
tuning, ablation, and comparative simulation experiments are adopted. The results demonstrate that the various collaborative methods
proposed in this paper effectively enhance algorithm performance and search quality. Through comparisons with the latest relevant
algorithms, the effectiveness of the proposed algorithm is evaluated, providing reliable guidance for scheduling and production in
human-robot collaborative manufacturing.

intelligent manufacturing, human-robot collaborative shop scheduling, energy-efficient scheduling, cooperative
optimization
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