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Research on the human-robot collaborative assembly line balancing
problem based on simulated annealing algorithm

MAO Zhao-fang', WANG Wei', FANG Kan', HUANG Dian"?

(1. College of Management and Economics, Tianjin University, Tianjin 300072, China; 2. School of New Media and
Communication, Tianjin University, Tianjin 300072, China)

Abstract: As an emerging trend of intelligent manufacturing, collaborative robots are recently introduced and
implemented in the assembly line systems with human-robot collaborative approach, which has received increasing
attention and practice. In such system, workers and robots can perform tasks separately, simultaneously, or
collaboratively at each station, which can significantly improve the efficiency of the production line. This study
addresses an assembly line balancing problem with human-robot collaboration (ALBP-HRC) to minimize the cycle
time. We first propose multiple enhancement strategies, including lower bound, upper bound and initial solution.
Meanwhile, based on the existing ALBP-HRC model, we formulate an enhanced mixed integer programming model.
Secondly, we present an improved simulated annealing algorithm, using multiple completion time estimation
procedures for stations to solve the problem efficiently. Moreover, extensive experiments are conducted, and the results
verify the effectiveness and applicability of the methods. Finally, we investigate sensitivity analysis on different
parameters, revealing the managerial insights and practical references for enterprises implementing human-robot
collaborative assembly line.

Keywords: collaborative robots; human-robot collaboration; assembly line balancing; enhancement strategies;

enhanced mixed integer programming; simulated annealing algorithm
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2.5 BB TASELATEIT SN

WTHT SCHR, N 1 4 iy SR R U SR B, 7E 540
I8 I ) P A A e T T A 5 L ] A
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Ji ik, R JE e 3 BE 2 BT A 201 A 58 TR [A]
FAIE — ARG A, 1X HL AR — o 0 1 o 55 2K,
FEABAOR I R (1 SME P b SRS B 6 A7 58 I
). 7E AW FI R RC 4, AR CE W 28 AL BP N A7
FIMLEE N AL 6 F N T A, 5¢ T a4+ Az b
FAT S5 TN a) 22 A 3ok FHL A A, ) 7
BT RS BT S LA N ALY 58 R T,
SN N LA T — MR A BRI AL,
3 SERAT

AT I T E R b S, SR BT R OV
R, 317151 AR AS RIS B4 1) A e A S 36 xof Bl
SERAE 3.2 AT VRN 0 A5 3.3 T A S E S
HAT AT 5T, AR S Al () B R SR BRI 5
3.1 HEfER

H Hi, ALBP-HRC [l & J& T 55 4 i 2% ik 2 i)
R, 1 R T bR AE 1) BB 4. T Otto Z5P1 42 H 11
5 458 ALBP 7] [ 1) 55 v K040 B2 44 36 3 ol RUASE 11 B4,
o e AN BB (20 T S5) BB (50 TS5
AR AL (100 MT45). 1E Weckenborg Z5012) (1) it
b ARSOE MRS HOR E T

1) HL#8 N\ Z FZ (robot density, RD): Hl#8 AN ¥ 5
A HUCE Y EUAE, A SCERAGIFIRD € {0.2,0.4}.

2) 1155 % ¥ (task density, TD): AT 5% &= 5 .47
HE 1 FO AR, A SCE I TD = 4.

3) HL28 AR i1 (robot flexibility, RF), WME R 1%
% (Collaboration flexibility, CF): 73 ] 7€ S N HL 4% A
A DA BAT BOME AT AT 55 50 7 S AT 25 20 L 43,
AL FBIIRF = CF = 0.4.

4) A 55 RiE 1 (task flexibility, TF): i AT 55 11
P 9K R RFAE, B A) AL 2 BT 45 1 E . TF =
1 RINAE S Z M AAAEAL e 56 22, A SCH TF BUA Vi [
WEHN0.9 < TF < 0.95.

5) AT 45 0 I TR 0 40 1.3 5 BTk, B ty,, =
2 tipystipe = 0.7 tip, .

RERRR T B R T A LN

HEEE = e RMIEL < RD R4 <
TD KR4t x RF (CF) IR 5%L.

KRICEBITES & ) RIE G A, /N L K
FIUASE (1) 545 45 A2 B 20 B AN R AR e ok &, B T
RD € {0.2,0.4},RF(CF) = 0.4,TD = 1,/h, 1, K
FURR I BB ECE S N 20 x 2 x 1 x 1 = 40, 785
N 120.

ASCAEMIPBERL,  EMIP RS, ISA LA
GA BLVE IS5 B2 [T FE 5 bb. A8 SCHT A B2 A S2
Y@ ik Python 4 F2 S B, Gurobi >R il 2% B i A 5K
Gurobi 9.5.2, MIP & %4 F1 EMIP A5 78 K i (1) Bisf 7] PR 1]
£ 1800 s, 42 77 1z 47 I 1] O I8 18] b PR 5, 1d 5 24
AT 45 SR AR 0 1R 2 (Gap). A SCHTA 152568 7 3518
— & BA s R I 48 15-8265 40P 8% . 1.6 GHz F18 GB
WA N TR L I .

3.2 LWLERSH

AKHi % i MIP. EMIP. ISA F1 GA it 545 3,
bl A & A SR M RE, FoHh GA ced I SCRR[12]. X EE
SIS 25 RS I B B Fa R A 1) MIP ALEMIP 72
FF 2% 11 J5 80 4% IO AR AR 2 Gap; 2) 4 R IR AE 45 i€ ia
A7 BF ] P4 3R A5 T AT R o A0 () B i 3) R P B 4T
S5 )RS TS ) CPU (AL R s) K Hobr i % o
4) AR THE I VEAE 5 Fa B 1) CT ALE THE I ] CPU
T3 T R ZE py TR AN

, _ CT,(CPU,) — CT,(CPU,)
@ CT,(CPU,)
Hepz,y = {MIP,EMIP,ISA, GA}, B/R A H KI5
Jiik.
3.2.1 EMIPEES MIPBLAIN E

5, T 120 AN B, AR SCG T T 4R A
SRR [ CT AP K CPUL K2 K T
EMIP A2 p=7 3 B 8] _F T PR A 28 : PSS B g 4
A B R T S R] R B AR (R 22 7E 2 % LAY,
{H f& EMIP [1°7-#)i% % Gap iz /s T- MIP, iX % B EMIP
RERSFR BT S FBR, 30E 7 AT i N R A R
OEERACH

x 100 %,

% 2 MIPFIEMIP By SLuG 45

NI (N = 20)

RSB (N = 50)

KIS (N = 100)

CT CPU/s Gap/ % CT CPU/s Gap/% CT CPU/s Gap/ %
MIP 1064.0 919.4 13.9 1108.6 1800.0 38.8 676.7 1800.0 31.4
EMIP 1063.7 911.9 9.5 1094.7 1800.0 27.5 675.2 1800.0 29.4
Pt/ % —0.03 —0.8 —-31.6 —1.25 0 —29.1 —0.22 0.0 —6.4




3372 # % 5

xR ¥39%

AR, 6F EE T AEAS [F LG RIUASE , MIP FTEMIP 3K
13 B A AR AV RTAT A I B0, B0 0F T EMIP BE B 7E 3R
il In) AL ENE BE B PR 3. WSR3 B, B AR WIAT R
FNJE AT AT fi# 43 ) FH optimal.  feasible 1 infeasible
. KT /IN BRI A5, MIP AT EMIP [ 3R fi 2R
R TR X6 F KR4, MIP 48 B 1 6 NS48 ) AT 4T i,
i EMIP 3£ 2] 1 20 NS4 i AT 47 M.

] B, 3 4 X7 MIP A1 EMIP ) 3R fif Jii s #E 4T 1

YHNT L, 3E— 2D IGIE T EMIP BT £E SR AR5 & T (1)
MR . AN [F] AR ) B4 4 73 24 3 25, EMIP Tie
MIP 73 5| 402€ EMIP JIT 3K 5 41 8] [8] SEJ L P9 & 15 4 i)
[F1) A S5 R MILP BT SR 411 B8] 1) B 5. m R SR A 5 300 o
(1) 55045 £ . 7R 45K 2 BUE A9, EMIP 4% 21 (1 7 L
MIP )£ 56 4 sl #R ). B AT &, EMIP7E 120 N5
15l v R A5 31 7 89 4N Hb MIP FI 24 T 5 (1 B 47 B AH
7 FH) .

£ 3 MIPS5EMIP RMEMAIITHRNHEE

NS (N = 20)

RS (N = 50)

KIS (N = 100)

optimal feasible infeasible optimal feasible infeasible optimal feasible infeasible
MIP 20 20 0 0 40 0 0 6 34
EMIP 20 20 0 0 40 0 0 20 20
%4 MIP 5EMIP SRR REXTLL
MBS (N = 20) PRSI (N = 50) KHELEAH] (N = 100)
EMIP Tie MIP EMIP Tie MIP EMIP Tie MIP
n 4 33 3 25 6 18 0 2
MIP CPU 1800.0 919.4 1800.0 1800.0 1800.0 1800.0 1800.0 1800.0 1.800.0
o (U] (881.1) 0 (U] (O] 0 © (U] ©)
EMIP CPU 1800.0 911.9 1800.0 1800.0 1800.0 1.800.0 1800.0 1800.0 1800.0
o © (888.5) 0 (U] (U] 0 0 0 ©

3.2.2 ISAEBEEEMIPER . GAEZEXTH

T EMIP 3R il AR BE 4, A 45 £ ISA. EMIP
MIGA Z A JEITXFEE. B ST b 7 AR SR 1)
PR SEIR EE R, Wk S BRSO R B S5, ISA
L5 EMIP (1745 $1 5 [R) 35 (22 #7E 4 % BA DY, {H A2 ISA
()7 20t S K L EMIP 46 58 T 88 % LA b Xt K
KA A, ISA S IR~ 3 715 40 B (RIS T EMIP, iX
VLB T ISA Sk i Fee MRV R, AL Z R T
N IR, GA R EMIP [R5 3 B 1] 2547 s 22 41
TE4% UL b, BT R B4, GA B2 T 3575 40
i) 8] =5 T EMIP. 76 71500 K 7 T, GA kg 4T
EMIP, {H ISA BIEATI AR 2 et s i (1 SR AR 7V

%5 EMIP.ISAFIGAH T LIGER

NS RS RS

CT CPU/s CT CPU/s CT CPU/s

EMIP  1063.7 911.9 1094.7 1800.0 675.2 1800.0
ISA 1080.1 275 11135 843 650.5 201.0
GA 1107.0 694 1177.6 2924 699.8 1371.3

PR/ % 15 =970 1.7 =953 —37 —888
pomp/% 41 —924 76 —838 36 —238

[ INF, 7% 32 % EMIP AT IS A S5032 1) 3K i o 3k 47
TEYHXT LG, 7ETE 5 E5 ST T, EMIP 75 /)y H AR 5 451
R RS AR RIS B AN K ISA
S AE VTSR 8] 77 1, ISA Bk A T AL T EMIP. 3 6
TEYHZ I 7 PR 7 722550 A [R] RS 30481 1) oK A ol 2 5%
B, H A ISA. Tie f1EMIP 43 5 AQ 3 ISA BT 3K 5 411 e
() B G o T 5 15 1 RF [ AF 55 R0 EMIP T K 715 F1 B[] 52
. BT S, 7645 78 B[] P9, EMIP B BAXE— 2 [ /)
RG] (204 SRAF B M A, 1 78 Hh 2R R0 R B 45
BITAE ST e M. 7T DL ), EMIP (R 35 Bl A 5
A5 R ABE PR 165 KT B AR, S T IS A, B o5 B8 451) 0 A2 1) 14
K, AT DA 21 H EMIP 58 47 BUAH (7] 10 A, HL 20 4
I w0, ISA SRR B AR 35 2 Bt A6 49 FILASE 1) 19 KT
B &

T UL ISA HefE 4 i) Ja R sUBEE R TR AT, A
SO HE T ISA R GA ISR &, R T MR T
T B2 5008 AN R FIASE 491 F SR e o 12, FL P IS A Tie £
GA 3 AR ISA P =R #A B[R] B8 05 . 5 35 715 4 B 1)
FHEE AN GA BT SR et [A) 58 . &5 SR B, X T AN [F)
PRI 519], ISA Y BEAE 40 B4 P 4k 3 36 4 % LA
b GA TR, FLSR s f B R
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% 6 ISASEMIPHIREREXTEL

IS (N = 20) RSB (N = 50)

KIS (N = 100)

ISA Tie EMIP ISA Tie EMIP ISA Tie EMIP
n 3 7 30 12 2 26 40 0 0
EMIP CPU 1800.0 26.7 919.4 1800.0 1800.0 1800.0 1800.0 — —
o (0) (42.5) (881.1) (0) (©) (0) ()
ISA CPU 35.8 14.5 27.5 87.2 91.0 81.6 208.0 —
o (25.0) (19.9) (24.8) (38.0) (39.7) (39.8) (53.2) —
*T7 ISASGAHIKREREXIEL
NI (N = 20) ] (N = 50) KIS (N = 100)
ISA Tie GA ISA Tie GA ISA Tie GA
n 34 4 2 39 0 1 36 0 4
GA CPU 72.0 52.6 58.6 294.0 2309 1368.5 13254
o (18.1) (8.6) (1.4) (51.6) (0) (273.9) — (252.1)
ISA CPU 31.0 8.0 7.4 85.2 — 49.4 211.4 — 180.4
o (25.3) (1.8) 0.3) (40.4) (0) (52.9) — (45.0)

R4k, R TR, 25 AN S0 B T A0 25 SR OE VA 4
&R, e, M H RIS rh o3 Sl BE ALl E 104
BELAG, oF LU 4 5 125 R SR gt a5 R 3 VAR 45 RO B,
A5 20 LT 4518 1) FH TR R £ 5451 K gk i P2 A5 A
A, X E B F SR B E 5, X U] T AL

AR PR, ST L B e S A7, LR, BMERLER A
PR, 2 P 24 1Y) A R A, (EL 3 B 28 A
SBEZ IR

RS HFABETIHEENZE %

RD N =20 N =50 N = 100
0[] 1) PR 52 24% 14 A0 22 6 125 2) MITP AT EMITP A PASK . . . o
fife T KRS 451, MIIP 3K il v RIUASE B0 4) (1~ 35 1 22 02 592 523 12.1
Gap £ 40 % LA I, EMIP 3K fig v S 5451 (1)~ 251 22 0.4 12.22 8.77 15.5
Gap 7£26 % UL b, T T R KM, MIPAT - 4 2 i

EMIP £ 2 JoiA7E 1800 s N 45 H — N AT AT i, iX 10—
UL T ALBP-HRC 1] #5244 FE; 3) ISA SR 1
BONFafE, A EE T MIP. EMIP Al GA 50325, ISA 7] L1 Ky
B TS 1) SR A8 4K BB 1 T AT o B LA, EL SR A
IS ) A8 A0 AN K, 331, 35 B IS A B350 T 3K Al 53 2 AL
I 7 25 i 48~ Il AL A A (1 3 P 1

33 XBSEEMoH

T BN NAE R, AR ST B T LA N
JEXE T H B TR AR AL O R M2 B 3. FE45 78 AT 25 % )
T, DU TS FC LR (715 A 0 1] @ A 2, =15 Fr st 1B] R ML
AN T AT ek D B B R A, 5% MR B B TR A
ARNB = Ac/e. IR FIRTHF 75, 1HEHLAE AN
FE Xt A5 HA 0 AL AR Ak fr g i), &5 SR L3R 8.

MG 8, W] LAE 4R A L2 N % B v) LA ORI 2
TR/ T AR B ), B LA N R S, 4 e B )
(YRR 2 BARARR, B 34 AR5 6 3 o 208 P B IR A . AT
Je 45 P AT LS Y DL A B R 1 g, AT A
HEERE VI EMLAR N, AT LA R04H J 256 i 4% 1) 747 40 B
[, AH BT N 2 me 2k, AHLIIME RE L 46 mT AR

T AR, AN T B e ) E SRR BE s T AR i
A A 72 3R AR D — B M B E WU, PME LS
N 2 2SR (0 56E, B A LS TN DUST. 64T
BCPME I AT S, TR 4R TH R IC 4R F SRR FE 11
[FIF, SR T N TR EEAT 55 (1) R s P, 0 70X Fh A
MBI [F) 2 A X LA o B (1 B T ORISR RN

AR SR N AL W [) 266 e 28 1 1] 88 I e F 7,
DL /MG B TR) DR 4 E A, 32 1T 0 7 4 e
)R BRSO 1, Wevh T T OO SRS 1 2 B B
VR TS A R BRI GG, RS TR R
EMIP #8; [A] I, A SC#iE 7 — 28 et i B 0LIE -k
SRV SR SEETURT 1) ) v R P, RSO IE T A
[ KA P 120 AW 5451, AN 22 A4 FE 6 LG T 4 Ffi ok
iR 7 1. SR 45 B3 B EMIP (1) 3K g Jo7 5 A1 3 55 3%
T MIP, ISA BV AE SR gt 25 AN TH S 18] 77 1 B A
B B RS AR, ISA TE SR AR AR ] A by HL A 2 35 A0
T EMIP AR SE 1) GA 595 e Ah, A SCh k% 5
BT e T BUBNE S M, B PMENLES N2 IR, %6
e s R AR T, H I bR AR T B, 48R T8 B E OR, 9l
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gAML I NTMELES A TT R AN R R B4 Ak v 5
5.

AW FE T LA JUAS T T 1) % fE L &5
NASTE AN At 1 2 75 2 Ak F AT I B, B e
L e 20 ERARIE IR L g NECE; 2) % & 3
RSB, K iE I g e 2 B RO ) 3) 4 BT AR 55
RAGVESE SRR 45 R TR 4) AR E &
PERLAS N 51N e 147 5 1) 2R T 2~ i) @, ] gk — 20
1 e 5 8 FLAth 5 53 % SR (1 ke e 2 1 48 ) .
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