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Fig. 1 Catia model representation of the production line
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Fig. 2 Representation of workpiece
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Table 1 Manual operation time

Name Time/s
1TJ, 25
1TJ, 30
1TJ; 20
ulT 6

2 Mg ASRAER

Table 2 Robot operation time

Name Time/s
IuT or pdT 8
wpT or mTG 1.5

wsT 3

mTJ 2
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Table 3 Unable to weld constraints for task assignment

Notation Welding task set
UwJ, (Wi, Wio, Wiy, Wis, Wig, Wag, Way, Wag, Wag, Way, Way, Wag, Wag, Wiy, Wso, -+, Weg}
UWJ, {Wis, Wig, Wag, Way, Wag, Wsy, -+, Wiy, Wag, - -+, Wag, Wag, -+, Wsg, W, -+, Weg}
UWLL {Ws, Wy, Wiy, Wis, Wis, Wig, Was, Wag, W, Wsz, Wag, Waz, Way, Wag, -+, W,
Wao, Wy, Wz, oo, Was, Wag, -+, Wag, Wy, Wea, Was, Wee, Ws}
UWG, (W3, Wy, Weo, - -+, Wea, Wea, Wes, Wag, Wyo, Was}
UWG, (Wi, Wi, Ws, - Wy, Wig, - Wig, Way, -+, Waz, Wag, Wig, Was, Wag, Wi, Wiz, Wis,

WSS’ WSﬁs W727 W73a W769 W77’ WKl]s WSI’ T, W847 W87’ WXQ}
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Table 4 Enforce welding constraints for task assignment

Notation Welding task set
EWJ, (Wi, Wis, Wi, Wsy, W)
EWJ, (Ws, Wy, We, Wy, Wio, Weo, Wea, Wea, Wes, Wes)
EWJ, {Wh2, Wag, Wy, Wy}
EWS,; {Woo, Wor, -+, W}
EWS, {Wor}
EWS; {Wos}
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Fig. 3 Encoding diagram
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JIt o, A8 E A as 8] AR AR 5 AR A AR I R
FE 25 (DA) KI5 IPD. 155, THE AR 5 oAt
B AR I — A5 e/ NER R B8 9 4E A (minDA) .
SR, T BB 0 B KABLAE S e TR 255 B 1 3 161
(range) . ), AR range AETEHYMA
8, VR S HT AR IPD,

x5 ik
Table 5 Algorithm 1

Algorithm 1: IPD(Individual population density)

Input: Pop(Population), DA(DistanceArray)
Output: IPD

1 fori=1to PopSize do

2 DAl = oo

3 minDA[i] = co

4 forj =1 to PopSize do

5 DALIi][;j] = distance(Pop_i, Pop_j);
6 DAJj][i] = distance(Pop_i, Pop_j);
7 if DA[Z][/] < minDA[{] then

8 minDA[:i] = DA[[/];

9 end

10 end

11 end

12 range = max(minDA);

13 fori=1 to PopSize do

14 IPD[i] = 0;

15 for j =1 to PopSize do

16 if DA[i][;] < range then
17 IPD[i] = IPD[i] + 1;
18 end

19 end

20 end

21 return IPD
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R(i) = Z S(j) (15)

AN GRS N FG) i RG) A IPD K E L 1T
BAKXWT:

F(i) = R(i) +1g(1 + IPD(i)) (16)

FG) THE S8R, SR AMNRRIRE P, 1 e ik i
FG) /NF 1IN P o SRIGXT P AT ab 3. (R
BERPRER/N g N, AR (PS5 N, W R 52 s n 2R

Initialize the population P and
make external archive P empty

»
)

4
Calculate the objective function values

v

Evaluate the fitness of individuals in P and P
F(i)=R(i)+1g(1+IPD(i))

v

Update external archive P

Is the termination
condition met?
No

Perform binary tournament selection
on P to fill the mating pool

v

— Generate new population P using mating pool

End

K5 SPEA2+IPD Bk it Al
Fig. 5 Flow chart of SPEA2+IPD algorithm
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Table 6 Test instances welding points

Ny Reduced welding points set

80 (Wi, Wi, Wig, Wag, Wa, Way, Wag, Wig, Wi}

70 { Wiy, Wsg, Wag, Wag, Was, Wag, Wag, Wso, Wsy, Wsy} U 80
60 {Wss, Wso, Wer, Wes, Wes, Wez, Weo, Wor, Wos, Wos}U 70
50 (W, W3, Ws, Wy, Wo, Wrz, Wag, Wy, W3, Wys, Wee} U 60

7 ML A

Table 7 Test instances studs

Ny Reduced studs set
0 {Woo, Wor, Woy, Wos, Wou, Wos, Wog, Wor, Wog}
3 {Woo, Wy, Wos, Woy, Wos, Wos}
6 {Woo, Wos, Wos}
9 %)
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Table 8 Parameter settings

Algorithm Operator PS P, P,
SPEA2 MPX, OX 250 0.95 0.2
SPEA2+SDE TPX, OX 300 0.95 0.15
ISDE+ UX, OX 300 0.9 0.1
SPEA2+IPD TPX, OX 250 0.95 0.2

%9 IGD FHE A Wilcoxon #55 FhAf K 4h 5
Table 9 Mean IGD values and Wilcoxon signed rank test results

Test Mean IGD p-Value

instance =~ SPEA2  SPEA2+SDE  ISDE+  SPEA2+IPD SPEA2+IPD vs. SPEA2 ~ SPEA2+IPD vs. SPEA2+SDE ~ SPEA2+IPD vs. ISDE+

50 0 0.0179 0.0186 0.0278 0.0155 3.03x10°° 3.34x10°° 1.65x107°
50_3 0.0235 0.0251 0.0348 0.0225 4.53x107 1.56x107° 1.65x107°
50_6 0.0258 0.0252 0.0312 0.0204 1.65x10°° 1.65x107° 1.65x107°
50_9 0.0394 0.0381 0.0484 0.0314 3.34x10° 1.65x107° 1.65x107°
60_0 0.0194 0.0195 0.0223 0.0153 1.65x10°° 1.65x107° 1.65x107°
60 3 0.0313 0.0294 0.0403 0.0257 1.83x107°° 3.34x10°° 1.65x107°
60_6 0.0394 0.0315 0.045 1 0.0334 3.03x10°° 1.15x1073 1.65x107°
60_9 0.0390 0.0323 0.045 1 0.0301 3.03x10°° 1.23x107! 1.65x107°
70_0 0.0387 0.0357 0.0408 0.0335 2.24x10° 1.88x10°° 1.65x107°
70_3 0.0405 0.0349 0.0419 0.0356 3.26x107° 1.81x107! 7.33x10°°
70_6 0.0773 0.0555 0.0765 0.0521 1.65x10°° 1.44x1072 1.65x107°
70_9 0.0466 0.0482 0.0511 0.0426 4.53x107 1.65x107° 1.67x107*
80_0 0.0421 0.0394 0.0365 0.0370 2.97x107° 3.08x107? 6.81x10™"
80_3 0.0491 0.0525 0.0608 0.0587 2.24x10° 5.08x107° 2.02x107!
80_6 0.0566 0.0550 0.0586 0.0543 2.67x107 1.56x107" 3.27x107°
80_9 0.0678 0.0591 0.0794 0.0590 1.83x107°° 8.53x10™" 1.65x107°
89 9 0.148 1 0.1200 0.1271 0.1071 2.02x107° 1.65x107° 4.08x10°°

2% 10 HV FEI{E A Wilcoxon 455 Rk 4G 56 45 5

Table 10 Mean HV values and Wilcoxon signed rank test results

Test Mean HV p-Value

instance =~ SPEA2  SPEA2+SDE  ISDE+  SPEA2+IPD SPEA2+IPD vs. SPEA2 ~ SPEA2+IPD vs. SPEA2+SDE ~ SPEA2+IPD vs. ISDE+

500 0.2536 0.2536 0.1913 0.2817 1.65x107° 1.65x107° 1.65x107*
503 0.1792 0.166 1 0.1000 0.1803 2.94x107" 2.95x107 2.02x107*
50_6 0.1759 0.1835 0.1410 0.2297 1.83x10°° 6.04x107° 1.65x107*
509 0.0803 0.0856 0.0542 0.1094 1.65x10™° 1.83x10°° 1.65x107*
60_0 0.2795 0.2919 0.2756 0.3305 1.65x10™° 1.65x107° 1.65x107*
60_3 0.1119 0.1530 0.0813 0.1553 1.65x10°¢ 7.58x107° 1.65x107*
60_6 0.0704 0.0897 0.0482 0.0817 2.51x107 3.19x107* 1.65x107*
60_9 0.0719 0.0866 0.0446 0.0870 2.32x107* 9.02x107" 1.83x107*
70_0 0.0796 0.0840 0.1022 0.0989 2.72x107* 4.04x107* 3.24x107!
70_3 0.0521 0.0768 0.0768 0.0792 1.83x10°¢ 4.34x107" 3.65x107!
70_6 0.0314 0.0877 0.0738 0.0919 1.65x10°¢ 9.51x107" 1.65x107
70_9 0.0835 0.0732 0.0808 0.0975 2.92x107? 1.65x107° 3.27x107°
80_0 0.1140 0.1497 0.1733 0.1494 2.72x107° 7.89%x107! 6.39x107*
80_3 0.1234 0.1305 0.1451 0.0970 2.24x10° 1.83x10°° 1.65x107°
80_6 0.0968 0.0958 0.1007 0.1183 1.72x107° 7.43x107* 3.97x107?
80_9 0.0593 0.0744 0.0675 0.0902 1.65x10°° 1.65x107 1.18x107°

89 9 0.0117 0.0051 0.0085 0.0133 2.72x107° 6.89x107* 2.26x107°
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Table 11 SPEA2+IPD obtained optimal solutions and factory

result
Solution Tirst/S Tsubsequence/S PL/mm
Point A 424 127 65131.48
Point B 435.5 113.5 62576.83
Point C 487 159 39347.51
Factory result 549.5 134 45515.12
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Abstract: In the automotive industry, optimizing the production process of manufacturing identical products is the
key to improving production efficiency. Robot automated production lines are an ideal choice for modern
manufacturing. The existing research mainly focuses on the finite subproblems of production lines. This paper
considers the welding task assignment and welding sequence planning of multi-station and multi-robot production line
in the actual automobile manufacturing industry, in which many constraints of workpiece and production line
composition are involved. A mathematical model of Multi-Station Multi-Robot Welding Task Assignment and Path
Planning (MSMR-WTAPP) is established, whose optimization objective is to minimize the first workpiece processing
time, the subsequent workpiece processing time, and the robot motion path length synchronously. An improved SPEA2
algorithm based on individual population density (SPEA2+IPD) is proposed and a dual layer coding scheme is designed
for the coupling problem of welding task assignment and welding sequence planning, and the decoding process of robot
operation is addressed. Finally, the effectiveness and superiority of SPEA2+IPD algorithm in optimizing the cycle time,
efficiency and welding path of multi station and multi robot production lines are verified via simulation experiments.
Compared to the actual production cycle of the factory, the production cycle optimized by SPEA2+IPD algorithm is
20.7% shorter for the first workpiece, and the production time of each subsequent workpiece is reduced by 15.2%. This
indicates that the proposed model and algorithm have practical significance for optimizing the factory production.

Key words: automobile manufacturing; industrial robot; welding; task assignment; path planning
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