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Optimizing Design Problem in an Automotive Body Assembly Line
Considering Cost Factors

Young Hoon Lee - Dong Ok Kim - Gyeong Min Baek - Yang Woo Shin - Dug Hee Moon'

In this paper, an optimal manufacturing system design problem in an automotive body assembly lines is

introduced when various costs such as equipment investment costs are considered. Meta-model methodology
based on simulation results has been used for estimating the performances of the system such as production rate

and work-in-process levels. The objective function is minimizing total cost which satisfies the target production

rate. The investment costs such as robots, buffers, transportation equipment, and the inventory holding cost of

work-in-process have been included in the objective function. Harmony search method has been used for

optimization.

Key words : Manufacturing System Design, Assembly Line, Meta-model, Harmony Search, Cost Minimization
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Fig. 1. Abstract model of layered build method
(Kim et al., 2015; Moon et al., 2017, Moon et al., 2018)
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Table 1. Parameter setting for machine cost and availability

Availability (o)

Sensitivity A Y T 094 | 096 | 0.98

Low (L) 130 | 1.02 | 0.9960 1 1.05 | 1.71
Medium (M) | 110 | 1.02 | 0.9834 1 1.13 | 233
High (H) 90 | 1.02 | 0.9328 1 1.34 | 3.39

357

The acquisition cost coefficient (E)
N

0.94 0.95 0.96 0.97 0.98
The availability of robot station (p)

Fig. 2. Shapes of acquisition cost for robot system
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Table 2. Definitions of input variables and the ranges of levels (Modified in Lee at al., 2020)

Input variables Ranges of levels (o = 2)

Notation Definition (12/[11521) Low Medium High (I\;g)
T Capacity of buffer 1 0 5 10 15 20
Ty Capacity of buffer 2 0 5 10 15 20
Ty Capacity of buffer 3 0 5 10 15 20
x, Capacity of buffer 4 0 5 10 15 20
Z5 Capacity of buffer 5 0 5 10 15 20
T Auvailability of each station (p) 0.94 0.95 0.96 0.97 0.98
s Mean time to failure (MTTF) of each station 160 200 240 280 320
Tg Product mix (PM) of the representative car (type 1) 0 0.25 0.5 0.75 1
T, Process time of the car type 1 (PT1) at each station 0.9 0.925 0.95 0.975 1
Zy Transfer policy selection variable 0 (Synchronous) or 1 (Asynchronous)

Values of normalized variables (z,,i=1,..,9) —a ‘ -1 ‘ 0 ‘ 1 ‘ a
Table 3. Set of input variables and simulation results for 156 experimental points
Set of normalized input variables Performances of asynchronous simulation model
e X () 310 B0 [ 11 O] 1y B V10 O Wy O] V1 B
rf{-1 -1 -1 -1 -1 -1 -1 -1 -1/| 03647 0.7596 0.7586 0.7615 0.5263 0.7624

2 ! -1 -1 -1 -1 -1 -1 1 -1/| 03905 0.8233 0.7378 0.7460 0.5748 0.7467

3 |-1 1 -1 -1 -1 -1 -1 -1 1 0.3952 0.7396 0.8239 0.7446 0.5715 0.7452

4 1 1 -1 -1 -1 -1 -1 1 1 04154 0.8054 0.8065 0.7291 0.6254 0.7296

7|1 -1 1 -1 -1 -1 1 1 -1]| 03687 0.8040 0.7343 0.8054 0.5230 0.7395

71{-1 1 1 -1 -1 -1 1 -1 1 0.3731 0.7354 0.8040 0.8041 0.5196 0.7385

302 0 0 0 0 0 0 0 0| 05137 0.7874 0.7200 0.7215 0.5490 0.7233

131 -2 0 | 04798 0.7654 0.6758 0.7604 0.4455 0.7601

320 2 0 0 0 0 0 0 0| 05146 0.7190 0.7882 0.7235 0.5495 0.7232

56/0 0 0 O O O O 0 O 05052 0.7338 0.7336 0.7347 0.5160 0.7345
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114, (X) = 0.5052 +0.00962,+0.0097,
+0.01012,+0.01547,,40.010225 + 0.09827
—0.0205 2+ 0.0041 ay+0.0072 7y— 0.0027 2
—0.0025 23— 0.0027 23— 0.0031 £3~0. 00269;
+0.0084 2340001627+ 0.0042.23+0.0005 7,2,
+0. 0005x1x,+ 0.0006 2525+ 0. 0005:p2z,

—0.0005 554313r 0.0005 w4a:(+ 0.0015 w6x7
+0.0010 w6x8+0 0021 zgrg — 0. 0017:581’9

®)

Mg, (X) =0.4820 +0.01172,+0.0117,
+0.0117 2,4 0.0187 2,4 0.0118 7,+0.1035 7,
—0.0198,+0.0030 25+ 0.0072 25— 0.0033 22
—0.00323—0.0030 23— 0.0036 £~ 0.0033 22
+0.0091 23+0.0019 22+ 0.0041 23+0.0006 7,2,
—0.0006 2,2+ 0.0005 z1x5+ 0.0006 z2x5

—0.0006 x2w4+ 0.0005 313255r 0.0005 a:Z:cG
—0. 0007x3z4 0. 0005$31‘6 0. 0006:5455r
—0.0009 TyTg— 0.0005 z6+ 0.0009 Tgly
+0.0009x6z8+ 0.0021x6z9 0.0012 x4z,

(6)

Wi s (X) 0.7338 +0.0297 z,— 0. 0127z,
—0.0106 xz 0. 018m4 0.0105 x5 0. 00900L6
+0.0059 z7+0 ooom8 0. 0015x$+0 0027:c2
+0.0019 x§+ 0. 0023¢§+ 0. 00209[;5 0.0020 g
+0.0005: EM 0.0008 W@L 0.0003 £1x4
—0.0007 w1x5 +0.0026 xlwﬁ 0.0033 x1x7

—0.0011 z2x5 0.0009 z2x4 0.0010 z2x5
—0.0011 xzaaf-l— 0.0008 Tyl 0.0006 T3Tg
+0.0009 T3T7— 0.0015 w4a:(+ 0.0011 x4,
—0.0005 wra:GJr 0.0007 x5,

9]

Wy tsyn (X) =0.5160 +0.0284.2, +0.0285 7,
—0.03132, —0.0027 2, — 0.0311 2, — 0.0018 7,
+0.0011 24 —0.0011 2, — 0.0060 2, —0.0059 25
+0.00622; +0.0061 z- +0.0013 7,2,
+0.0026 z,x, +0.0014 xlwﬁ +0.0025 w2x4

+0. 0011£2l6 0.0021 £314 0.0019 xdx5
—0.0013 z324— 0.0013 75

®)

Table 4+= 2|F2 02 el vlefrddo] fisto] £A4F
BAE 38k A7) 9|, R-square= 25F 99% O]
Fo= 7idE “ﬂE}Eﬁa‘ol Agdold Ay dus &
HAFskaL Qlokar ke 4> Qi)

Table 5= CCD S o835 A& ol A A
1567112} Table 20] Q= H5zghe] 7oA Yoz A=
310071 A FollA Algdold At} vekedl At
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Table 4. Results of analysis of variance (Meta-model for asynchronous part transfer)

Performance of Source of variation Degrees of Sum of F
meta-model freedom squares p
Linear 9 1.46416 28935.02 < 0.001
Quadratic 8 0.00385 85.67 < 0.001
Model - -
2 way interaction 10 0.00155 27.56 < 0.001
11 ASW(X) Total model 27 1.46894 9676.47 < 0.001
Lack of fit 119 0.00072 16.14 < 0.001
Residual Pure error 9 0
R-square = 99.94
Total error 128 0.00072
Linear 9 1.63825 29016.5 < 0.001
Quadratic 8 0.00478 95.22 < 0.001
Model - -
2 way interaction 16 0.00153 15.2 < 0.001
I, (X) Total model 33 1.64370 7939.92 | < 0.001
Lack of fit 113 0.00076 22.07 0
Residual Pure error 9 0
R-square = 99.94
Total error 122 0.00077
Linear 8 0.233373 9235.02 < 0.001
Quadratic 6 0.001036 54.67 < 0.001
Model - -
2 way interaction 17 0.113723 69.33 < 0.001
Wi sy (X) Total model 31 0.237750 2427.92 < 0.001
Lack of fit 115 0.000377 1.98 0.131
Residual Pure error 9 0.000015
R-square = 99.79
Total error 124 0.000392
Linear 8 0.483952 2496.1 < 0.001
Quadratic 4 0.003866 39.88 < 0.001
Model - -
2 way interaction 10 0.004376 18.06 < 0.001
Wy sy (X) Total model 22 0.489703 918.46 < 0.001
Lack of fit 124 0.003216 30.42 0
Residual Pure error 9 0.000008
R-square = 99.24
Total error 133 0.003223

o o2 Roft ok ARl 2TE sjEoR 5
L= ) W& SAHAPE)E Eq. )] SJaje] Altksiaick
Absolute Percentage Frror (APE)

B | Result g, — Result
- Resultg,,

mﬁf,a|

X100 (9)

HAZT CCD AE Mol Bt APEx 1T 49
ANEES ALlElaE 0.16%~0.31%9.0H, 47 HH
o] Z9ol= 0.89%kK Tt AQket. o APE: HT 45
A Qlskal= 2.42%H e 2k 1o AF 3 1007 of

[ 102 JRIENEETREC RSN

SIS APEZL T 7leelon B o Rt 2% o
el Ao SHEYITk TR Hrh APEL 43 84
ol TA g, of 2Ee wesol e
(0 =223 7 %ol WSS Hol9ict, of
o pe BYe FAYoR 7t were] 284 WY
(Low - High) tjollA| mefszele] gsiao] rie A
T} S Zroln], S2lmael ofg TARLR A
22 299 ol w3} 2717} 02l Aol 24t
welo] 2 U] QRerhe W MueTe] Aol o
Ao] qlrtal & 4= Qlt} (Lee et al. 2020). 3k 2|2
Fo| AR AesE ALE FAR AFoll= it
Siks 2 LA} v Athe Ak deA gl

e}

P

H1



HE2RAE weidh XtSA AH|IZEII M7 XX

Table 5. Validation results for 12 designed meta-models

Data set for validation

Performance CCD points Random points
Meta-model APE AH?E APE /TP?E
,,,. (X 0.29 2.16 1.53 773
Wi gy (X 0.16 0.76 | 040 1.84
Wty (X0 020 | 071 | 041 | 1.74
Wity (X 016 | 074 | 039 | 164
Wity (X0 067 | 311 | 126 | 857
Wi g (X 0.16 080 | 036 | 1.99

1y, (X) 0.31 242 | 202 | 1114

W, g (X) 017 | 062 | 039 | 198
W g (X) 017 | 0358 | 043 | 175
W, 5 (X) 016 | 079 | 040 | 226
W, g (X)
;g (X)

0.85 6.94 1.61 9.51
0.17 0.87 0.37 1.44

5.1 Z|Xst X e

Lee et al. (2020)0llX= & HHpo] AAE S o
BAES AR SHe HHIYRAS O bt gtk
2 Aelas Alage] SRAYAR(IT7)S THEAI7IH
A H RAE S, MBS Tee ] 2ollg, AR
£ A3 A0S, 2 BBl FAulge] ¢
(D& 227z HIE M2t ZAE oAt gk

A7 Wl A W FAE wEA oAEAS
Sa) BeY BTh oushe AL 7 wnel 8w
(1, Ty, T3, z47x5)31} o] 7HE z,\_i{%)’ aeja &
E ol AB(a 0] otk Uix] e BA) WA
71A419] MTTF(z,)2t T3t 252] BAE Ble(zg) L2l
O ) 2 PN 3 ARyl G0, o]
=< A3 ZAIE E7] Sls) 54 gor uAHch

m

MinZ= G,y 2, +36C, Elx;) (10)
i=1

W,

5
+ZC r'x'Wi(X)"'qu
i=1

Subject to
X = Ir (11)

5
in = TBmax (12)
i=1
LB, <z, < UB,i=1,..,9 (13)
x, =z}, 1=17,..,9 (14)

_ [0, if & 7] 3} o] 2] A1 )
T10 T4, if B2 7] 3} o] S HFA] A
T

. (15)
UB,— LB, (16)

olul, lg Pl mat thet 2o] elak

G, W NG TR AT 7|
C, :AYET 7HEEC] 0.94%1 An] FAH|9] A

hl o
7+ bz

L84 o

Cpi : vIT) 9] AFE 15kelo] thah Az A9
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2 2
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ula) ] ele] F7He
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2 AFolA thRA; Sk wAlE AP A B4
34718 & (Nonlinear Mixed Integer Problem)o]
ok ol ZAIE 27] feiAe LWL 2 Genetic
Algorithm(GA), Simulated Annealing(SA), Tabu Search
(TS) 22 cjopat vle} Feloe) Wes A8t 3)
L, 2 Q104 5] SPAY(HS : Harmony Search)
W AMgela B
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(1) initialize all parameters: HM, HMS, HM,.., HMCR,
PAR, FW, FW damp, iteration

(2) initialize the harmony memory (HM) randomly

(3) evaluate the values of fitness function (f (,Xj) for
harmonies of HM

(4) sort harmony by the descending order of f(i')
(5) bestsol=HM(1);

(6) for i=1 : iteration : harmony search main loop
7) for k=1: HM,,: create new harmony HM,,
®) for ; j=1: k;

©)] if rand<HMCR; : use harmony memory
(10) i=randi(1,HMS); : integer

(11) HM,o(kj) = HM(ky);

(12) end

(13) if rand<PAR : pitch adjustment

(14) 6&~FWxrandn; : gaussian

(15) HMeu(kj) = HMen(kj)+6;

(16) end

17 end

(18) check the value of max. and min. for each variables
(19) end

(20)  HM(HMS-nNew:HMS)=HMS,.,;; : merge harmony
memory and new harmonies

(21)  sort harmony by the descending order of f (5()

(22)  bestsol=HM(1);

(23) FW=FWxFW damp; : damp fret width

(24) end

(25) terminate algorithm

£ 285 Bl ditt 2A=Ee YHESI=T o
5] wAlolA HS7F 7851 2842 = 52 2o
AT} ESE Pan et al. (2011)2 3581019 AAIEH

A

‘TF

EAo)A HS7} 284wy w2y HRAHs 1S 71
4ol Fa= HojFglen, Kaveh (2012)= 578ulA]
3} BAo|A HS7F H829S HojFgch

Table 6. Parameters used for harmony search

Fig. 3. Processes of HS

HS o) o7 W= sy mjEe] S7|(HMS :
Harmony Memory Size), M2 dI2Y Z7|(HMpew),
stEyY w22 1128 (HMCR : Harmony Memory
Consideration Rate), T]%] Z#E(PAR : Pitch Adjustment
Rate), =3l ZFW : Fret Width), == = 748 9 £
& 7|0, ol52 A9 sfan SATA oA o] T
(Exploration) F+= 7] Z)(Exploitation)™} @At THo]
AUtk FL o7l W AEE dalE|Eo] 2 THER
A HA E= A 7Pk 99E N6l 715
P 4= Sk Table 6 2 Ao A ARRSE s
gholch.
=& HSWHo] GA & thE HlEre]ay s
Rt okl @ e = glrk Yang (2009)
L HS7} 02 djeigelaE WHETle] Aolg vy
H3igie) HS7} o 2ol S7eb) ahee] 24
of npsE 7] Ot Bl 29 4 Scka Skt
Manjarres et al. (2013)2 thoFst 3-5+¢1L ool A HS

1o

(

[ 104 BEEINEMIEIEIEN

HS parameters Setting value

# of iteration 1000

HMS 500

HMiew 450

HMCR 0.5

PAR 0.2

FW 0.5
FW_damp 0.998

5.3 +X| o

A= ARsAt 21570 g Aol 4ol B0
WREc st =e] S50l vt e 2040 ¢
Aol Equlgo] SARITHL STk weiy 7kgEol
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System) 9| 79~ 17]] 57+ G 3,000%F ¥ o] FAjH]|
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A FAHE-E BlE7|8F WA delsks e 5715
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9F olefal shar AZF AFE ALHES 15% o
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Table 7. Values of cost factors for numerical example
(1 million KW)

Cost Investment Depreciation | Annual invest.
coef. cost period cost
G, 30/EA 10 3
G, 300/Station 10 30
G 400/System 10 40
c Annual inventory holding cost
v (0.3, 0.3, 0.3, 0.9, 0.3)

Table 8> A}A|5742] 3 Yikgo] F7istol| whe} o]
£ UEshe A digt § S0l82 2asehe 246
2 Bojeh oy Al2glo] oieh BRAARES 0255
AR 271700 ket Al okbaA Auks gl

:"‘én

AR A W] §Fe sele A v

Table 8. Optimization results of numerical example

HER4AE 143t XSA AMZE2tI9 M7 XXg}

Ae Aol wh= A wuf o] o] s &4
47178 2 100747149 WS ARgskaL ik o]
ot Al W] 852 A 5ej Aol agHolt
© 2 ofugith O" thge ol AnlE et A
vlo|A %73} AH)2 wAsk= Al Mo 2o A
WlZ A 3 Ajole] B2 o) Bk ZE 7
H8Q A0 7)o ulal o]ydt A HAR 2= 9t
2 oA A FIRABATEE] TS 0.79500.% 11 oY
o] gholl sz A2 e WellAe= a7k <A
St o & 4 QUSiek
TH, Hulgafo] dgEo] Uhs A3 B o
Ty > Ty Ty > 11,7, FALEYE W2 S-S
QIsh 4= Qltk o9} T2 A= Figure 194 A7H¢t vp
@} Z+o] Layered Build 3 e 2pA242] v
F2E v =elHo g egsittal Azke 4= 9l

(e
Job

HE

b3

Cost parameters Constraint Best solution (X) Performance
{q’ C:n (E)’ qﬂ’ CZ} HO TBm ax (‘7;171:273:371:471:5) ,';/I;f % “10 H(jﬁj (1 2IEL§0§M
0.2500 100 (0,0,1,7,3) 11 0.95 0 0.2501 1,152.71
0.2750 100 (0,0,1,3,0) 4 0.95 1 0.2763 1,169.52
0.3000 100 (0,2,0,6,2) 10 0.95 1 0.3008 1,189.67
0.3250 100 (3.4,6,11,5) 29 0.95 0 0.3253 1,211.53
0.3500 100 (4,6,6,13,7) 36 0.95 0 0.3501 1,234.53
0.3750 100 (8,6,10,12,9) 45 0.95 0 0.3757 1,263.21
0.4000 100 (9,9,11,14,11) 54 0.95 0 0.4000 1,292.61
0.4250 100 (5:4,5,11,5) 30 0.96 0 0.4251 1,322.75
0.4500 100 (5,7,7,11,8) 38 0.96 0 0.4503 1,348.36
0.4750 100 (7,8,10,12,10) 47 0.96 0 0.4757 1,377.37
3, 300, (03, 03 0.5000 100 (9,10,12,14,12) 57 0.96 0 0.5001 1,409.90
0’_3’ 09, ’0.3)', ’40'} | 0.5250 100 (13,14,14,15,15) 71 0.96 0 0.5254 1,455.32
0.5500 100 (14,18,16,16,15) 79 0.96 1 0.5523 1,521.53
0.5750 100 (7,7,9,11,8) 42 0.97 0 0.5751 1,685.01
0.6000 100 (10,10,11,11,10) 52 0.97 0 0.6000 1,717.28
0.6250 100 (13,11,13,14,13) 64 0.97 0 0.6252 1,756.32
0.6500 100 (15,12,15,15,16) 73 0.97 1 0.6509 1,825.43
0.6750 100 (5,3,8,10,6) 32 0.98 0 0.6750 2,625.41
0.7000 100 (6,6,8,11,9) 40 0.98 0 0.7002 2,651.34
0.7250 100 (9,8,10,14,8) 49 0.98 0 0.7251 2,681.08
0.7500 100 (12,11,12,15,11) 61 0.98 0 0.7501 2,719.81
0.7750 100 (16,16,17,16,16) 81 0.98 0 0.7750 2,784.06
0.7950 100 (20,20,20,20,20) 100 0.98 1 0.7950 2,885.82
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Fig. 4. Optimal costs with respect to availability and
target production rate (C; = 60)
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Table 9. Comparison between HS and GA

HS GA
Number of Generations 1000 1000
Number of Populations 500 500
Average Computing Time 92.2 sec. 1206.4 sec
Better Solutions 14(6) 3(6)
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