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Abstract: The output performance of assembly lines is not only affected by machine unreliability
and limited buffer capacity but also constrained by line-side buffers. The analytical modeling and
performance evaluation of multi-stage assembly lines with line-side buffers were investigated.

Firstly, for the single-stage assembly lines, the steady-state probability distribution of system states
was derived based on Markov chains. Secondly, for the two-stage assembly lines, each single-
stage subsystem was modeled as a machine with one operational state and one failure state. A
performance evaluation model was then established using Markov chains, and closed-form
expressions for performance indicators were obtained. Thirdly, for the multi-stage assembly lines,
an aggregation method was proposed to approximate the performance indicators. Furthermore, the
accuracy of the performance evaluation method was validated through numerical experiments.

Finally, utilizing the proposed method, numerical experiments were conducted to examine system
properties, such as reversibility and monotonicity in the multi-stage assembly lines.

Key words: multi-stage assembly lines; line-side buffer; analytical modeling; performance
evaluation; Markov chain
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Table 1 Accuracy analysis results of production rate (P,,)

b -
AR 2 4 8 10 12

Plﬁ“a 0.786 2 0.747 4 0.727 4 0.7173 0.7103 0.7059
Plfr‘"“ 0.784 4 0.746 4 0.7247 0.7129 0.704 3 0. 698 6
5, /% 0.27 0.92 1.26 1. 50 1.70 1.82
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Table 2 Accuracy analysis results of work in process level (W,)
M
e
i 2 4 6 8 10 12
w i 3.2049 3.3258 3.3344 3.3346 3.3500 3.3597
wm 3.2010 3.3247 3.3321 3.3294 3.3348 3.3302
Sy /% 1.08 2.35 3.37 4.12 4.43 4. 81
®3 LZIMTHEGKEW)EBESTER
Table 3 Accuracy analysis results of inventory level in the line-side buffers (W,)
M
-
i 2 4 6 8 10 12
WA 4.9442 4.5957 4.5504 4.5717 4.5500 4.560 8
W Sim 4.943 1 4.6372 4.5920 4.6140 4.5926 4.603 7
Oy/% 0.02 0. 84 0. 86 0. 88 0.89 0.89
R4 BEEREP,)EWEITER
Table 4 Accuracy analysis results of blockage probability (P,,)
M
e
G 2 4 6 8 10 12
Pl 0.062 2 0.0506 0.060 8 0.065 8 0. 069 8 0.0725
pym 0. 064 3 0. 0527 0.063 6 0. 069 2 0.073 6 0.0765
p, 0.002 1 0. 006 3 0.009 6 0.012 1 0.0134 0.0146
®5 UHEEP,)EBESTER
Table 5 Accuracy analysis results of starvation probability (P,,)
M
.
b 2 4 6 8 10 12
pim 0.058 4 0.0513 0. 060 2 0. 065 2 0.069 1 0.0710
pSm 0.060 5 0.0532 0.063 2 0. 069 2 0.073 8 0.076 7
Op, 0.002 1 0. 006 5 0.009 6 0.0119 0.0133 0.0145
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Fig. 5 Diagram of multi-stage assembly line and its reverse line
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Table 6 Parameters of three-stage assembly lines

P RSB ESURS LS RUIE 2t
L, p=10.80,0.80,0.80].7=[0. 96,0. 96,0. 96] §=[8.88].5=[4.4.4]
L p=10.95.0.80.0.80].y=[0. 96.0. 96.0. 96] §=[8.8.8].5=[4.4.4]
L, p=1[0.80.0.95,0.80].7=[0. 96.0. 96.0. 96] §=18.8,8].5=[4,4.4]
L, p=1[0.80,0.80,0.95],7=[0. 96,0. 96,0. 96] §=[8.8.8].5=[4.4.4]
L, p=10.80,0.80,0.80].7=[0. 98,0. 96,0. 96] 5=[8,8.8].5=[4,4.4]
L, p=10.80.0.80,0.80].7=[0. 96,0. 98,0. 96] 5=[8,8.8].5=[4.4.4]
L, p=1[0.80,0.80,0.80],y=[0. 96,0. 96,0. 98] §=[8.8,8].5=[4.4.4]
L, p=1[0.80,0.80,0.80],y=[0. 96,0. 96,0. 96] §=1[9,8,8],5=[4,4,4]
L, p=10.80,0.80.0.80].7=[0. 96.0. 96.0. 96] §=[8.9.8].5=[4.4.4]
L, p=1[0.80.0.80.0.80].7=[0. 96,0. 96.0. 96] §=[8.8,9].5=[4.4.4]
L, p=1[0.80,0.80.0.80].7=[0. 96,0. 96,0. 96] §=[8.8.8].5=[5.4.4]
L, p=0.80,0.80,0.80],=[0. 96,0. 96,0. 96] §=[8.8.8].5=[4.5.4]
L, p=0.80.0.80.,0.80].y=[0. 96,0. 96.0. 96] §=[8.8,8],5=[4,4,5]
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Fig. 6 Reversibility of three-stage assembly lines
xR7 tHBERREZRESH
Table 7 Parameters of seven-stage assembly lines
G R ZSH LN TN AR 25
p=[0. 80,0. 80,0. 80, 0. 80,0. 80,0. 80, 0. 80] 5=[9.9,9,9,9,9,9]
Ly y=[0.90,0. 90,0. 90, 0. 90,0. 90,0. 90, 0. 90] 5=[5,5,5,5,5.5,5]
p=[0. 80,0. 80,0. 80, 0. 83,0. 88,0. 89,0. 81] 5=[9,9,9,9,9,9,9]
Lus y=[0. 90, 0. 90,0. 90,0. 90, 0. 90,0. 90, 0. 90] s=[5,5,5,5,5,5,5]
p=[0.81,0. 89,0. 88,0. 83,0. 80,0. 80,0. 80] 5=[9,9.9,9.9.9.9]
Lys y=[0. 90, 0. 90,0. 90,0. 90, 0. 90,0. 90, 0. 90] s=[5,5,5,5,5,5,5]
p=[0.80.0. 80,0. 80,0. 80,0. 80,0. 80, 0. 80] 5=[9,9,9,9,9,9,9]
L y=[0. 90,0. 90,0. 90,0. 91,0. 93,0. 95,0. 91] s=[5,5,5,5,5,5,5]
p=[0.80,0. 80,0. 80,0. 80,0. 80, 0. 80,0. 80] 5=[9,9.9,9.9,9,9]
Ly y=[0.91,0. 95,0. 93,0. 91,0. 90,0. 90, 0. 90] s=[5,5,5,5,5,5,5]
p=[0.80,0. 80,0. 80,0. 80,0. 80, 0. 80,0. 80] 5=[9,9,9,10,12,11,15]
Lu y=[0.90,0. 90, 0. 90, 0. 90,0. 90, 0. 90, 0. 90] s=[5,5,5,5,5,5,5]
p=[0.80,0. 80,0. 80,0. 80,0. 80, 0. 80,0. 80] S§=[15,11,12,10,9,9,9]
Ly y=[0. 90,0. 90, 0. 90, 0. 90,0. 90, 0. 90, 0. 90] s=[5,5,5,5,5,5,5]
p=[0. 80,0. 80,0. 80, 0. 80,0. 80,0. 80, 0. 80] 5=[9.9,9,9,9,9,9]
La y=[0. 90,0. 90, 0. 90, 0. 90,0. 90, 0. 90, 0. 90] s=[5,5,5,7,6,8,8]
p=[0. 80,0. 80,0. 80, 0. 80,0. 80,0. 80, 0. 80] 5=[9.9,9,9,9,9,9]
La y=[0. 90, 0. 90, 0. 90,0. 90,0. 90,0. 90,0. 90] s=[8,8,6,7,5,5,5]
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Fig. 7 Reversibility of seven-stage assembly lines
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Table 8 Efficiency parameters ranges and combination of three-stage assembly lines

%5 P D> D3 7 72 73
1 [0. 45,0. 51] 0. 50 0. 48 0.53 0. 60 0. 54
2 0.45 [0. 50,0. 59] 0. 48 0.53 0. 60 0. 54
3 0.45 0. 50 [0. 48,0. 53] 0.53 0. 60 0. 54
4 0.45 0. 50 0. 48 [0. 53,0. 63] 0. 60 0. 54
5 0.45 0. 50 0. 48 0.53 [0. 60,0. 70] 0. 54
6 0.45 0. 50 0. 48 0.53 0. 60 [0. 54,0. 67]

AT R P TGN T A i =
BS, Fls, HIBAJE PR, = [ BOR B L W) 1 S50
WHEUT

p=[0.48,0.54,0.50], y=[0.53, 0.60, 0.54],
S=[8,7.6],s=[2, 1, 1], N=[10, 10].
A M, AR SCIE T 6 4L S  AESCR 7~9
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Table 9 Value range and combination of threshold parameters for line-side buffers of three-stage assembly lines

I S, S, S, s s, 55
7 [8,15] 7 2 1 1
8 8 [7,15] 2 1 1
9 8 7 [6,12] 2 1 1
10 8 7 2,7] 1 1
0 8 7 2 [1,6] 1
12 8 7 2 1 [1,5]
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Fig. 8 Monotonicity of multi-stage assembly lines
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