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Abstract In this paper, we present an approximation
method to estimate the production rate of re-entrant
lines with unreliable exponential machines having iden-
tical processing times, finite buffers, and last buffer
first serve scheduling policy. Recursive procedures are
developed and structural properties are investigated.
The results show that the proposed method provides an
acceptable accuracy in production rate approximation
for re-entrant lines.

Keywords Re-entrant lines · Production rate ·
Serial lines · Iteration procedures

1 Introduction

In many manufacturing systems, parts need to visit one
or more machines multiple times. Such systems are
referred to as re-entrant lines. For instance, multiple
layers of material are imprinted on the wafer layer by
layer in semiconductor manufacturing process. In au-
tomotive powertrain manufacturing plants, the ignition
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components are washed multiple times in order to keep
them clean during production. Due to its wide applica-
tions in many manufacturing industries, in particular,
in semiconductor and electronic manufacturing, the
analysis, design, and management of re-entrant lines
have significant importance.

Although a substantial amount of research effort
has been devoted to throughput analysis of production
systems, from serial lines to assembly lines and systems
with complex operations, such as rework, parallel, split,
merge and closed loops, etc. (see reviews [1–3] and
monographs [4–7]), the study on performance analysis
of lines with re-entrant operations is still limited. Most
of the research effort on re-entrant lines focuses on
studying the scheduling and control policies; less work
is devoted to performance evaluation, in particular,
of lines with unreliable machines and finite buffers.
Queueing network model, fluid model, and mean value
analysis have been the tools in re-entrant line research
(see, for example, [8–13]). However, in these studies,
infinite buffer capacity is typically assumed so that the
blocking phenomenon is ignored. Stochastic petri-net
provides another approach for analytical study of re-
entrant lines (e.g., [14–17]). Analytical formulation for
scheduling policy can be obtained using these methods.
State space explosion can be one of the difficulties
encountered in this method. The effort to overcome
this difficulty has been made in recent studies [18].
Moreover, research has been carried out for systems
with similar features to re-entrant lines, such as mul-
tiple part types, rework loops, etc. [19–25]. To extend
the results to make them applicable to re-entrant lines,
substantial effort is still required. In addition to analyt-
ical approaches, discrete event simulations have been
used as a popular tool for re-entrant line studies to
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evaluate performance, analyze scheduling and control
policies, etc. (for example, [26–28]). Although detailed
results can be obtained using simulations, long model
development time and significant computation intensity
limit its application.

Therefore, in spite of these advances, developing an
efficient analytical method to estimate the performance
of re-entrant lines is still needed [3, 29]. This paper
is intended to contribute to this end. Specifically, as
a starting point, we study the re-entrant lines with
synchronous unreliable exponential machines and fi-
nite buffer capacities, i.e., all machines have identical
cycle times and exponential up- and downtime. Lines
with non-identical cycle times and non-exponential ma-
chines will be studied in future work. Since priority
scheduling policy is typical in re-entrant lines, i.e., more
processed jobs have higher priority than less processed
ones, which is also referred to as last buffer first serve
(LBFS) policy and has been shown as a stable policy
[8], we focus our effort on re-entrant lines with LBFS
scheduling policy.

The remaining part of the paper is structured as
follows: Section 2 formulates the problem. The mod-
eling and analysis method is presented in Section 3.
Conclusions are given in Section 4.

2 Problem formulation

A typical structure of the re-entrant line under con-
sideration is shown in Fig. 1, where the circles repre-
sent the machines and the rectangles are the buffers.
The machines, the buffers, and their interactions are
addressed by the following assumptions.

1) The system consists of M machines and 2M − 1
buffers separating two consecutive machines. The
first time jobs are processed at machines mi, i =
1, . . . , M, and buffers b 1i, i = 1, . . . , M − 1. After
first time processing at machine mM, all jobs are sent
to buffer b 20, waiting for second time processing.

Then, the jobs are reprocessed at machines m1 to
mM, but through buffers b 2i, i = 1, . . . , M − 1. Jobs
leave the system after being processed at mM for the
second time.

2) All machines have identical processing times, nor-
malized as one unit of time. The time is slotted as
cycle time.

3) The up- and downtime of machine mi are random
variables exponentially distributed with parameters
λi and μi, respectively. In other words, λi and μi

are failure and repair rates, respectively, and 1/λi

and 1/μi are the average uptime and downtime,
respectively.

4) Each buffer b k, k = 11, 12, . . ., (1, M − 1), 20, 21,
22, . . ., (2, M − 1), has capacity Nk, 0 < Nk < ∞.

5) Machine mi, i = 1, . . . , M − 1, is blocked by the first
(respectively, second) time job at time t if it is up,
buffer b 1i (respectively, b 2i) is full and machine mi+1

does not take part from it at time t. Machine mM is
blocked by the first time job at time t if it is up, buffer
b 20 is full, and machine m1 does not take part from
b 20 at time t. Machine mM is never blocked by the
second time job.

6) The second time jobs have higher priorities than the
first time ones. In other words, when it is up, ma-
chine mi, i = 2, . . . , M − 1, always takes part from
buffer b 2,i−1 if it is not empty and mi is not blocked
by b 2i; otherwise, it will take part from buffer b 1,i−1

if it is not empty and mi is not blocked by b 1i. When
machine m1 is up and is not blocked by b 21, it takes
part from buffer b 20 if it is not empty; otherwise,
new part will be loaded to be processed at m1 if it is
not blocked by b 11. Machine mM will take part from
b 2,M−1 if it is not empty; otherwise, mM loads from
b 1,M−1 if it is not empty and mM is not blocked by
b 20.

7) Machine mi, i = 2, . . . , M, is starved if it is up, both
buffers b 1,i−1 and b 2,i−1 are empty, and their up-
stream machines fail to send any part into them.
Machine m1 is never starved by the first time job.

Fig. 1 Re-entrant lines
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Let PR be the production rate of the system, i.e., the
average number of finished parts (after second process-
ing) produced by the last machine mM per unit of time.
The problem addressed in this work is formulated as
follows:

Given production system 1–7, develop a method
to calculate the production rate as a function of
the system parameters and investigate structural
properties.

A solution to the problem is presented in Section 3.

3 Modeling and analysis

3.1 Idea of the approximation

The main difficulty of analyzing re-entrant line is that
the machines are used for multiple processing of jobs.
In addition to the complexity caused by blocking and
starving, which is typically in serial lines, more dif-
ficulties, from the allocation of machine capacity to
multiple processing of jobs, the priority loading and
the dedicated dispatching policies, etc., make the exact
analysis of system performance impossible. Therefore,
approximation method is pursued in this work. Specifi-
cally, an iterative approach is developed to estimate the
production rate of a re-entrant line with exponential
machine reliability models. The idea of the method is
to represent an M-machine re-entrant line in Fig. 1 by
a 2M-machine serial line (see Fig. 2 for illustration).
The first M machines (denoted as m′

1 to m′
M) charac-

terize the operations dedicated for the first time jobs
and the second M machines (denoted as m′′

1 to m′′
M) for

the second time jobs. Such an equivalence represents

the path of the part flow within the system, i.e., they
start visiting m1 to mM for first time processing, then,
through buffer b 20, they return to m1 to mM for second
time operations. The parameters of the machines (m′

i
and m′′

i , i = 1, . . . , M) are modified to take into account
the shared processing of the first and second time jobs
on them. Then, an iterative procedure is introduced
to estimate these parameters recursively. When the
procedure is convergent, an approximation of system
production rate can be obtained.

To obtain the parameters of the modified machines,
m′

i and m′′
i , i = 1, . . . , M, an allocation of machine mi to

the first and second time jobs needs to be estimated.
Since the second time jobs have higher priority than
the first time ones, when the machine is up, mi, i =
1, . . . , M − 1, will load and process parts from buffer
b 2,i−1 if it is not blocked by b 2i and starved by b 2,i−1.
Machine mM will carry out the last operation on jobs
from b 2,M−1 if it is not empty and release the finished
products when the work is completed. However, for the
first time jobs, mi, i = 2, . . . , M, will load from buffer
b 1,i−1 only when the operations on second time jobs
are not feasible (i.e., mi is either starved or blocked by
second time jobs). Similarly, a new job will be loaded
by m1 only when b 20 is empty or m1 is blocked by b 21.
Therefore, it is equivalent to claiming that mi is ready
to process second time jobs as long as it is up, while it is
allocated to first time jobs only when it is up and cannot
work on second time jobs. Thus, machines m′′

i can keep
the same parameters as mi; however, the parameters of
m′

i need to be modified by enlarging their downtime.
In other words, from the point of view of the first time
jobs, the time when machine mi is working on second
time jobs is viewed as “downtime,” since during such
time, the machine is not available to the first time jobs.

Fig. 2 Equivalent serial lines N11 N12
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Since, compared with uptime, machine downtime
typically has larger impact on system performance, we
modify downtime parameters, μi, i = 1, . . . , M, first.

μ′′
i = μi, i = 1, . . . , M,

μ′
i = μi(Prob[b 2,i−1 is empty] + Prob[b 2,i is full]

− Prob[b 2,i−1 is empty]Prob[b 2,i is full]),
i = 1, . . . , M − 1,

μ′
M = μiProb[b 2,M−1 is empty].

The parameters of λi are modified so that the efficiency
of the modified machine equals

e′′
i = ei = μi

λi + μi
, i = 1, . . . , M,

e′
i = ei(Prob[b 2,i−1 is empty] + Prob[b 2,i is full]

− Prob[b 2,i−1 is empty]Prob[b 2,i is full]),
i = 1, . . . , M − 1,

e′
M = eMProb[b 2,M−1 is empty].

Therefore, we obtain

λ′
i = λi + μi − μ′

i, λ′′
i = λi, i = 1, . . . , M.

Since the probabilities of the buffer being empty
or full are unknown, we introduce iterations. At the
first step, assuming these probabilities are known, us-
ing a serial line analysis method, we analyze the 2M-
machine serial line with the modified parameters and
obtain the probabilities that buffers b 2,i−1 and b 2i, i =
1, . . . , M, are empty and full, respectively. Then, using
these probabilities, we conduct the second iteration and
continue until the procedure is convergent.

3.2 Recursive procedures

Clearly, in order to carry out the above procedure, a
serial line analysis method is needed. Such a method
has been developed in [7] and [20]. To make this paper
self-contained, we introduce the method below:

Consider an M-machine serial production line with
machine parameters λi, μi, i = 1, . . . , M, and buffer pa-
rameters Ni, i = 1, . . . , M − 1. In addition, all machines
have identical cycle times, ci = 1, i = 1, . . . , M. Then,
we have

Procedure 1

μb
i (l + 1) = μi − μi Q(λb

i+1(l + 1), μb
i+1(l + 1),

λ
f
i (l), μ f

i (l), Ni), i = 1, · · · , M − 1,

λb
i (l + 1) = λi + μi − μb

i (l + 1), (1)

μ
f
i (l + 1) = μi − μi Q(λ

f
i−1(l + 1), μ

f
i−1(l + 1),

λb
i (l + 1), μb

i (l + 1), Ni−1), i = 2, · · · , M,

λ
f
i (l+1) = λi+μi−μ

f
i (l+1),

with boundary conditions

λ
f
1 (l)=λ1, μ

f
1 (l)=μ1, λb

M(l)=λM, μb
M(l)=μM,

l = 0, 1, 2, . . . ,

and initial conditions

λ
f
i (0) = λi, μ

f
i (0) = μi, i = 2, · · · , M − 1.

where l is iteration number, and

Q(λ1, μ1, λ2, μ2, N) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(1 − e1)(1 − φ)

1 − φe−βN
, i f

λ1

μ1
�= λ2

μ2
,

λ1(λ1 + λ2)(μ1 + μ2)/(λ1 + μ1)

(λ1 + λ2)(μ1 + μ2) + λ2μ1(λ1 + λ2 + μ1 + μ2)N
, i f

λ1

μ1
= λ2

μ2
,

φ = e1(1 − e2)

e2(1 − e1)
, (2)

β = (λ1 + λ2 + μ1 + μ2)(λ1μ2 − λ2μ1)

(λ1 + λ2)(μ1 + μ2)
,

ei = μi

λi + μi
, i = 1, 2.
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It is shown that the procedure is convergent so that

lim
s→∞ μ

f
i (l) := μ

f
i , lim

s→∞ μb
i (l) := μb

i ,

lim
s→∞ λ

f
i (l) := λ

f
i , lim

s→∞ λb
i (l) := λb

i . (3)

Then, the line production rate is obtained as

PR = μ
f
M

λ
f
M + μ

f
M

= μb
1

λb
1 + μb

1

. (4)

Introduce operator

�pr(λ1, μ1, . . . , λM, μM, N1, . . . , NM−1) (5)

to denote the procedure calculating the production rate
of such a serial line. Using this operator, let P̂0

2i, i =
1, . . . , M, be the probability that buffer b 2,i−1 is empty,
and P̂N

2i , i = 1, . . . , M − 1, the probability that buffer
b 2i is full. In addition, let P̂N

2M represent the probability
that b 20 is full. Then, the following procedure can be
developed for re-entrant lines:

Procedure 2

μ′
i(s + 1) = μi(P̂N

2i (s) + P̂0
2i(s) − P̂N

2i (s)P̂0
2i(s)),

i = 1, . . . , M,

λ′
i(s + 1) = λi + μi − μ′

i(s + 1), i = 1, . . . , M,

P̂N
2i (s + 1) = 1 − �pr(λ

′
1(s + 1), μ′

1(s + 1), . . . ,

λ′
M(s+1), μ′

M(s + 1), λ1, μ1, . . . , λM,

μM,N11,. . . ,N1,M−1, N0, N21, . . . , N2,M−1)

/�pr(λ
′
1(s + 1), μ′

1(s + 1), . . . , λ′
M(s + 1),

μ′
M(s + 1), λ1, μ1, . . . , λi, μi, N11, . . . ,

N1,M−1, N20, N21, . . . , N2,i−1),

i = 1, . . . , M − 1,

P̂N
2M(s + 1) = 1−�pr(λ

′
1(s+1), μ′

1(s+1), . . . , λ′
M(s+1),

μ′
M(s + 1), λ1, μ1, . . . , λM, μM, N11, . . . ,
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/�pr(λ
′
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Fig. 3 Accuracy of Procedure 2

P̂0
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′
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μ′
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i = 1, . . . , M,

s = 0, 1, 2, . . . ,

with initial conditions

P̂N
2i (0) ∈ (0, 1), P̂0

2i(0) ∈ (0, 1), i = 1, . . . , M,

and s is the iteration number.

Based on extensive numerical experiments, we dis-
cover that Procedure 2 returns two convergent se-
quences for even and odd iteration numbers. Thus, we
formulate this as a numerical fact:

Numerical Fact 1 Procedure 2 results in two conver-
gent sequences, i.e.,

lim
s→∞ μ′

i(s) :=
{

μ′
i,even if s is even,

μ′
i,odd if s is odd,

lim
s→∞ λ′

i(s) :=
{

λ′
i,even if s is even,

λ′
i,odd if s is odd.

(6)

Table 1 Accuracy

Average |ε| max |ε| |ε| < 5% |ε| < 10%

2.51% 14.65% 88.36% 97.82%
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Introduce p̂reven and p̂rodd as the production rates
with λ′

i,even, μ′
i,even, and λ′

i,odd, μ′
i,odd, respectively, we

have

p̂reven = �pr(λ
′
1,even, μ

′
1,even, . . . , λ

′
M,even, μ

′
M,even, λ1, μ1,

. . . , λM, μM, N11, . . . , N1,M−1, N0, N21,

. . . , N2,M−1),

p̂rodd = �pr(λ
′
1,odd, μ

′
1,odd, . . . , λ

′
M,odd, μ

′
M,odd, λ1, μ1,

. . . , λM, μM, N11, . . . , N1,M−1, N0, N21,

. . . , N2,M−1). (7)

Then, the production rate of the re-entrant line is
selected as the average of them, and denoted as P̂R,

P̂R = p̂reven + p̂rodd

2
. (8)

In this way, an estimate of the production rate of a re-
entrant line in steady state is obtained.

3.3 Accuracy

The accuracy of the approximation is investigated nu-
merically. Specifically, we consider more than 300 re-
entrant lines by randomly and equiprobably selecting
machine and buffer parameters from the following sets:

M ∈ {2, 3, 5, 10, 20, 50},
ei ∈ [0.75, 0.95],

T j,down = 1

μ j
∈[1, 20], j = 1, . . . , M, (9)

Nij ∈ �k·max{T j,down, T j+1,down}�,
i=1, 2, j=1, . . . , M−1,

N20 ∈ �k·max{TM,down, T1,down}�,
k ∈ [1, 3],

where �x� denote the largest integer less than or
equal to x. The machine average uptime, T j,up = 1

λi
, is

Table 2 Illustration examples (a) M = 2
λi [0.0211, 0.1166] μi [0.0732, 0.3555]
N11 29 N21 58 N20 13
PR 0.3481 P̂R 0.3532 ε 1.46%

(b) M = 3
λi [0.0049, 0.0391, 0.0048]
μi [0.0937, 0.1720, 0.1365]
N1i [16, 23] N2i [28, 15] N20 16
PR 0.4030 P̂R 0.3851 ε −4.46%

(c) M = 5
λi [0.0063, 0.0047, 0.0054, 0.0066, 0.0171]
μi [0.0759, 0.1774, 0.2674, 0.1174, 0.0652]
N1i [26, 20, 6, 9] N2i [28, 12, 8, 25]
N20 21 PR 0.3909 P̂R 0.3832 ε −1.95%

(d) M = 10
λi [0.0183, 0.0100, 0.0137, 0.0049, 0.0064, 0.0056, 0.0286, 0.0085, 0.0042, 0.0058]
μi [0.0551, 0.0569, 0.1373, 0.09554, 0.1001, 0.0610, 0.0745, 0.0984, 0.5841, 0.1663]
N1i [51, 30, 34, 9, 26, 17, 45, 20, 23]
N2i [52, 33, 9, 22, 18, 26, 30, 30, 2]
N20 4 PR 0.3401 P̂R 0.3460 ε 1.71%

(e) M = 20
λi [0.0058, 0.0058, 0.1105, 0.0146, 0.0076, 0.0043, 0.0042

0.0147, 0.0070, 0.0049, 0.0044, 0.0185, 0.1977, 0.0060
0.0051, 0.0785, 0.0071, 0.0147, 0.0274, 0.0060]

μi [0.0710, 0.0973, 0.2639, 0.0744, 0.1638, 0.2261, 0.0536
0.0504, 0.0968, 0.4268, 0.2471, 0.0601, 0.0575, 0.0843
0.6829, 0.2379, 0.0847, 0.0954, 0.4501, 0.8722]

N1i [37 18 27 4 18 12 8 19 54 16
4 6 48 46 36 2 9 19 16]

N2i [37 17 6 38 11 12 48 58 31 5
5 39 19 17 2 9 31 16 5]

N20 3 PR 0.1144 P̂R 0.1124 ε −1.67%



Int J Adv Manuf Technol

calculated through average downtime, T j,down, and iso-
lated efficiency, e j, j = 1, . . . , M.

For each of these lines, both analytical methods using
Procedure 2 and simulation approach written in C++
code are pursued to evaluate system production rate.
To ensure that the warm-up time is sufficient to guaran-
tee that the steady state is reached, based on extensive
experiments, 5,000 cycles of warm-up time are assumed
in each simulation. Then, the data collection time (or
run length) and number of replications are selected so
that the effect of initial bias is minimal (by controlling
the run length), and the variance of the estimates is
also small (by controlling the number of replications),
with reasonable computation efficiency. Again, based
on experimental results, we select 200,000 cycles for
collecting steady state statistics and 20 replications to
obtain the average production rate. In this case, the
95% confidence intervals of the estimates are typically
less than ±0.001. Then, the differences between analyt-
ical and simulation results are evaluated as

ε = P̂R − PR
PR

· 100%, (10)

where PR and P̂R are the production rates obtained by
simulation and recursive procedures, respectively.

The results of this investigation are illustrated in
Fig. 3. Table 1 provides the average and maximum
errors in all the experiments and the percentages where
errors are within 5% or 10%. It is shown that, in more
than 88% of cases, the difference ε is within 5%, with
a few exceptions (about 2% of cases) going up more
than 10% (maximum to 14%). Thus, we conclude that,
in all the cases we studied, Procedure 2 results in an
acceptable accuracy for production rate estimation. For
illustration purpose, five typical examples are provided
in Table 2. From these results, we conclude that Proce-
dure 2 provides a useful tool for design and analysis of
re-entrant lines.

3.4 Structural properties

It has been shown in the literature (e.g., [7]) that
monotonicity holds in serial lines and assembly systems,
i.e., system production rate can be improved by increas-
ing machine reliability and/or buffer capacity. Similar
properties are observed in re-entrant lines as well.

Monotonicity: The system production rate defined by
Procedure 2 and estimate 8 is monotonically increas-
ing with respect to μi, i = 1, . . . , M, and Nij, ij =
11, . . . , (1, M − 1), 20, 21, . . . , (2, M − 1), and decreas-
ing with respect to λi, i = 1, . . . , M.
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Fig. 4 Monotonicity with respect to λ, μ, and N

Illustrations of the monotonicity of PR with respect
to λi, μi, and Nij for a five-machine re-entrant line are
shown in Fig. 4a, b, and c, respectively. In Fig. 4a, all
machines are identical with failure rates λi ranging from
0.05 to 0.25, all repair rates μi are 0.95, and all buffers
have capacity Nij = 1. In Fig. 4b, machines are still
identical but with all λi = 0.0.05 and all μi increasing
from 0.7 to 0.95, and all buffer capacities are still kept
at 1. In Fig. 4c, buffers are identical with Nij changing
from 1 to 20; all machines have λi = 0.05 and μi = 0.95.
Clearly, decreasing machine failures, improving ma-
chine repair rates, or increasing buffer capacity result
in improvement in system production rate. However,
the improvement is gradually diminishing when buffer
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Fig. 5 Reversed re-entrant
line
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capacity is increased. Such results are similar to those
discovered in serial line case.

It is clear that, for serial production lines, the pro-
duction rate converges to the efficiency of the worst
machine when buffers are infinite [7]. For re-entrant
lines, since parts need to flow through each machine
twice, and the production rates for first and second time
processing jobs should be the same due to conservation
of flow, we will obtain half of the worst machine effi-
ciency as system production rate.

Asymptotic property: The system production rate de-
fined by Procedure 2 and estimate 8 satisfies

lim
Nij → ∞

ij = 11, . . . , (1, M − 1),
20, 21, . . . , (2, M − 1)

P̂R = min
i=1,...,M

μi

2(λi + μi)
= min

i=1,...,M

ei

2
.

(11)

Reversibility is also observed in serial production
lines [7]. For re-entrant lines, let the line in Fig. 5 be
the reversed line of the one in Fig. 1. Higher priority is
still assigned to buffer b 2i, i = 1, . . . , M − 1. Let P̂R and
P̂R

rev
denote the production rates obtained through

Procedure 2 and estimate 8, respectively. Then identical
production rates are obtained.

Reversibility: The system production rate defined by
Procedure 2 and estimate 8 satisfies

P̂R = P̂R
rev

. (12)

The above properties have been verified through
simulations.

4 Conclusions

Re-entrant lines are widely used in many manufactur-
ing industries. In this paper, we present a method to

approximate the system production rate of re-entrant
lines with exponential machine reliability models. The
numerical results suggest that this method can provide
an acceptable precision for system production rate es-
timation. The future work will focus on extending the
method to systems with multiple re-entrances, lines
with asynchronous machines, non-identical machine
parameters for re-entrant jobs, etc. The issues of mul-
tiple products, set up, work carriers, etc., are also to
be investigated. The successful development of such
methods will provide production engineers a quantita-
tive tool for design and continuous improvement of re-
entrant lines.

References

1. Dallery Y, Gershwin SB (1992) Manufacturing flow line sys-
tems: a review of models and analytical results. Queuing Syst
12:3–94

2. Papadopoulos HT, Heavey C (1996) Queueing theory in
manufacturing systems analysis and design: a classification
of models for production and transfer lines. Eur J Oper Res
92:1–27

3. Li J, Blumenfeld DE, Huang N, Alden JM (2009) Through-
put analysis in production systems: recent advances and fu-
ture topics. Int J Prod Res 47:3823–3851

4. Viswanadham N, Narahari Y (1992) Performance modeling
of automated manufacturing system. Prentice Hall, Engle-
wood Cliff

5. Buzacott JA, Shantikumar JG (1993) Stochastic models of
manufacturing systems. Prentice Hall, Englewood Cliffs

6. Gershwin SB (1994) Manufacturing systems engineering.
PTR Prentice Hall, Englewood Cliffs

7. Li J, Meerkov SM (2009) Production systems engineering.
Springer, New York

8. Kumar PR (1993) Re-entrant lines. Queueing Syst 13:87–110
9. Connors DP, Feigin GF, Yao DD (1996) A queueing network

model for semiconductor manufacturing. IEEE Trans Semi-
cond Manuf 9:412–427

10. Dai JG, Weiss G (1996) Stability and instability of fluid mod-
els for certain re-entrant lines. Math Oper Res 21:115–134

11. Narahari Y, Khan LM (1996) Performance analysis of
scheduling policies in re-entrant manufacturing systems.
Computer & Operations Research 23:37–51



Int J Adv Manuf Technol

12. Kumar S, Kumar PR (2001) Queueing network models in the
design and analysis of semiconductor wafer fabs. IEEE Trans
Robot Autom 17:548–561

13. Hopp WJ, Spearman ML, Chayet S, Donohue KL, Gel ES
(2002) Using an optimized queueing network model to sup-
port wafer fab design. IIE Trans 34:119–130

14. Zhou MC, Jeng MD (1998) Modeling, analysis, simulation,
scheduling, and control of semiconductor manufacturing sys-
tems: a Petri net approach. IEEE Trans Semicond Manuf
11:333–357

15. Jeng MD, Xie XL, Hung WY (2000) Markovian timed petri
nets for performance analysis of semiconductor manufactur-
ing Systems. IEEE Trans Syst Man Cybern, Part B 30:757–
771

16. Odrey NG, Green JD, Appello A (2001) A generalized
petri net modeling approach for the control of re-entrant
flow semiconductor wafer fabrication. Robot Comput-Integr
Manuf 17:5–11

17. Choi JY, Reveliotis SA (2003) A generalized stochastic Petri
net model for performance analysis and control of capaci-
tated re-entrant lines. IEEE Trans Robot Autom 19:474–480

18. Choi JY, Reveliotis SA (2005) Relative value function ap-
proximation for the capacitated re-entrant line scheduling
problem. IEEE Transactions on Automation Science and En-
gineering 2:285–299

19. Helber S (1999) Performance analysis of flow lines with non-
linear flow of material. In: Lecture notes in economics and
mathematical systems. Springer, New York

20. Li J (2004) Performance analysis of production systems with
rework loops. IIE Trans 6:755–765

21. Li J (2004) Throughput analysis in automotive paint shops: a
case study. IEEE Transactions on Automation Science and
Engineering 1:90–98

22. Li J (2005) Overlapping decomposition: a system-theoretic
method for modeling and analysis of complex production
systems. IEEE Transactions on Automation Science and En-
gineering 2:40–53

23. Colledani M, Matta A, Tolio T (2005) Performance evalua-
tion of production lines with finite buffer capacity producing
two different products. OR Spectrum 27:243–263

24. Li J, Huang N (2005) Modeling and analysis of a multiple
product manufacturing system with split and merge. Int J
Prod Res 43:4049–4066

25. Colledani M, Gandola F, Matta A, Tolio T (2008) Per-
formance evaluation of linear and non-linear multi-product
multi-stage lines with unreliable machines and finite homo-
geneous buffers. IIE Trans 40:612–626

26. Wein LM (1988) Schedling semiconductor wafter fabrication.
IEEE Trans Semicond Manuf 1:115–130

27. Lu SH, Ramaswam D, Kumar PR (1994) Efficient schedul-
ing policies to reduce mean and variance of cycle-time in
semiconductor manufacturing plants. IEEE Trans Semicond
Manuf 7:374–388

28. Hsieh BW, Chen CH, Chang SC (2001) Scheduling semicon-
ductor wafter fabrication by using ordinal optimization-based
simulation IEEE Trans Robot Autom 17:599–608

29. Shanthikumar JG, Ding S, Zhang MT (2007) Queueing the-
ory for semiconductor manufacturing systems: a survey and
open problems. IEEE Transactions on Automation Science
and Engineering 4:513–522


	Performance approximation of re-entrant lines with unreliable exponential machines and finite buffers
	Abstract
	Introduction
	Problem formulation
	Modeling and analysis
	Idea of the approximation
	Recursive procedures
	Accuracy
	Structural properties

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


