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Abstract: Aimed at the problem of stochastic routings for
reprocessing operations and highly variable processing times, an
open queuing network is utilized to model a typical reprocessing
system. In the model, each server is subject to breakdown and
has a finite buffer capacity, while repair times, breakdown
times and service time follow an exponential distribution. Based
on the decomposition principle and the expansion methodology,
an approximation analytical algorithm is proposed to calculate
the mean reprocessing time, the throughput of each server and
other parameters of the processing system. Then an approach to
determining the quality of disassembled parts is suggested, on
the basis of which the effect of parts quality on the performance
of the reprocessing system is investigated. Numerical examples
show that there is a negative correlation between quality of parts
and their mean reprocessing time. Furthermore, marginal
reprocessing time of the parts decrease with the drop in their
quality.
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he problem of resource and environmental conservation

has received considerable attention in recent decades.
In this situation, cyclic economy is advocated around the
world. As a substantial option of cyclic economy, remanu-
facturing has been considered as the best way because it can
maximize the utilization of potentials of value recovery from
the used products. Remanufacturing is an industrial process
whereby worn-out products, referred to as cores, are re-
stored to like new condition" ™. During this process, the
core passes through a number of remanufacturing opera-
tions, e. g. inspection, disassembly, reprocessing, reas-
sembly, and testing to ensure it meets the desired product
standards. Compared with the traditional manufacturing en-
vironment of the same products, there are several distinct
characteristics between remanufacturing and manufacturing,
which add different kinds of complexity and uncertainty in
the remanufacturing processes'”. Although the problem of
stochastic routing for reprocessing operations and highly var-
iable reprocessing time is a complicated problem among the
several characteristics, there has been no paper about it until
now'"™. To overcome this inefficiency, this paper, based
on the analysis of the quality uncertainty of disassembled
parts and the OQN model of a typical reprocessing system,
attempts to investigate the impact of quality uncertainty of
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disassembled parts on the performance of the reprocessing
system.

1 Analysis of Quality Uncertainty of Parts

Stochastic routings and highly uncertain reprocessing
times are a primary concern at the operational level in re-
manufacturing environments. Stochastic routings are a re-
flection of the uncertain condition of cores. Due to different
reliability lives, the usage model and the return model of
products, and the quality of returned cores is uncertain,
which generally results in the quality uncertainty of parts
disassembled from the cores. A part will have a maximum
set of reprocesses that should be performed to restore the
part to the desired specifications. However, these routings
represent a worst-case scenario, and the majority of parts
will only require a sub-set of these reprocessing routings.
Highly variable reprocessing times are also a function of the
quality uncertainty of parts for reprocessing. Parts with un-
certain qualities require uncertain reprocessing operations,
that is, uncertain routings, which deservedly imply uncertain
reprocessing times. Shifting bottlenecks are common in this
environment because parts disassembled from cores will vary
from unit to unit, i. e., highly variable reprocessing time
and stochastic routings. This makes resource planning, esti-
mating material flow times, and material planning signifi-
cantly difficult”™ .

In order to investigate the effects of quality uncertainty of
disassembled parts on the performance of the reprocessing
system, we define the quality of disassembled parts g as

g = 1 (1)
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where p, is the probability that parts leaving node i join
node j; v, denotes the weight of routings; and S represents
the number of paths in parallel after a split node.

2 OQN Model of Reprocessing Systems

Open queuing networks ( OQN) are a popular type of
queuing networks used for modeling production systems.
Here, an OQN with finite buffers and unreliable severs is
utilized to model a typical reprocessing system which can be
modeled as a collection of various service areas where parts
arrive at different rates and demand services with unequal
times.

2.1 Model design

In this paper, we analyze a sort of part and assume that
interval times for arrivals are exponentially distributed with
rates A,. There is one server at each workstation and the fi-
nite buffer capacity of each server is represented by B,. The
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service rate u, for each operation is exponentially distributed
and the service obeys a first-come-first-serve discipline. The
breakdown rate «;, and the repair time rate 8, for broken ma-
chines are also exponentially distributed. The blocking
mechanism in the reprocessing system is “Block after serv-
ice”. When a part is ready to join a workstation, either the
buffer is not full, in which case the part joins the queue for
the reprocessing operations, or the buffer is full and the part
cannot join the queue, in which case it stays where it has
come from and blocks that server. A blocked part is re-
leased to the downstream workstation as a space becomes
available there. The transfer time of parts between buffers
and workstation are assumed to be negligible. When a fail-
ure of a workstation occurs during the reprocessing of a
part, the part stays there while the workstation is being re-
paired. After the repair of the workstation, the part is repro-
cessed from the beginning. Based on the above assumption,
a queuing network representation of a typical reprocessing
system is depicted in Fig. 1.
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Fig.1 OQN model of the reprocessing system

2.2 Solution algorithm

In order to analyze the queuing network, the decomposi-
tion principle and the expansion methodology are used. The
decomposition principle is widely used in the analysis of a
queuing network when a closed form solution for the net-
work does not exist. The idea is to partition the network in-
to individual nodes so that one can analyze and estimate the
necessary parameters of each node independent of the rest of
the network. When the analysis of each node is complete,
the interaction of each node with the rest of the network can
be reviewed. After decomposing the network, the expansion
methodology is utilized to analyze each node individually” .

We analyze the reprocessing system by monitoring the
mean reprocessing time of the system. The analysis is based
on the steady-state behavior of the given reprocessing system
with the following three stages:

Stage 1 Decomposition and expansion of the network

In order to analyze the system, we first decompose the
network and study each node in isolation as shown in Fig. 2,
where A, is the arrival rate to node i, M/M/1/K, represents
an M/M/1/K, queuing system with service interruption.
Then we expand the network by adding a holding node in
front of the finite buffer as shown in Fig. 3, where K, is the
part holding capacity of node i(K, =B, +1), p, denotes the
probability of having K, parts at the destination node i, and
p' is the feedback blocking probability in the expansion
method.
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Fig.3 Expanded node i

At the time of arrival of a part, if the buffer is not full,
the part is routed directly to the buffer at node i with proba-
bility 1 —p,. On the other hand, at the time of arrival of a
part, if the buffer at node i is full and the part is denied into
the node, it is routed to the holding node. The probability
that this event occurs is denoted by p, . Once the part enters
the holding node, it stays there until a space becomes avail-
able at the buffer of node i. While residing at the holding
node, the part checks the status of the buffer of node i in the
Bernoulli manner at every Af( At—0). After every check, if
the buffer is still full, the part returns the holding node with
probability p . One can view the holding node as an M/ M/
o node with zero processing time. In this way the holding
node can accommodate any number of parts rejected by the
full buffer of node i. When a space is available at the buffer
of node i, the part joins the buffer. The probability of this
event occurring is 1 —p’; .

Stage 2 Calculation of network parameters

Consider the isolated (M/M/1/K;) node i, p,, py,. P\,
and p, can be calculated using the following equations re-

. 0-
cursively """,

where p, represents the probability that
there are 5,(0 <'s; <K,) parts at node i, and p, denotes the
probability that there are s, parts at node i and the machine is

either in failure (r =0) or severing (r=1):

A,

Poi, = 7 Poo, (2)
M/
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Pw, =1 - z zpn, (8)

P, = Pos, Py l =5, <K 9

By setting 5, = K,, we can obtain p,. pj and A, can be
simultaneously derived by solving the following equations:

No= A=A (1 =pl) +a +B, (10)

, NS PRy (R Ry
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where A, is the accumulated rate of node i; A, represents the
arrival rate of parts to the holding node after being rejected
by the full buffer at the destination node; and A i is the arri-
val rate of those parts that are not rejected by the system.

A=A (L =pyg) (12)
Ay = Ay (13)
4+ 2u) — Az
ro= w (14)
‘ 2u,
A+ 2u) +4/z
r, = M (15)
‘ 2u;
g = ()\f +2/"Li)2 _4)‘1‘/%’ (16)

Stage 3 Calculation of the throughput

Since each node is analyzed independently in isolation,
the throughput of each node is also calculated independent-
ly. The throughput of each node is calculated as

TH, = (L, = L, )p, + A, (1 = pi) """ (1 = pg) (17)

where L, is the expected number of parts at node i; L, is
the expected number of parts in queue at node i; and p, de-

notes the utilization rate at node i. They can be derived as

K\

L= Y sp, (18)
5,20
K, K
Lqi,i = Z (si - 1)]30.\», + 23;})15, (19)
5=1 S=1
A,
pi = — (20)
M

Once the throughput of node i is calculated, this value be-
comes the arrival rate for the downstream node. However,
if the network is splitted into S parallel paths after node i,
then the arrival rate to each path is the parts of the branching
probability p, and the throughput for node i. Also, if sever-
al parallel paths are merged into one node, the arrival rate to
the downstream node is the sum of the throughput rates from
each parallel path. The throughput of the last node is just
the throughput of the entire system.

The algorithm to determine the throughput of a finite
buffer reprocessing system with arbitrary topology where
service is subject to interruptions due to machine breakdown

can be summarized as follows:
1) Read in the value of
p,=0and TH, = A ;
2) Seti=i+1, A, =TH, ;
3) Calculate p, using Egs. (2) to (8);
4) Calculate p, =p +px;
5) Calculate p) and A, using Egs. (10) to (16);
K,

K;, a,, B;and yu,, seti=0,

ar?

6) Caleulate L, =L, L, ~ L, = 3 py;
si=1

7) Calculate p;;
8) Calculate the throughput by the following equations:
If the node is branched into S parallel paths,

TH, = pij[(Li - Lin)ML' + /\j,(l _p;\q)p'wﬂ(l - PK,)]

If S parallel paths are merged into a single node,

TH; = Z [(L - L, ) +A;(1 =pi)" (1 ~Px) ]

If there is no branching and merging,
TH, = (L = L, )p + A, (1 =pi) ™" (1 = py)

9) If i <1, go to step 1), where [ is the number of nodes
in the network; otherwise, if i = I, the throughput of the
system is TH,;

10) Calculate mean reprocessing time of the system PT,

T
PT = ) L/)\
i=1

3 Numerical Examples
3.1 Description and computation
In order to analyze the reprocessing system given in Fig.

1, we assume that A, =4. Tab. 1 and Tab. 2 provide the
values of the system parameters.

Tab.1 Routing probabilities p; and weight v;

1

1 2 3 4
1 0.5/2 0.4/2 0.1/1
2 0.8/4 0.272
3 1/2
4

Tab.2 System parameters

Node 1 2 3 4
B; 7 5 5 5
i 4 2 6 4
o 1 1 5 3
Bi 8 7 8 6

According to the above-mentioned algorithm, the results
of computation using LINGO 11 are as follows: ¢ = 10/53;
L, =4.684, TH, =3.969; L, =3.426, TH, =1.638; L,
=2.021, TH, =3.317; L, =4.219, TH, =3.018; PT =
3.587.

3.2 Sensitivity analysis

In order to analyze the impact of parts quality on the per-
formance of the reprocessing system, routing probabilities
are now changed, which deservedly imply the change in
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parts quality. If p,, =0.1, p,; =0.4, p, =0.5, p,, =0.8,
P> =0.2, p,, =1, while other parameters are unchanged.
The results are ¢ =50/141, PT =2. 829.

If p,=0.5, p,=0.4, p,=0.1, p,, =0.2, p,, =0.8,
Dy, =1, the results obtained are g =5/18 and PT =3. 386.

If p, =0.5, p;; =0.5, p,y =0, py =0.8, py, =0.2, py,
=1, the results obtained are ¢ =5/28 and PT =3. 656.

If p, =0.5, p;; =0.5, py; =0, py =1, p,y =0, py =1,
the results obtained are ¢ =1/6 and PT =3. 670.

Through the above-mentioned analysis, the impact of
quality uncertainty on performance of the reprocessing sys-
tem is illustrated in Fig. 4.
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Fig.4 Effect of quality uncertainty on performance of system

Fig. 4 shows that there is a negative correlation between
quality of parts and its mean reprocessing time, that is, if
the parts quality is high, their mean reprocessing time is
short; otherwise, if parts quality becomes lower, the mean
reprocessing time will become accordingly longer. Further-
more, its marginal reprocessing time decreases with the drop
of parts quality.

4 Conclusion

In remanufacturing operations, the problem of stochastic
routing for reprocessing operations and highly variable re-
processing time is a complicated problem that remanufactur-
ing firms have to deal with because they have a significant
influence on resource planning, estimating material flow
times, material planning, and so forth. In this paper,

through the analysis of calculation methods about quality
and mean reprocessing time of disassembled parts, we ob-
tain the quantitative regularity about the impact of quality
uncertainty on the performance of the reprocessing system,
which intuitively shows a negative correlation between qual-
ity of parts and its mean reprocessing time.
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