v

&
§

2\ POLITECNICO
MILANO 1863

Yy
o

Control Policy for Production Capacity Modulation with
Waiting-Time-Constrained Work in Process

Mastrangelo, M.; Magnanini, M. C.; Tolio, T. A. M.

This is a post-peer-review, pre-copyedit version of an article published in Lecture Notes in
Mechanical Engineering. The final authenticated version is available online at:
http://dx.doi.org/10.1007/978-3-031-41163-2 10

This content is provided under CC BY-NC-ND 4.0 license

DIPARTIMENTO DI MECCANICA m POLITECNICO DI MILANO

via G. La Masa, 1 ® 20156 Milano ® EMAIL (PEC): pecmecc@cert.polimi.it
http://www.mecc.polimi.it

Rev. 0



mailto:pecmecc@cert.polimi.it
http://www.mecc.polimi.it/
http://dx.doi.org/10.1007/978-3-031-41163-2_10
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Matteo Mastrangelo?, Maria Chiara Magnanini?, Tullio A. M. Tolio?
!Department of Mechanical Engineering, Politecnico di Milano, Milan, Italy

Control policy for production capacity modulation
with waiting-time-constrained work in process

Abstract. Reducing scrap is one of the key objectives of manufacturing
companies to increase production efficiency and sustainability. Although many
causes of scrap can be attributed to deviations at level of single processes, there
are other causes inevitably related to dynamics at system level, as in presence of
perishable material. In such situations the amount of time material waits in
buffers, and therefore its level of degradation, is a consequence of the interaction
among dynamics of the different production resources. This work presents an
analytical model of a two-stage production system with perishable work in
process. The model includes a control policy that modulates production capacity
of parallel machines based on buffer and machines state, to reduce average waiting
time and therefore scrap. Results from an industrial case in the semiconductor
manufacturing sector show the usefulness of the policy in reducing scrap when
the maximum waiting time of work in process is constrained.

Keywords: Manufacturing systems, Quality, Control policies.

1 Introduction

Manufacturing companies face a more complex and demanding environment today than
in the past. They must satisfy market demands while remaining competitive, all while
decreasing the environmental impact of the industrial sector. These objectives can be
achieved by pursuing a more sustainable production, which involves creating top-
quality products while minimizing resource usage, including energy and materials [1].

Sustainable production necessarily involves improved production efficiency. With
modern manufacturing systems becoming increasingly integrated, final performance
results from the interaction of a multitude of factors: production planning and
scheduling, material flow management, inventory control, equipment efficiency,
availability of workforce, maintenance practices, quality inspection methods, scrap and
waste management policies, and others. To enhance production efficiency, the
combined effects of such factors must be considered through integrated approaches that
address the interdependence between key manufacturing functions as, for example,
logistics, maintenance and quality [2]. It is crucial to have performance evaluation
models that can take into account the numerous factors that affect a production system.
Performance evaluation serves as a vital tool in comprehending how a system behaves
in novel scenarios or estimating the impact of changes to its configuration and/or
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management policies [3]. Therefore, performance evaluation represents the foundation
for optimization and continuous improvement.

One way to enhance production sustainability and efficiency is by improving quality
and reducing scrap, which often stems from localized deviations in individual processes
such as tool wear, incorrect part positioning, overheating damage, and unwanted
vibrations. Process monitoring and control methods are typically utilized to identify and
correct such deviations. Although the sources of defects are not directly connected to
other manufacturing functions, interaction effects between quality control methods and
production logistics may arise. It is critical for instance to evaluate how material flow
dynamics can impact the detection and correction of process deviations [4].

However, for production systems involving perishable materials, production logistics
can directly contribute to scrap. Perishable materials are susceptible to contamination
from the production environment and deterioration over time due to their intermediate
state and storage conditions. Extended waiting periods at crucial locations in the
production system can negatively impact the quality of work in process. In these
situations, it is crucial to manage production resources effectively to facilitate smooth
material flow throughout the factory and prevent excessive accumulation of work in
progress.

This paper proposes a control policy for modulating production capacity in presence
of parallel unreliable machines and perishable work in process. Manufacturing systems
frequently incorporate parallel machines to increase production capacity and balance
stages in multi-stage systems. Despite the widespread use, performance evaluation of
systems that include parallel machines continues to be an area of interest for researchers
[5]. This paper is centered on the definition of a semi-Markov model that incorporates
the proposed policy into a two-stage manufacturing system with an inter-operational
buffer. The two-stage system serves as the fundamental modeling unit for developing
decomposition-based approaches to assess the performance of more extensive systems
[6]. Within the reference system, the control policy activates and deactivates machines
based on the state of both the buffer and the machine themselves.

The remainder of the paper is organized as follows. Section 2 presents an analysis of
the relevant state of the art. Section 3 describes the problem under analysis and Section
4 presents the adopted modeling approach. Section 5 describes a case study where the
proposed policy is applied to a semiconductor manufacturing system. Section 6 provides
conclusions and suggestions for future research.

2 State of the art

The focus of this paper is on two key subjects that are significant in the state of the art.
From an industrial perspective, the management of perishable work in process in
production systems is addressed. From the modeling point of view, the work is related
to the development of performance evaluation models that integrate production logistics
and quality control.



2.1  Perishable work in process in production systems

Perishability of work in process is a relevant issue in different industrial sectors. In the
food processing industry products are subject to perishability, due to possible external
contamination and degradation of the material itself, while stored in buffers. Production
control in this sector requires accurate determination of quantity to produce based on
customer demand [7]. Analogously, the pharmaceutical sector is characterized by
deterioration of both finished products and intermediate materials due to chemical
nature of processes and products. Accurate inventory control is necessary in order to
avoid waste of possibly harmful material [8].

Electronics and semiconductor manufacturing processes are frequently performed at
a microscopic scale, resulting in strict limits on the acceptable level of impurities present
in incoming parts, as in the diffusion operation in wafer fabrication [9]. Accumulation
of large quantities of impurities over long periods of time may cause work in process
material to be scrapped or reworked. Thus, inventory control policies are usually
focused on keeping low inventory levels, considering the high value of the inventory as
well [10].

The majority of studies on control of perishable inventories concentrate on the supply
chain [11]. Literature includes works that deal with this problem under various
assumptions, including constant [12] or intermittent demand [13], and material with
fixed expiration time [14] and or continuous deterioration over time [15]. Outcomes
from these works are well-suited for production planning, where time horizons are
usually in the order of several days, allowing for possible variations of the control
parameters over time [16]. Implementation of these policies can be challenging in
contexts where variations occur within hours or even minutes, such as in the shop floor.
In such contexts, it would be more practical to implement policies to manage the flow
of material based on fixed control points.

2.2 Performance evaluation models integrating quality

Performance evaluation is an essential step towards improvement of manufacturing
systems and involves estimating the effect of various factors on performance indicators
such as throughput, work in process level, efficiency, among others. Quality is
considered one of the most critical factors that can influence system behavior and
performance. Therefore, efforts for their integration in performance evaluation models
start with including production resources that may produce parts with imperfect quality
[17]. The presence of out-of-control states, potentially producing large numbers of
defective parts, is accounted in [18] for small systems including SPC methods and
extended in [19] to larger systems. Other contributions include the evaluation and
improvement of systems including quality-quantity coupled operations, where the
quality of parts as output of manual operations decreases as the operation cycle time
decreases [20].

Besides, the issue of quality deterioration, caused by machine stoppages and long
waiting times, is not new to the literature. Scrapping policies in response to machine
failures are analyzed for instance in [21], considering buffer-less systems with both
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presence and absence of deterioration memory, in [22], analyzing scrapping policies
resulting from stoppages of pharmaceutical production systems, and [23], differentiating
between long lasting failures, causing deterioration, and rapid failures that do not
influence the quality of parts. Although such works represent valuable contributions to
management of deteriorating products in different real scenarios, they do not consider
material perishing that is caused by minor stoppages and delay, which are much more
frequent during ordinary operation of manufacturing systems.

3 Problem description

M;;

M

Fig. 1. Graphical representation of the reference manufacturing system

The reference manufacturing system is composed of two production stages decoupled
by an inter-operational buffer with finite capacity. The material waiting in the buffer is
perishable, meaning that its quality deteriorates as the waiting time increases, possibly
leading to scrap. This represents the minimum system configuration allowing to account
for the effect of material flow dynamics on quality of perishable material. The concepts
that will be presented for the reference system could be applied to larger systems, with
the help of decomposition-based performance evaluation approaches [6]. The upstream
stage is made of parallel machines that perform the same operation. The downstream
stage may be either made of a single machine or multiple machines. All machines are
subject to random failures. The system is shown in Fig. 1, where blue squares represent
machines and the yellow circle represents the buffer.

To reduce the amount of material being scrapped because of perishability, it is
important to control the amount of time material spends waiting inside the buffer.
Although one could simply increase productivity of the downstream stage to speed up
material outflow from the buffer, e.g. improving machines availability, this would lead
to poor improvement in case the downstream stage itself is the bottleneck of the system.
Therefore, in many cases it is preferable to act on the upstream stage to improve control
over the level of work in process and keep it as low as possible. This translates in a
reduction of the overall productivity of the upstream stage, so that the buffer fills up
more slowly on average and the average filling rate gets closer to the average emptying
rate, determined by the downstream stage. Productivity reduction at the upstream stage
can be obtained either by decreasing its production rate or by increasing the amount of
non-productive time.

In a production stage that consists of multiple parallel machines, the first action can
be obtained by switching off some of them, so that the overall material flow from the
upstream stage to the buffer is reduced. The second action instead can be achieved by
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switching off all machines and keeping them inactive for extended time windows,
differently from what usually happens in production systems with finite buffers. Indeed,
it is common practice to keep machines idle just until enough free space in the following
buffer becomes available.

To exploit the beneficial effects of both actions, they can be combined in a control
policy that modulates the production capacity of the upstream production stage
depending on the level of the work in process and the state of machines. Specifically,
machines are activated or deactivated in correspondence of predefined levels of the
buffer, also called buffer thresholds. Initially, all parallel machines are operational and
the buffer fills up at the maximum possible rate. As buffer level increases machines are
sequentially switched off in correspondence of consecutive thresholds, namely
switching points. At the last switching point all machines are deactivated and buffer
level starts decreasing. The control then lets buffer level decrease and reactivates all
machines as soon as buffer level reaches another threshold, namely restart point. The
described system behavior is depicted in Fig. 2 considering a system with two parallel
machines at the upstream stage.
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Fig. 2. Schematization of the control policy combining two switching points and a restart point. Blue
squares represent working machines, gray squares represent idle machines. As buffer level increases,
both upstream machines are active below “Switching 1” and one machine is deactivated above. As
buffer level decreases, both machines are deactivated between “Switching 2” and “Restart”.

It must be noticed that, in presence of unreliable machines, further reductions in
productivity of a production stage induced by control policies may be detrimental to the
overall performance of the system. A buffer level that is consistently low increases the
likelihood of complete buffer draining when failures occur at the upstream stage, thus
causing starvation of the downstream stage. This situation should be avoided,
particularly in case the downstream stage is the bottleneck. Therefore, a trade-off exists
between the benefits, in terms of reduced waiting time and scrap, and the drawbacks, in
terms of bottleneck starvation.



4 Methods

The problem is approached in two steps: first, a control policy that includes the features
mentioned in the previous section is formalized; second, the control policy is included
in a steady-state performance evaluation model of the two-stage system under analysis.
The control policy is described by means of event graphs, to provide a practical
representation of the sequences of states and events involved in control loops. Then the
control policy is included in a steady-state performance evaluation of manufacturing
systems based on mixed-state Markov Chains, where the buffer level is approximated
as a continuous variable [24].

4.1 Formulation of the control policy

The control is formalized starting from the set of states the reference system can assume
and the set of events that allow transitions among these states. Each parallel machine is
characterized by three states: operational, or up (U), failed, or down (D), and idle (I).
The idle state represents the machine being not operational because it has been stopped
by a control action. Events that change the state from up to down and vice versa, i.e.
failure (f) and repair (r), are random and non-controllable. Events that change the state
from up to idle and vice versa are controlled. Fig. 3a shows the event graph of one
upstream machine. Random events are depicted in red and controlled events are depicted
in green.

For simplicity, a system with two parallel machines at the upstream stage is
considered. However, the control formalization outlined below can be applied to
systems with any number of parallel machines by increasing the number of control
points. Given this simplification, the buffer state space is discretized in four macro-
states: empty (E), restart point (R), first switching point (S1) and second switching point
(S2). The discretized state of the buffer changes when the buffer level hits the
corresponding threshold value, either due to an increase (i) or a decrease (d) event. Such
events depend on the state of the upstream machines: buffer level increase whenever the
upstream stage is productive and decreases when it is not. Fig. 3b shows the event graph
of the buffer. Events depending on machine states are depicted in blue.
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Fig. 3. Event graph of a single machine (a) and event graph of the buffer (b).

The control loop changes according to the state of the upstream stage. Fig. 4 shows
the three possible loops: “UU” indicates that both machines are up, “DU” and “UD”
indicate that the first and second machines are failed respectively. Control loop (a) is
applied when both machines are operational: while the upstream stage is productive and
the buffer level increases, machines are stopped sequentially when the respective
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Fig. 4. Control loops (a) with both machines operational, (b) with first machine failed and (c) with
second machine failed.

switching points are reached; when both machines are idle the buffer level decreases
until both machines are restarted in correspondence of the restart point.

Control loops (b) and (c) are applied when the first and second machines are failed,
respectively. Like in loop (a), the buffer level increases while the upstream stage is
productive, but the first switching point has no effect; the operating machine is stopped
in correspondence of the second switching point; then the buffer level decreases until
the available machine is restarted in correspondence of the restart point. When both
machines are failed the buffer level can only decrease, eventually going to zero (E), and
no control action is executed.

As soon as one machine fails, control loop switches from () to (b) or (c) depending
on which machine is down. However, when a failure of the first machine occurs after
the first switching point has already been reached, and so the state of upstream machines
is “UI”, a control command to restore productivity of the upstream stage is immediately
issued and the idle machine is restarted, as depicted in Fig. 5a. The system is then in
control loop (c).

Whenever one of the two machines is down and control loop (b) or (c) is in the upper
part, i.e. upstream stage is supposed to be productive, a control action to stop the second
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@ @ @ -~ -
f, start, 4 DUS1/Szr stop, 4
-- 1
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DIR/S,/S, UIR/S,/S, IIRIS,/S, IDR/S,/S, IUR/S,/S, IIRIS,/S,
N ry stop, ®-- N r, stop, -
c) d)

Fig. 5. Various effects of random events (failures and repairs) on control loops.
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machine is immediately issued upon repair of the failed machine, so that the upstream
stage produces at the rate imposed by control loop (), as depicted in Fig. 5b.

Similarly, when one machine is down the system follows control loop (b) or (c). If
the second switching point has been passed and the upstream stage is supposed to be
non-productive, as soon as the failed machine is repaired a control action to stop it is
immediately issued, so that the upstream stage remains non-productive, as depicted in
Fig. 5¢-d. In this way, control switches to loop (a).

4.2  Performance evaluation model

In the following, a stochastic analytical model for the steady-state performance
evaluation of the two-stage production system is introduced. The model is based on the
state-based Markovian representation of production resources. The combination of the
states of the two production stages, namely the joint state, defines the direction and rate
of change of the buffer level, which is modeled as a continuous variable. The model is
based on the following assumptions:
1. The upstream stage is never starved and the downstream stage is never blocked:;
2. Processing times of machines are deterministic and may be different among
machines;
Machines are unreliable and subject to operation-dependent failures;
Time to failure and time to repair are exponentially distributed;
The buffer capacity is finite;
The system is asynchronous, i.e. each machine can start or finish at any time
without synchronization with other machines;
7. The dispatching policy is First In First Out (FIFO).

Fig. 6a provides a graphical representation of the Markovian state-based model of
one machine with two states, an up state (U) and a down state (D). The failure and repair
rates are denoted as p and r respectively. The service rate when the machine is up is
denoted as M. Fig. 6b provides the representation of the state-based model of a
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Fig. 6. Graphical representation of the state space of one machine feeding a buffer (a) and a production
stage with two machines feeding the same buffer (b).
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production stage made of two parallel machines, obtained as the combination of states
and transitions of the two machines. Combining the state space of the upstream stage
with that of the downstream stage and with the buffer level, the overall state space of
the system is obtained. The performance evaluation model includes buffer thresholds
that allow to model the dynamics induced by the control policy [25]. The different
threshold values represent activation points determining an instantaneous transition
between specific joint states at predefined levels of work in process. Fig. 7 provides
graphical representations of the modeled dynamics. Specifically, Fig. 7a shows the
control loop in case both upstream machines are operational and Figs. 7b, 7c show the
control loops in case one machine is failed, i.e. the first switching point has no effect.
Joint states are denoted with the combined state of upstream parallel machines between
brackets, followed by the state of the downstream machine. For example, state “(UU)U”
denotes the joint state where both machines at the upstream stage are operational and
the downstream machine is also operational.

Two types of behaviors are defined in [25]: internal behavior, i.e. dynamics occurring
within a certain buffer range delimited by two threshold values, and threshold behavior,
i.e. dynamics occurring on specific threshold levels. Internal behavior is characterized
by a mixed continuous-discrete state space, with buffer level representing the continuous
part and joint states representing the discrete part. Buffer level can change at a rate that
depends on the joint state. Internal states are represented in Fig. 7 with blue lines. Lines
with an arrow indicate buffer level changing in a specific direction. Lines without an
arrow indicate buffer level not allowed to change in that joint state. Internal states are
characterized by differential equations defining probability density functions of the
buffer level for every joint state, denoted as f(x, S,,S;). The probability of being exactly
at a specific buffer level in a given joint state is therefore equal to zero.

On the contrary, the threshold behavior is characterized by a discrete state space and
includes those states where the buffer remains steady in correspondence of a given
threshold value. Threshold states are characterized by non-zero probability values
m(x", S, S4). Threshold states are represented in Fig. 7 with blue boxes. Red arrows

S, S, Sz
x 51| n m
% R - R - R
o

0 0 0

uuufuu)n] unuwno [ yu | (o {upju](up)o] (ID)u ] (ID)D (ouyu](ou)p| (onu | (1o |
Joint states S Joint states S Joint states S
a) b) c)

Fig. 7. Representation of the state space of a two-stage system including the proposed control policy,
with two parallel machines at the upstream stage and a single machine at the downstream stage. Control
loops considering both upstream machines operational (a), one upstream machine failed (b-c).
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among joint states indicate stochastic state transitions due to failures and repairs. For
simplicity, only the most significant transitions are reported, to avoid repetitions.
Green dashed arrows indicate state changes determined by the control policy,
occurring in correspondence of specific thresholds. It is possible to notice that, with
respect to the machine characterization reported in Fig. 6, additional states “I” are
present for the upstream production stage, one for every parallel machine, as described
in Section 4.1. Transitions to and from these states are exclusively determined by control
actions. The control behavior described in Section 4.1 can be translated into the
following probability balance equations in the performance evaluation model:
1. Deactivation of the second upstream machine at the first switching point,
denoted with x?, if both machines are not failed:

flx3, (UU)SY) - v((UU)Sy) = f(xd, (UDSy) - v((UDS,) 1)

2. Deactivation of the only operational machine at the second switching point,
denoted with x2:
e Deactivation of the first machine if the second one is idle:

f&x2, (WD) -v(UDU) = f(x2,IDV) - v((IDV)
f(x2,(WND) -v((UND) = n(xZ (D) -1,
e Deactivation of the first machine if the second one has failed:

f(x2,(UDYU) - v((UD)U) = f(x2,(UDYVU) - v((ID)V)
f(x%,(UD)D) - v((UD)D) = n(x2,(ID)D) - 1,

@

®)

e Deactivation of the second machine if the first one has failed:

{f(xg, (D)) -v((DUYU) = f(x2,(DDU) - v((DNHU)

f(x2, (DUYD) - v((DU)D) = n(x2, (D)D) - 1, @

3. Reactivation of all non-failed upstream machines at the restart point, denoted
with x,.;
e Reactivation of both machines, if they are not failed:

£, UDS) - v(UDSa) = f(xy, (UU)Sy) - v((UU)S,) (5)
e Reactivation of the first machine, if the second one has failed:
f (., (ID)Sq) - v(UD)Sy) = f(x,, (UD)Sy) - v((UD)Sy) (6)
e Reactivation of the second machine, if the first one has failed:
f (%, (DDS) - v((DDSy) = f (xy, (DU)Sy) - v((DU)S,) @

In Egs. 1-7, v(S,S4) denotes the rate at which the buffer level increases or decreases,
given by the combination of upstream and downstream stages, i.e. v(S,S;) = uy(Sy) —
uqa(S4). Product f(x*,S,S,) - v(S,Ss) represents the probability flow of exiting or
entering a given joint state in correspondence of a specific threshold value. In Egs. 2, 3
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and 4, r, is the repair rate of the downstream machine and represents the transition
allowing to exit from threshold states. Indeed, as soon as the downstream machine is
repaired, the buffer level starts decreasing.

Another effect of the control policy is the introduction of stochastic transitions
between states “(UI)Sy” and “(DU)Sq” and the transition from state “(UD)Sg” to
“(UI)S¢” in the buffer range above the first switching point. The first one results from
the requirement of having at least one operational machine, if not failed. Therefore, if
the first machine fails, the state changes from “(UD)Sq” to “(DI)S¢”, but the control
immediately reactivates the second machine, changing to state “(DU)Sy”. As soon as the
first machine is repaired, state changes to “(UU)Sq” but the control immediately
switches the second machine back off, changing to state “(UI)S¢”. Similarly, the
transition from “(UD)Sy” is present because the repair of the second machine changes
the state to “(UU)S¢”, but the control immediately deactivates the second machine,
changing to “(UI)Sq”. Balance equations of these internal states and all other internal
states are formulated according to the method reported in [25].

The performance evaluation model defines a system of differential and algebraic
equations. Solution of the system of equations provides the probability distribution
function of every joint state, denoted as f (x, S, S;), and probability masses of threshold
states, denoted as m(x", S, S;). Through these probability distributions it is possible to
compute the throughput of the system as in Eg. 8 and the average buffer level as in Eqg.
9:

th = Y5, N5, #a(S) [fy £ S0 84) dx + m(x", 5,80)) (®)
% = N5, Usg [Jy % £ 5052 dx + 27 m(x,5,50)] ©)

To determine the fraction of the work in process that exceeds a certain waiting time
limit, the waiting time distribution is approximated through the expected value of
waiting time conditional to material entering the buffer at a certain level x as in Eq. 10:

X

ﬁst F(xSa)-pa(Sa)

wt(x) = (10)

where the denominator represents the weighted sum of the downstream processing rate,
with weights represented by the state probabilities between buffer levels 0 and x. The
term F(x) is the probability of buffer level being lower than level x and is computed as
in Eq. 11:

F(x) = s, Tsg Jo £ Su, Sa)dx (11)

The term F(x, S, (j)) represents the probability of the downstream stage being in state
J between buffer levels 0 and x and is computed as in Eg. 12:

F(x,82) = X5, Jy £ (%, Su Sa)dx (12)

Then, the defect rate is equal to the probability of exceeding a certain time limit TL
and is computed as in Eq. 13:
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d=Pwt>TL)=1-F(x*), x*|wt(x*)=TL (13)

Finally, the throughput of good parts and the yield are obtained from Eqgs. 14 and 15
respectively:

thy =th- (1 —d) (14)

=
Y= (15)

5 Industrial case study

5.1  Description of the production system

The control policy and related performance evaluation model presented in the paper
have been analyzed as an application to a real production system in the semiconductor
manufacturing sector. The case study is represented by the cleaning and diffusion stages
of a wafer fabrication facility. Thermal and chemical operations carried out at the
diffusion stage have very strict requirements in terms of wafers surface contamination
and therefore cleaning is needed beforehand. Although the entire wafer fabrication
process is carried out in a clean room, wafers are still exposed to a small residual fraction
of impurities, which can cause defects if they accumulate on the wafer surface for
extended periods of time. A waiting time limit is therefore imposed to wafers in queue
for diffusion. Wafers exceeding such limit must be reworked at the cleaning stage.

A preliminary analysis on the material flow in the area revealed an almost linear
material flow involving specific cleaning machines and groups of diffusion ovens,
despite the physical resources are arranged in a job shop layout. This is not unexpected,
given that the wafer fabrication process involves building layers with varying
characteristics onto silicon wafers, each requiring specific setting of process parameters,
namely recipes. Each recipe is typically qualified to be executed only on a subset of
machines due to hardware restrictions and costs [26]. In the case under analysis,
qualification restrictions at both the cleaning and diffusion stages result in a linear flow
of material between groups of resources. Therefore, the system is modeled as a set of
five two-stage sub-systems, each with one or two cleaning machines at the upstream
stage and multiple diffusion furnaces at the downstream stage. Given the usually high
traffic intensity in this part of the system, the cleaning stage is supposed to be never
starved, while storage space is assumed to be infinite after the diffusion stage.

The buffer of every sub-system is modeled as a container of planned diffusion hours,
and not as a container of wafers. Consequently, the processing rate of every diffusion
furnace is equal to 1 [diffusion hours/hour] and processing rates of the upstream
machines are rescaled accordingly. Table 1 provides the number of machines at both
stages and capacity of the buffer for every two-stage sub-system. Numerical values
concerning buffer capacity and system performance are transformed for confidentiality.
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Table 1. Composition of the five two-stage sub-systems: number of machines and buffer capacity

Sub-system Nr. upstream Nr. downstream Time buffer
machines machines [diffusion hours]

L 2 10 283

2 2 1 305

3 2 9 252

4 1 A 11

> 1 A 110

5.2  Results

The control policy described in the previous sections is implemented in the different
sub-systems. In particular, for sub-systems 1, 2 and 3 the policy is implemented with
two switching points, one for every cleaning machine, and one restart point, that restarts
both cleaning machines. For sub-systems 4 and 5 the policy is implemented with just
one switching point and one restart point, since only one machine is present.

The first stage of the analysis is the performance evaluation of every sub-system with
the proposed modeling approach without including any control policy, to imitate the
behavior of the original system. The throughput estimated by the analytical model is
compared with the actual throughput obtained from production data to assess the
accuracy of the modeling approach. The analytical approach exhibits an average error
of 1.75% as reported in Table 2.

Table 2. Throughput comparison between model results (with no policy) and real system data

Sub-system thaata [parts/h] thmod [parts/h] error [%]
1 287.29 295.11 +2.72%
2 327.91 323.12 -1.46%
3 237.54 240.90 +1.41%
4 156.50 159.85 +2.14%
5 164.32 166.00 +1.02%

The second stage of the analysis is the application of the control policy to the system
to evaluate its impact. Fig. 8 shows the effect of varying the values of the intermediate
switching point and the restart point on yield and throughput of good parts of one sub-
system. The main results can be summarized in a range of variation that is approximately
1.5% for the yield and 2% for the throughput of good parts. From the obtained response
surfaces it is possible to observe, on one side, that both performance indicators strongly
decrease as the control points increase, caused by the higher inventory level. On the
other side, the throughput of good parts is negatively affected by a low value of the
control points, causing a consistently low buffer level and increasing the risk of
starvation of the downstream stage due to buffer emptying.
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Fig. 8. Behavior of throughput of good parts (a) and yield (b) against different values of restart point
and intermediate switching point, with fixed value of the last switching point.

The trade-off between increasing the quality yield and reducing system productivity
highlights the need to search for optimal values of control points that maximize the
throughput of good parts. Compared to a system with no control policy, optimizing the
control points results in an average increase of 1.3% in both performance indicators.
This translates to a reduction in the number of reworked wafers by over 80,000 units per
year, considering 220 production days. Details on the results in terms of percentage
increase are available in Table 3.

Table 3. Throughput and yield comparison between systems with and without policy

Sub-system thg,old [parts/h] Athg [%] Yoid [%0] Ay [%0]
1 295.11 +1.57% 98.01 +1.62%
2 323.12 +1.50% 98.24 +1.48%
3 240.90 +1.26% 98.38 +1.24%
4 159.85 +1.09% 98.32 +1.15%
5 166.00 +1.00% 98.47 +1.04%

6 Conclusions and future research

This work presents a control policy for production capacity modulation of parallel
machines in presence of perishable work in process. The proposed policy aims at better
controlling work in process to minimize scrap. The policy combines switching points,
sequentially deactivating machines as inventory increases, and restart points, activating
machines when inventory goes below a certain value. The policy is formalized by means
of event graphs, to provide indications for practical application. The main requirement
in this sense is the availability, in real systems, of technological solutions to monitor
machine state and buffer level.

The policy is integrated within an analytical performance evaluation method based
on the Markovian representation of machines and continuous approximation of material
flow. The proposed method allows exhaustive analysis of the policy impact on system
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behavior and performance. Indeed, a multitude of alternative combinations of system
and control parameters can be quickly evaluated to construct response surfaces. The
method provides steady-state estimate of performance indicators, aiming at a long-term
evaluation of the system, and is not suitable for evaluation of transient periods.

Although the methodology can be easily generalized to systems with arbitrary
number of machines, the main limitation of the model lies in the possible occurrence of
numerical errors as the number of states increases. Further study must be conducted to
identify solutions to this issue, exploiting state reduction techniques.

Finally, the developed performance evaluation method is adopted for the analysis of
an industrial case study regarding the diffusion stage in semiconductor wafer
fabrication. Results show the benefit obtained with the application of the policy in a
critical stage of manufacturing system, in terms of both quality yield and throughput of
good parts.

Future research includes the adoption of the formalized two-stage system model as a
building block in decomposition-based performance evaluation approaches. This would
allow to evaluate the policy impact in multi-stage manufacturing systems with arbitrary
number of production stages. Furthermore, integration of the performance evaluation
method with optimization methods should be pursued to address complex control
optimization problems.
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