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Abstract

We present a model for integrative evaluation of yield and flow time (FT)
performance measures, under combined inspection and repair allocation policies,
in a stochastic production environment.

We model and solve a typical production stage as a basis for becoming a node of a
queueing network in future studies. The stage consists of a single processing
machine. The process deteriorates randomly from in-control to out-of-control (with
lower yield), and returns back to in-control only by repair. Repair is triggered via
inspection of a recently produced item. Certain portions of the plant’s capacities of
inspection and repair resources are allocated to the stage, according to the
operational policy. Production, inspection and repair are assumed to be non-perfect
(i.e. not always successful), and their durations are randomly distributed.

The model is utilized for evaluating the influence of inspection capabilities on the
performance measures (yield and FT). We assume a trade-off between Type I and
Type 1II errors and develop a total cost function that can be used for optimizing the
inspection facility's working point.
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1 Introduction

Modern industries (e.g. semiconductor) are constantly becoming more complex
and difficult to control. Customer expectations drive quality requirements to be
tighter, and staying profitable requires high operational efficiency. Traditional
decision support tools include deterministic (spreadsheet) and simulation models.
While the first ones are too naive to capture the manufacturing processes'
complexity, the last ones are too time consuming and expensive. Hence, a need
arises for a more efficient tool. Analytical models may offer a better trade-off
between accuracy and computational efforts.

The performance measures of interest are the yield and the duration items spend in
the process, i.e. their FT. These two measures are undoubtedly the most important
in most manufacturing plants. A survey of yield models is provided by Kumar et al.
(2006). Rabinowitz and Emmons (1997), Emmons and Rabinowitz (2002), and
Rabinowitz (2009) studied the yield performance under various inspection and



repair policies. The trade-off between yield and FT was studied by Wein, (1992)
Srinivasan et al. (1995) and Tirkel et al. (2009) but under assumptions different
than ours.

Recently, in Goren et al. (2012), we developed an analytical stochastic model for
the evaluation of yield and FT in a single production stage. In this paper we utilize
that model to study the influence of inspection capabilities on these performance
measurements.

We chose to focus on the role of inspection capabilities in the stochastic production
environment since they are of great interest for practitioners. Setting the control
limits of a process, and tuning the inspection facility, are essential stages in the
design and control of every manufacturing system, and have a major impact on the
system's output.

The capabilities of every inspection facility can be characterized through its
inspection errors — Type I (false negative) and Type II (false positive). Naturally,
one would prefer both errors to be as small as possible. Yet, for a given inspection
effort there is inevitable trade-off between the two types. See Craiu and Sun
(2008), Bishop and Winn (2000), Buhl-Mortensen (1996), Harris et al. (2000) and
Persson and Siven (2007) for examples in different fields.

In section 2 we briefly describe the single stage model, as a basis for the analysis
of inspection capabilities' influence on the performance measures, provided in
section 3. Finally, in section 4, we conclude and detail our plans for further
development of this model.

2 The Single Stage Model

For the convenience of the readers, we now shortly describe the problem and the
model we use to solve it. For more details please refer to Goren et al. (2012).
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Figure 1: a typical single production stage

Consider the typical production stage j, illustrated in Figure 1. The stage includes a



single production machine denoted Process, with an exponential service rate of p
(all rates are in product units, denoted lots, per time unit), and an infinite waiting
line, denoted buffer. A Poisson arrival of lots enters the buffer at a constant rate of
A. The Process is either in-control (IC), producing at a yield of Yic, or out-of-
control (OOC), producing at a lower yield of Yooc. Shifting from IC to OOC
occurs randomly, with probability p;, at the completion of processing a lot. The
process is returned to IC only by a successful repair.

The second component of the stage is the inspection operation, denoted Inspect,
with an exponential service rate of B. Inspect tests some of the lots coming out of
the Process, in order to define the Process' state (IC or OOC). We employ the
freshest lot (FL) inspection policy suggested by Tirkel et al. (2009). According to
the FL policy, the last processed lot is always kept at the freshest lot position
(FLP). Inspect is subject to both Type I (with probability 1-p,) and Type II (with
probability p;) errors. We denote P{T'} and P{T"} the probabilities for Type I and
Type 11 errors, respectively.

The third component is the repair operation, denoted Repair, with an exponential
service rate of ¢, given the Process arrived IC, or y, given the Process arrived
OOC. Repair is imperfect; it is successful with probability p,, given the Process
arrived IC, and ps, given the Process arrived OOC.

Information is assumed imperfect, hence, the true status of the Process is never
known. Instead, the perceived status, as determined by the inspection results, is
used to decide whether the Process needs repair.

The perceived Quality state of the Process

Ic 00C
"""""" S A S,
2 u-<1—pw)@4 B2 (g ) Bl u 0 s
z 7 K)\,_/ i / )
8 [ el fupy (0 7 o(-py
flo G = B Lk
E ::' H ¥ "-‘.‘“'-~--'1‘- _____ N 1 /’/
2 { | By L e e
gl |g|e] i/ @' S i
o = H ! o e -~ \‘.\
gl |8 i fu-py 2L S NN B - .
a5 — a -
2 v . P W— O N R N T po) ™, s
= © L T B I e .
s| |=|e]| i by
3| |88 ::@, Bes_ (g ) Blpe os
(<] z I H
g o i /}\/ /
Elo 1 i H ui
8 i + :
= % f i ;
8 % ___.__&pL@,'__/
p-(-p2) B-(1-p3)
———————— — [ Bps
None Ic [e]0]]
Lot at Inspect
Available Pending Repaired

The Operational state of the Process
Figure 2: the single stage state transition mechanism

Central inspection and repair resources are used, and the problem is how to allocate
them to the different production stages. We follow the method proposed by Reshef
and Rabinowitz (2008) and allocate the inspection and repair resources to stage j
through stochastic exponential rates denoted y; and §; respectively. The y's and the



d's, i.e. the allocation of the inspection and repair resources to the different
production stages, are the decision variables of the multi-stage problem. The single
stage state transition mechanism is described in Figure 2.

We defined the problem as a Quasi-Birth and Death (QBD) problem. To find its
equilibrium distribution we employed Matrix-Geometric methods (Neuts (1994))
and used a standard software package (Mathematica™). The results enable us to
calculate the expected values of some important measures such as yield, FT,
resources' availability and utilization, and others.

In our forthcoming study, multiple stages will be connected to form a serial line
and later a network topology. The objective will be to minimize the costs of loss of
yield and of FT. Therefore, we are now interested in the yield and the FT of the
single stage.

3 Experiment

Design

As explained in the introduction, the focus of this study is on the influence of the
inspection capabilities on the performance measures (yield and FT). Inspection
capability is determined by the Type I (false negative) and Type II (false positive)
errors. We assume that a trade-off exists between the two types of error and we will
show how this trade-off affects the performance measures. We follow the above
mentioned references and use a non-linear trade-off curve as shown in Figure 3.
We chose the values of P{T'}, i.e. the probability of sending the Process to an
unnecessary repair, to be up to 10% because higher values are usually not
acceptable. The tradeoff is set by the condition: P{T"}-P{T"}=0.1%. Naturally, in
practice, one should characterize the relevant Type I versus Type II trade-off curve,
and define the acceptable working range.
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Figure 3: Type I versus Type II trade-off curve

We have tested the influence of the inspection capabilities on the performance
measures under various scenarios (see Table 1), in order to see if there is a
repeating pattern. The baseline scenario is number 1 and the parameters that differ
from it are highlighted in gray. We tested different inspection (y) and repair ()



allocation rates in scenarios 1-4; different process reliability levels (p;) in scenarios
1, 5 and 6; and different service rates (1) in scenarios 1, 7 and 8.
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Table 1: tested scenarios
Results

In all of the scenarios we checked the same pattern repeated. The FT is (nearly
linearly) increasing as P{T'} increases, and P{T"} decreases accordingly, as shown
in Figure 4. This is because the Process is more often sent to unnecessary repair as
P{T"} increases, and, simultaneously, for necessary repair as P{T"} decreases (see
the state transition mechanism in Figure 2).
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Figure 4: typical FT curve as a function of inspection capabilities

The typical yield curve is shown in Figure 5. In some scenarios the yield increases

asymptotically as P{T'} increases.
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Figure 5: typical yield curve as a function of inspection capabilities

To better understand the influence of each of the two inspection errors on the yield
we ran the model for P{T'} between 1-10%, while P{T"} was kept at 5%, and then

for P{T"} between 1-10%, while P{T'} was kept at 5%. The results are provided
in Figure 6.
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Figure 6: Type I and Type II separate influence on the yield

It is now clear that the yield decreases both with P{T'} and P{T"}. Hence, the joint
effect of the inspection capabilities on the yield is a result of the trade-off between
them, as shown in Figure 5.

In order to assess the combined influence of the inspection capabilities on both the
yield and the FT, we shall now refer to the cost of the loss of yield, denoted C;_y,
and to the cost of FT, denoted Cgr. The total cost (TC) will be TC=C,y(1-Y)+
CprFT, as shown in Figure 7.

The outcome of this pattern is that TC has a single minimum in the relevant range,
representing the trade-off between the costs caused by loss of yield and those
caused by the time lots spent in the system (i.e. their FT). The minimal total cost
may be at P{T'}=1% when CyFT is significantly greater than C,y(1-Y), at
P{T"}=10% when CpFT is significantly smaller than C,y(1-Y), and anywhere
between when CprFT and C,.y(1-Y) are of the same magnitude.
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Figure 7: Typical costs structure

4 Conclusions

The single stage model was developed in order to set inspection and repair rates for
different stages in a multi-stage system. In this paper we utilize it to choose an
optimal working point of the inspection facility along the trade-off curve of Type I
and Type II errors. Simultaneous reduction of the two error types, when feasible at
all, will require further investment in inspection resources, so that the trade-off
curve will move towards the axes' origin. The extra cost can be added to the
objective function, so that it will be part of the optimization.

We have shown how the inspection capabilities affect the performance measures of
the single stage. We have tested a few different scenarios and revealed a repeated
pattern of the costs' structure. While the influence of the inspection capabilities can
be estimated from analyzing the state transition mechanism, the shape of the costs
structure curves cannot. Hence, our analysis provides a non-trivial understanding
of the model and its inter-connections.

In our forthcoming studies we will further investigate the influence of other
parameters of the single stage model on the performance measures. In addition, we
will utilize the single stage as a component of a wider multi-stage model, to make
it closer to real production systems.
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