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ABSTRACT

Inspired by semiconductor manufacturing, this paper studies a system where the products processed on
multiple production machines are sampled to be measured on a single metrology tool. In a previous research,
we show that minimizing the expected number of defective products is not ensured by using the metrology
tool at its maximum capacity, as it induces a congestion that impacts the expected product loss. However,
the congestion of the metrology tool also impacts the expected sojourn time of products in metrology.
Hence, in this paper, we analyze the trade-off between the expected product loss and the expected sojourn
time when deciding how much of the metrology capacity should be used. Numerical results show that,
depending on some parameters, the expected sojourn time can be reduced without increasing much the
expected product loss.

1 INTRODUCTION

Let us not break away from the long established custom of beginning scientific papers on semiconductor
manufacturing by stating that it is the most complex type of mass production in today’s manufacturing. It
is by all means the case. Among the countless accounts of this complexity, the design of efficient ways to
control the production quality is the focus of numerous studies. Some emphasize the physical aspects of
quality while others, like the current one, focus on operational aspects. Quality control along the process
is conducted through a carefully designed set of metrology steps aimed either at monitoring parameters
specific to the former production (also called process) operation, or at making sure that the level of particle
contamination is kept at bay. At an operational level, these metrology steps share the particularity of not
being mandatory to the product. Therefore, in order to keep products reasonably flowing, it is customary
to define inspection sampling plans. The flexibility in inspection does not only pertain to the choice of
which product is to be sent to inspection, but sometimes to the inspection recipe itself (wafers sampled,
sites inspected on these wafers, control limits, etc.). The level of control required has therefore a direct
impact on the Sojourn time (also known as Flow Time or Cycle Time in industrial contexts) of the products.
Different aspects of the trade-off between quality and sojourn time have been the subject of numerous studies
(Colledani and Tolio (2011); Bettayeb et al. (2012); Gilenson et al. (2015); Nduhura-Munga et al. (2012);
Nduhura-Munga et al. (2013); Lee et al. (2003); Dauzere-Péres et al. (2010); Rodriguez-Verjan et al.
(2013); Shanoun et al. (2011); Tirkel et al. (2009); Tirkel and Rabinowitz (2012)). In a former publication
Dauzere-Péres and Hassoun (2020), we optimize the sampling rates of a set of production machines sending
their products for inspection on a single metrology tool. The sampling rate of a production machine is
defined through a sampling period, which is the number of products between two products sampled to be
measured, and the sampling plan is the set of sampling periods for all production machines. We show in
Dauzere-Péres and Hassoun (2020) how maximizing the use of inspection capacity has the adverse effect
of congesting the metrology tool, thus delaying inspection and allowing for more defective products to
be produced. Moreover, the level of planned metrology utilization, associated to the sampling plan of the
machines, can be efficiently determined depending on the level of variability in the production machines
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and the inspection tool. In Dauzere-Péres and Hassoun (2020), the delay in the metrology queue of products
sent to be inspected is considered solely through its impact on the expected flow of defective products over
time (expected product loss). The sampling periods are therefore optimized to directly minimize this flow,
with a resulting expected sojourn time of products in metrology.

In the present work, we broaden the scope of the problem by considering the trade-off between the
expected product loss and the expected sojourn time of products in metrology. This allows practitioners to
chose an inspection policy that might be sub-optimal in terms of quality but allows for the metrology sojourn
time to be more acceptable. Let us consider a single metrology tool inspecting the products processed by
several production machines, each following a specific sampling period, the number of products between
two products sampled to be measured. First, the optimal sampling plan (i.e., the optimal set of sampling
periods for all production machines) is determined by minimizing the expected product loss following the
methodology presented in Dauzere-Pérés and Hassoun (2020)). Starting from this optimal sampling plan,
the metrology utilization is gradually reduced, inducing a reduction of the expected metrology sojourn time
at the expense of an increase of the expected product loss.

In Section 2, we recall the expression of the expected product loss (identical to the one derived in
Dauzere-Péres and Hassoun (2020) and derive the expected sojourn time of products in metrology. The
associated optimization problem is also recalled in this section. Then, the trade-off between product loss and
sojourn time is analyzed in Section 3 using illustrative instances. More extensive computational experiments
are conducted in Section 4 to discuss the impact of different instance parameters on this trade-off. Section
5 concludes the paper by providing some perspectives.

2 PROBLEM MODELING AND RESOLUTION

After describing the problem in detail and providing the notations, the expected product loss introduced in
Dauzere-Péres and Hassoun (2020) is recalled in Section 2.1, and the expected sojourn time is formalized.
Then, in Section 2.2, the optimization problem solved in Dauzere-Pérés and Hassoun (2020) is recalled,
before presenting how the trade-off analysis was conducted.

2.1 Mathematical modeling

A single metrology tool is assigned to the quality control of a group of production machines subject to
failures. The production rates are constant and machine-specific. A production cycle corresponds to the
time spent by the machine to produce one item. At each production cycle, the machine has a specific
(and stationary) probability to fail, following which all its production is defective and either reworked
or scrapped, at a fixed cost. Being heterogeneous, production machines are controlled following specific
sampling policies, characterized by a sampling period, i.e. the number of products between two consecutive
inspections. The choice of a sampling plan, i,e. a set of sampling periods for all the production machines,
results in a certain rate of product scrapping. The sampling plan also determines the level of congestion on
the metrology tool, which in turns impacts the waiting time of the products at the metrology tool. Sending
products to inspection more frequently is the natural way of shortening periods in which machines are out
of control and produce defective products. In a former publication Dauzere-Péres and Hassoun (2020),
we show how requesting inspections too frequently is actually detrimental to the production quality due
to the additional production occurring during the delayed response of the inspection. Sending products
to inspection more often to better control the throughput quality of a production machine has the adverse
effect of congesting the metrology tool. This induces delays in the inspection results during which more
defective products may be produced, not only by the production machine but also by all other production
machines controlled by the same metrology tool. However, in Dauzere-Péres and Hassoun (2020), we
do not explore the trade-off between the quality criterion and the sojourn time of sampled products in
inspection. This trade-off is the subject of the current study. Note that we do not consider in this paper
the case where a production machine is kept idle until the associated sampled product has been measured.
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The following notations are used in the paper:

* R: Number of production machines,

e TP,: Throughput rate of production machine r,

* TM,: Throughput rate of the metrology tool when inspecting products from r,

* p,: Failure probability (Bernoulli experiment) of production machine r at each production cycle,
given that the machine is working properly before the production cycle,

e SP.: Sampling period of production machine r, i.e. the number of production cycles between two
consecutive inspections,

s A= gﬁ: : Inspection rate of machine r, i.e. the rate at which products are sent to the metrology
tool,

o SP™¥*: Upper limit for SP, over which the risk on production quality is deemed unacceptable by
quality managers,

e /={SP;r=1,---,R}: Set of sampling periods.

When a product inspection returns a positive result (the machine is defective), the production machine
is repaired after which normal production and inspection cycles resume. We assume that no products are
sent by the production machine to metrology during repair. These events are rare enough to be considered
insignificant in the metrology utilization.

By deciding on the sampling periods SP., V r = 1,...,R, managers determine both the throughput of
bad products from production machine r, and the portion of the metrology tool capacity consumed by
machine r which is denoted by g,(SP,) where g,(SP,) = TLACI,

Following the mathematical development in Dauzere-Péres and Hassoun (2020), the overall expected
rate of bad products, called Product Loss, is recalled here. For simplicity, the full mathematical development
is not presented and can be found in the original paper.

We assume that a queue is forming at metrology tool. Consequently, the response on a product sent

to inspection is delayed. The overall rate of products sent to inspection is:
R
A EY 2,
r=1

The steady state composition of the queue is determined by expected proportion of the production
machine, namely A,/A(.%) for machine r, following which the expected metrology tool is the harmonic
mean of rates TM, weighted by the ratio of production machines in the queue:

R
A
us) &= 1)

y

r=1 ™,

The congestion at the metrology tool, or expected traffic intensity, is:

JA) &
p() = )~ Y ™

r=1

We characterize the variability in the group of production machines by the coefficients of variation of
the service time, and of the inter-arrival time to metrology, denoted by ¢ and ¢, respectively. Kingman’s
G/G/1 queue approximation (see Kingman (1962)) is then used to estimate the expected sojourn time of

products in metrology:
1 p(&) ) (cﬁ—kc?) }
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Let us recall that the analysis of the trade-off between the expected sojourn time of products in metrology
and the quality, i.e. the expected product loss, is the main contribution of this research.

The overall expected rate of defective products, i.e. the product loss, of machine r under an inspection
policy using the set of sampling periods . = {SPy,...,SPr}, is given by:

TPr' Pr'ijb_l(SPr - i)(l _pr)i+ (1 - (1 _pr)SP,) : [W(y) : TPr“
PLAS) = SP. 1 (1—(1—p)SE)- [W(S)-TPR,] ©)

Note that (3) includes the additional products that are scrapped during the delay W (.¥) in the metrology
queue (see Dauzere-Péres and Hassoun (2020) for a detailed development of (3)).
Adopting a set of sampling periods .7 results in a total expected product loss given by:

R

PL(S) =Y PL.(Y) )

2.2 Optimization problem

The product loss minimization problem, denoted (P), is therefore:

min PL(.Y)
S.t.

R

Y s:(SP) <1

r=1

SP.c{l,...,SP™} r=1,...,R

An important characteristic of this formulation is that PL(.#’) is not separable by production machine
as PL,(.#) depends on the set of sampling periods for all machines ..

The approach adopted to solve (P) is detailed in Section 3 of Dauzere-Pérés and Hassoun (2020). A
heuristic is presented that solves the problem efficiently, resulting in both the optimal metrology capacity
utilization, and the optimal sampling plan, i.e. set of sampling periods.

3 ANALYZING THE TRADE-OFF BETWEEN PRODUCT LOSS AND SOJOURN TIME

The solution structure is first recalled in Section 3.1. Then the trade-off between the product loss and the
sojourn time, not explicitly considered as a criterion in Dauzeére-Pérés and Hassoun (2020), is illustrated
and discussed in Section 3.2. This trade-off is analyzed in more details on a large number of instances in
Section 4.

3.1 Solution structure

Let us illustrate the qualitative relationship between Product Loss, Sojourn Time, and Metrology Utilization
on two instances of the problem that differ in the relative speed of the metrology machine and the range
of production rates. The characteristics of these two instances can be found in Section 4. Figures 1.a and
1.b show the impact of the metrology utilization on the expected product loss. Figures 1.c and 1.d show
the increase of the expected sojourn time with the metrology utilization.

In accordance to any queuing model (assuming no balking), the sojourn time is increasing non-linearly
with the metrology tool utilization, and goes to infinity when the utilization approaches 1 (Figures 1.c and
1.d). The product loss behavior in our problem is less obvious. At first, as the metrology tool utilization
increases, i.e. inspection policies become more stringent (small values of SP,), the product loss is reduced.
However, sending more products to inspection also congests the metrology tool which, after a certain point
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(minima in Figures 1.a and 1.b), leads to a increase of the product waiting times in metrology that induces
an increase in Product Loss. Dauzere-Péres and Hassoun (2020) propose to determined the optimal point
(that minimizes the product loss) by recursively reducing the metrology capacity (starting from a value
close to 1) and solving problem (P) until PL(.) reaches the inflection point and starts increasing. The
minimal PL(.%) and the associated inspection plan .# are recorded as the optimal solution.

R=10; puu=0.05 TP, =100; R=10; puax=0.05; TP, =900;
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Figure 1: Product Loss vs. Metrology utilization and Sojourn Time vs. Metrology Utilization for two
problem instances

3.2 Product loss vs. sojourn time trade-off

For the same two problem instances than in the previous section, Figures 2.a, 2.b, 3.a and 3.b illustrate
the trade-off between expected sojourn time and expected product loss. In particular, Figures 2.b and 3.b
zoom on the product loss and sojourn time obtained for different reductions (5%, 10%, 15% and 20%)
from the optimal metrology capacity obtained by minimizing the product loss.

Figures 2.b and 3.b show that a significant reduction of the sojourn time can be obtained by reducing
the optimal metrology capacity by up to 5% without significantly degrading the product loss in percentage.
However, this is no longer the case when the optimal metrology capacity is reduced by more than 10%. The
results do not differ so much when the case where the metrology machine is relatively slow (% = 30)

is compared to the case where the metrology machine is relatively fast (1;‘—{7 =93).
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Figure 2: Sojourn Time vs. Product Loss for R = 10; pax = 0.05; TP, = 100; RTP _ 30, v=2
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Figure 3: Sojourn Time vs. Product Loss for R = 10; puc = 0.05; TP, = 900; RT'—{Z) =5v=2

4 COMPUTATIONAL EXPERIMENTS
4.1 Structure of the experiments

In order to demonstrate the idea of exploring the trade-off between metrology Sojourn Time and Product
Loss, we conducted an experiment over a large number of scenarios, each characterized by the parameters
described earlier. Most of these scenarios are similar to the ones used in Dauzere-Péres and Hassoun
(2020), and for the sake of clarity, we describe here how they were designed.

The number of production machines R is taken from the set {10,20}. The failure probabilities p, are
generated from a uniform distribution U [ppin, Pmax), Where puq, is chosen in the set {0.05,0.2} and pyyin
is kept constant (p,; = 0.01). The throughput rate TP, is generated from a distribution U [T Pin, T Pyax],
where T P = 1,000 and T P,,;, is chosen in the set {100,900}. The measurement rate 7'M, is determined
using the ratio 1;‘—% chosen from the set {5,10,30}, where TP is the average throughput rate for the
considered scenario.

The variability factor is more complex to handle in the framework of this experimentation since it
is affected by the choice of sampling periods, and by the problem parameters. Let us denote by v the
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variability factor in the Kingman’s approximation (Kingman (1962)) (v2 = #) In Dauzere-Péres and

Hassoun (2020), we describe how the range of useful values for the variability factor is determined, and
v is chosen from the set {0.6, 0.8, 1, 1.2, 1.4, 1.6, 2}. For each scenario, the optimal point was first
determined, and its characteristics (metrology utilization, Product Loss, Sojourn Time) recorded. Then,
the available metrology capacity was gradually reduced by steps of 5% up to 20%. For each of these
reductions, the expected sojourn time and the expected product loss are compared to the optimal ones.
Because Product Loss is impacted by the machine rates, presenting only the relative change may have been
misleading. We therefore opted to also present the absolute variation of Product Loss.

Tables 4 and 5 present the averages of said variations for the four levels of capacity reduction, detailed

by the metrology ratio % and variability v. Both tables prompt several insights. First and foremost, across
all cases, the impact on quality represented by the relative change in Product Loss seems limited when
compared to the gain in Sojourn Time. For example, for 20 machines (Table 5), the decreases in CT are
roughly an order of magnitude larger than the increases in product loss. By solving the metrology allocation
problem for reduced metrology capacities of up to 20% we show that the time spent for inspection can
be shortened by figures well above 40% with a relatively low impact on Product Loss (roughly between
5% and 12%). This alone justifies exploring the possibility of sacrificing a small portion of the production
yield to gain a significant reduction of the time spent by lots in metrology.

Beyond this important point, the impact of both the stress on the metrology tool (metrology ratio) and
of the variability seems overall quite limited. As an example, for 10 machines (Table 4) and a capacity
reduction of 10%, the change in sojourn time ranges from —21.1% to —27.1% while the increase in product
loss ranges from 1.3% to 3.3% over all values of the metrology ratio and the variability parameter.

Note that, while the present experiment shows the benefits of exploring the trade-off between quality and
waiting times in metrology by allowing sampling policy to be set sub-optimally, in order for practitioners
to actually choose a working point, considering the sojourn time of all lots, including those that are not
sent to inspection, is necessary. This is beyond the scope of the present work.

Capacity reduction - 5% Capacity reduction - 10% Capacity reduction - 15% Capacity reduction - 20%
pacity pacity pacity pacity
. ) Absolute Relative  Relative Absolute | Relative Relative Absolute | Relative Relative Absolute
Relative Relative
Metrology X X changein |changein changein changein|changein changein changein |changein changein changein
v change in change in
Ratio ) N . 8 Product Sojourn  Product Product | Sojourn Product Product | Sojourn Product Product
Sojourn Time  Product Loss
) Loss Time Loss Loss Time Loss Loss Time Loss Loss
0.6 -11.7% 0.9% 15.5 -21.1% 3.2% 52.4 -27.9% 6.5% 105.9 -33.1% 10.7% 174.5
0.8 -12.2% 0.8% 15.3 -22.3% 2.9% 53.2 -30.0% 6.2% 110.9 -36.2% 10.5% 188.8
1 -12.6% 0.8% 16.0 -23.1% 2.9% 55.6 -31.6% 6.2% 119.4 -38.2% 10.8% 205.7
5 1.2 -12.1% 0.8% 15.3 -23.3% 2.8% 56.6 -32.2% 6.3% 124.0 -39.5% 11.0% 215.8
1.4 -12.9% 0.8% 16.6 -24.3% 2.9% 61.9 -33.5% 6.4% 134.8 -41.3% 11.4% 239.2
1.6 -13.6% 0.8% 17.2 -25.1% 3.0% 63.9 -34.8% 6.6% 140.9 -42.8% 12.0% 252.5
2 -13.8% 0.8% 18.9 -26.1% 3.3% 72.0 -36.5% 7.4% 161.7 -45.3% 13.5% 294.5
0.6 -13.0% 0.8% 19.3 -23.0% 2.8% 67.8 -30.1% 5.7% 137.6 -35.4% 9.4% 225.5
0.8 -13.5% 0.7% 18.8 -24.0% 2.5% 66.9 -31.9% 5.3% 138.3 -38.1% 8.9% 231.0
1 -13.4% 0.7% 18.2 -24.3% 2.4% 67.3 -32.8% 5.2% 142.7 -39.6% 8.9% 243.5
10 1.2 -13.5% 0.7% 18.1 -24.7% 2.5% 67.1 -33.7% 5.3% 144.2 -40.9% 9.2% 248.1
1.4 -13.6% 0.6% 18.3 -25.2% 2.4% 69.4 -34.6% 5.3% 150.9 -42.3% 9.3% 262.8
1.6 -13.9% 0.6% 18.5 -25.8% 2.3% 71.5 -35.5% 5.2% 157.2 -43.6% 9.3% 277.1
2 -14.2% 0.6% 19.6 -26.7% 2.5% 77.3 -37.1% 5.6% 173.7 -45.9% 10.1% 310.1
0.6 -14.3% 0.5% 19.7 -24.4% 1.7% 69.2 -31.5% 3.5% 140.0 -36.9% 5.7% 228.6
0.8 -14.3% 0.4% 18.2 -24.9% 1.6% 66.3 -32.8% 3.3% 137.7 -39.0% 5.6% 229.9
1 -14.3% 0.4% 16.9 -25.2% 1.5% 62.2 -33.8% 3.1% 131.8 -40.5% 5.2% 222.0
30 1.2 -14.3% 0.4% 16.9 -25.6% 1.4% 64.2 -34.6% 3.0% 138.0 -41.9% 5.1% 235.9
1.4 -14.2% 0.4% 15.9 -25.8% 1.4% 61.3 -35.1% 3.0% 133.3 -42.9% 5.2% 231.2
1.6 -14.3% 0.3% 15.6 -26.2% 1.3% 60.7 -35.9% 2.9% 133.1 -44.0% 5.1% 232.2
2 -14.6% 0.3% 16.1 -27.1% 1.3% 64.0 -37.5% 3.0% 143.4 -46.2% 5.3% 253.5

Figure 4: Exploration of the Pareto front for Sojourn Time and Product Loss - 10 machines
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Capacity reduction - 5% Capacity reduction - 10% Capacity reduction - 15% Capacity reduction - 20%
Relative Relative Absolute | Relative Relative Absolute | Relative Relative Absolute | Relative Relative Absolute
Metrology v change in change in change in |changein changein changein|changein changein changein|changein changein changein
Ratio So'ourf Time Producgt Loss Product Sojourn  Product Product | Sojourn Product Product | Sojourn Product Product
) Loss Time Loss Loss Time Loss Loss Time Loss Loss
0.6 -16.5% 1.1% 34.7 -28.1% 3.7% 1139 -35.7% 7.3% 224.1 -41.5% 11.9% 364.3
0.8 -16.4% 0.9% 30.3 -28.5% 3.3% 104.7 -37.1% 6.7% 214.8 -43.6% 11.2% 355.1
1 -16.0% 0.9% 30.8 -28.3% 3.1% 109.2 -37.5% 6.6% 226.4 -44.6% 11.1% 381.9
5 1.2 -15.6% 0.8% 33.0 -28.1% 3.1% 115.9 -37.6% 6.5% 241.7 -45.2% 11.1% 411.5
1.4 -15.4% 0.9% 33.5 -27.9% 3.1% 116.5 -37.8% 6.7% 247.3 -45.7% 11.5% 424.2
1.6 -15.4% 0.8% 30.3 -28.1% 3.0% 114.2 -38.2% 6.5% 248.1 -46.4% 11.5% 431.7
2 -15.4% 0.8% 32.6 -28.3% 3.0% 121.7 -38.8% 6.8% 268.6 -47.5% 12.1% 476.3
0.6 -18.0% 1.0% 43.6 -29.9% 3.3% 146.6 -37.8% 6.5% 288.0 -43.5% 10.5% 462.5
0.8 -17.5% 0.8% 41.4 -29.9% 3.0% 144.6 -38.7% 6.0% 292.0 -45.2% 9.9% 477.2
1 -17.0% 0.8% 38.9 -29.6% 2.8% 138.3 -38.9% 5.8% 285.5 -46.0% 9.7% 474.9
10 1.2 -16.5% 0.7% 38.1 -29.2% 2.7% 139.3 -38.9% 5.6% 291.7 -46.4% 9.6% 491.3
1.4 -16.2% 0.7% 37.6 -29.1% 2.5% 139.7 -39.0% 5.5% 297.0 -46.9% 9.4% 504.7
1.6 -15.9% 0.7% 36.3 -28.9% 2.5% 137.4 -39.1% 5.5% 295.7 -47.3% 9.5% 508.8
2 -15.8% 0.6% 37.1 -28.9% 2.5% 143.0 -39.4% 5.5% 312.7 -48.1% 9.7% 545.4
0.6 -19.0% 0.6% 47.7 -31.1% 2.1% 161.0 -39.0% 4.2% 316.3 -44.7% 6.6% 503.5
0.8 -18.3% 0.5% 41.0 -30.8% 1.8% 143.8 -39.6% 3.7% 290.2 -46.2% 6.0% 471.2
1 -17.4% 0.5% 37.5 -30.1% 1.8% 135.7 -39.4% 3.7% 279.9 -46.5% 6.1% 463.1
30 1.2 -16.8% 0.4% 35.7 -29.6% 1.6% 132.0 -39.3% 3.4% 277.6 -46.8% 5.8% 464.9
1.4 -16.5% 0.4% 33.9 -29.4% 1.5% 127.1 -39.4% 3.3% 268.8 -47.3% 5.5% 453.8
1.6 -16.3% 0.4% 33.2 -29.3% 1.5% 126.6 -39.4% 3.2% 270.7 -47.6% 5.5% 462.1
2 -15.9% 0.4% 31.5 -29.0% 1.4% 122.7 -39.6% 3.1% 268.1 -48.3% 5.4% 465.0

Figure 5: Exploration of the Pareto front for Sojourn Time and Product Loss - 20 machines

5 CONCLUSIONS

This paper analyzed the trade-off between the expected product loss and the expected sojourn time when
selecting the metrology capacity to use when optimizing the sampling periods of production machines that
are controlled by a single metrology tool. Numerical experiments were conducted over a large number
of scenarios. The results show that the metrology capacity that is optimal when minimizing the expected
product loss can be safely reduced by up to 5% to decrease the expected sojourn time while not impacting
much the expected product loss. Large decreases should be considered with scrutiny to determine if the
expected cost in terms of quality issues is worth the gain in sojourn time. Over a relatively large set of
experiments, it is also shown that, for a given number of production machines, reducing the metrology
capacity has a relatively similar impact on the results regardless of the inspection rates. When the allocated
metrology capacity is only slightly reduced (the general advocated change), the level of variability in the
production cell has almost no impact on the results. This is no longer true if the allocated capacity is
further reduced.

Our future research aims at considering the Effective Process Time (EPT) of all products instead of
only the expected sojourn time in metrology of sampled products. Then, an optimization approach that
minimizes both the expected product loss and the expected sojourn time will be developed. More extensive
computational experiments will be conducted to analyze the trade-off between the two criteria and the
impact of key parameters. Another interesting research avenue is to consider the scenario where production
machines are waiting for sampled products to be measured before resuming production. In this case,
product quality would not be impacted, only the sojourn times of products.
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