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ABSTRACT

An OEM who maintains a fleet of complex systems strives for high system availability for its customers.
Frequently failing components lead to system unavailability and high maintenance costs. Consequently, the
OEM might decide to upgrade components. We develop a model that quantifies the impact of the introduction
of an upgraded component on the OEM’s costs and number of failures to define the best implementation
strategy. Using a Markov process, we evaluate four policies differing in the roll-out strategy of new parts,
either immediate or corrective, and the phase-out strategy of old parts, either rework or salvage. The model
is used in a case study at ASML. We conclude that, in the case study, reworking is preferred over salvaging
as the phase-out strategy and corrective replacements are generally preferred over immediate replacements
for the roll-out strategy.

1 INTRODUCTION

Lithography systems are high-tech systems and the most expensive assets used in the chip manufacturing
process. Modern front-end wafer fabs are designed around them, making them the bottleneck station (Kopp
and Monch 2020). As a result, the average downtime costs of these systems are 72,000 euros per hour
(ASML Holding N.V. 2014) and it can take up to 27 days for a chip manufacturer to recover from 24
hours of downtime (Lamghari-Idrissi et al. 2022). Due to the high impact of downtime on their operations,
chip manufacturers often prefer to outsource the maintenance of lithography systems to the OEM. This
provides an incentive to the OEM to redesign components with a high failure rate in order to improve their
reliability (Schaefers et al. 2021), which is common practice for lithography systems (e.g., Yang et al.
2019; Van Schoot et al. 2020; Niimi et al. 2020; Mizoguchi et al. 2021). Inspired by the practice of
ASML, an OEM selling lithography systems, our work focuses on the implementation strategy of these
redesigned components. Such an implementation strategy consists of two parts: the roll-out strategy and
the phase-out strategy.

The roll-out strategy concerns the timing of the upgrades. An OEM’s roll-out strategy can be either
corrective or immediate. With a corrective roll-out, the old parts are replaced as soon as they fail. With an
immediate roll-out, the OEM upgrades the systems in the field immediately after the new part is available,
i.e., preventively before the old part has failed. Although performance-based contracts are often used for
complex systems (Kim et al. 2007), OEMs typically do not have authority over the maintenance strategy of
the assets. Therefore, the OEM depends on the customers’ willingness to replace components preventively.

The phase-out strategy concerns the phasing-out of the old components. The OEM may decide to
either salvage or rework the old parts. When the part is salvaged, it is either scrapped or harvested. When
the part is reworked, it is upgraded to the latest design.

In the literature, technological change and component obsolescence are the main reasons for studying
the problem of part replacements. Most researchers study the decision of whether or not to replace the
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old component in the system (e.g., Hartman 2000; Childress and Durango-Cohen 2005; Forootani et al.
2023). When the decision is made to replace the old component, the subsequent question is how the
roll-out strategy and phase-out strategy affect the implementation of the new component. The literature
on this topic is scarce. Mercier and Labeau (2004) and Mercier (2008) are one of the first to study the
combination of a corrective and preventive roll-out strategy. Mercier and Labeau (2004) introduce the
so-called K strategy, meaning that old units are correctively replaced by new ones until K old units have
been replaced. The remaining old units are then preventively replaced. Mercier (2008) extends the work
by Mercier and Labeau (2004) by incorporating general failure rates in order to better model degradation.
However, phase-out strategies or customers’ willingness to adopt the new part are not incorporated in their
models.

To the best of our knowledge, Oner et al. (2015) and Driessen (2018) are the only ones who take into
account both the roll-out and phase-out strategy (to some extent). Oner et al. (2015) study two strategies
to implement a new component: (1) Upgrade all systems preventively just after redesign, or (2) upgrade
systems one-by-one correctively. They assume zero stock of old parts, and failed old parts are immediately
salvaged. Driessen (2018) considers three different strategies to implement a new component: (1) Replace
all old parts preventively, (2) produce all new parts at once before the start of the horizon and replace
correctively, or (3) produce new parts in two batches and replace old parts correctively. He assumes the
stock of old parts to be used only when there is a stock-out of new parts, and all failed old parts are salvaged.
Both studies assume that when the choice is made for a preventive (immediate) roll-out strategy, all parts
are replaced preventively at the beginning of the time horizon. They thus do not take into account the
customers’ willingness to implement the new component in their installed base. In addition, both studies
assume that all failed old parts are salvaged. They do not regard the potential to rework parts such that
they can be put back on stock as an as-good-as-new new part.

In the literature, no methodologies are defined that help OEMs with making decisions on both the
roll-out and phase-out strategy. To fill this gap, we define four distinct policies that differ in (1) roll-out
strategy and (2) phase-out strategy (see Table 1). The first letter of the policy indicates the roll-out strategy,
P(reventive) or C(orrective), and the second letter indicates the phase-out strategy, R(ework) or S(alvage).

Table 1: Four policies considered in this research.

Policy | PR PS CR CS
Roll-out strategy | Immediate Immediate Corrective Corrective
Phase-out strategy | Rework Salvage Rework Salvage

The OEM’s choice for these strategies impacts its cost of service and reduces the number of (unscheduled)
failures due to known failure modes compared to when the new part would not have been introduced. This
can have major effects on the users’ utilization, throughput, cycle time, availability, and WIP, and it highly
impacts their total cost of ownership. We develop a model to support the economic comparison of the
strategies and we derive insights about the effect of various relevant parameters on this outcome.

The main contribution of this research is that we create a model to determine the impact of upgrading
parts to improve reliability on the OEM’s cost of service and failures. We are the first to take into account
the impact of customers’ acceptance of preventive replacements in this field of research. In addition, we
include the possibility to rework old parts to the latest design. Sustainability has become more and more a
crucial concern in the semiconductor industry (Shu et al. 2021) and many other industries. This research
could aid with making chip manufacturing more sustainable by increasing system uptime and reusing
materials instead of salvaging them.

Our paper is organized as follows. In Section 2, we introduce the model and assumptions. In Section
3, we formulate a finite horizon discrete-time Markov process. Section 4 presents a case study performed
at ASML and provides the key managerial insights. We conclude in Section 5.
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2 MODEL FORMULATION

In Table 1, we presented the four policies considered in this research. We now formulate the model that
enables us to evaluate these policies. Table 2 introduces our notation and Figure 1 presents the graphical
representation of our model.

Table 2: Notation.

N €N Size of the installed base n €N Number of old parts operating at ¢t = 1
x €N Number of old parts on stock beforet=1 s €N Base stock level

p? €10,1] Prob. that old part can be reworked py €[0,1] Prob. that new part can be repaired
A° € RT™  Failure prob. of old part A" € RT™  Failure prob. of new part

u° € RT™  Rework prob. of old part u® € R™  Rework prob. of new part

h €R'Y  Holding costs of new parts b €R'Y  Penalty costs for emergency repair

d €R'Y  Failure costs for one system f €RY  Costs to preventively replace a part

2 €Rt  Costs to rework an old part " €Rt  Costs to repair a new part

w® € R™  Salvage costs of old parts w" € R™  Salvage costs of new parts
p* € Rt Cost price of new parts T €N Modeling horizon

Figure 1: Graphical representation of the model.

We consider an installed base of N systems. Each system has a single unit of the part, meaning there
is no redundancy. We model over a finite horizon of T periods, which we refer to as the modeling horizon.
The modeling periods are numbered ¢ € {1,...,T}. Considering the long lifetimes of capital intensive
systems, we assume that the installed base has a remaining lifetime that is equally long or even longer
than the time horizon of T periods. In the case of a corrective roll-out strategy, all N systems contain an
old part at the start of the horizon. In the case of an immediate roll-out strategy, we assume that N —n
customers accept the preventive replacement before the start of the model horizon. The remaining n old
operating parts will be replaced correctively. To preventively replace a part, a cost f is incurred.

We assume that all old parts on stock are reworked or salvaged before the start of the horizon. For
the policies with an immediate roll-out strategy, the preventively replaced parts will also be reworked or
salvaged before the start of the horizon. This is a reasonable assumption when the failure rate of the part is
low, which is often the case for capital intensive systems (van Houtum and Kranenburg 2015). This leaves
us with zero stock of old parts at the start of the horizon.
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All parts fail independently, and the failure time for each old part is geometrically distributed with
failure probability A° per period. The failure time of each new part is also geometrically distributed, but
with failure probability A" per period. We assume that A" < A°. When an old or new part fails, a failure
cost d is incurred. Then, as soon as an old/new part fails in the field, it is replaced by a new part from
stock.

If the failed part is a new part, the part is inspected after its failure. With probability 0 < p!' <1, the
part can be repaired and is sent to the repair center for repair. With probability (1 — p) this part cannot be
repaired and is salvaged against cost w". The repair lead time of a new part is geometrically distributed
with repair probability u" per period. Once a part is repaired in the repair center, the part is sent back
to the local warehouse. To repair the new part, repair costs z" are incurred, which includes the costs for
shipment.

If the failed part is an old part, it is reworked or salvaged, depending on the phase-out strategy. If the
phase-out strategy is to rework the part, with probability 0 < p? < 1, the part can be reworked and is sent
to the repair center for rework. With probability (1 — p?) the part cannot be reworked and will be salvaged
against cost w°. The rework lead time of an old part is geometrically distributed with rework probability
U° per period. As soon as a part is reworked in the repair center, the part is sent back to the stock point.
To rework the old part, rework costs z° are incurred, which includes the costs for shipment. All reworked
and repaired parts are considered as-good-as-new. If the phase-out strategy is to salvage the old parts, that
will be done so immediately against cost w°. Note that this results in a simplified version of the model
where p? = 0, i.e., the probability that an old part can be reworked is zero.

As soon as an old or new part fails, it is replaced by a ready-for-use part from stock. The stock point
follows a continuous review (s — 1,s) inventory policy. We assume that at the beginning of the horizon,
there are s ready-for-use parts on stock. Depending on the policy, this consists of new parts on stock,
either bought new (policies PS and CS) or reworked old parts of which there are x on stock before the start
of the horizon (policies PR and CR). As soon as the inventory position is equal to level s — 1, the stock
is replenished with one item to level s. This inventory policy is often used for expensive, slow-moving
spare parts (van Houtum and Kranenburg 2015). Every time an order for a new part is placed, i.e., if
the inventory position is s — 1, a price p" per part is paid. Note that in our model, the inventory position
equals the on-hand inventory at the stock point plus the amount of parts in the repair center (either for
repair or for rework). For simplicity, we assume that the replenishment lead time for new parts is 0. If the
on-hand inventory at the stock point is 0, due to many parts being in repair or rework, an emergency repair
is requested when a part fails. For every emergency repair a penalty b is incurred on top of the normal
rework and repair costs.

3 EVALUATION APPROACH

Costs are incurred for the actions occurring prior to the model horizon. We outline these costs in Section
3.1. For each of the four policies, we calculate the total expected costs over T periods, using a discount
factor 0 < o0 < 1. We assume that at most one event occurs in a period ¢: either the failure or the repair or
rework of a part. This assumption is reasonable if the length of a period is sufficiently short (say a day),
and if the failure rate of parts is low, which is often the case in industries using capital intensive systems
(Driessen 2018). We can model the problem as a discounted, finite horizon, discrete-time Markov process.
We present the Markov process that describes the operation of the system in Section 3.2 and the evaluation
of the total expected failures and costs in Sections 3.3 and 3.4, respectively.

3.1 Pre-horizon Costs

For all N —n preventive replacements a cost f is incurred. We assume that these N —n parts are then
either reworked (policy PR and CR) or salvaged, thereby leading to value (policy PS and CS). To calculate
how many new parts we need to buy at the start of the horizon, we need to know how many old parts we
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have on stock, which we denote as x. If x+N —n <, all x4+ N —n parts are reworked or salvaged, and
(s — (x+ N —n)) parts are procured at price p". Note that N = n for the policies following a corrective
roll-out strategy. When the phase-out strategy is to rework old parts (policy PR) and the current stock
of old parts plus the preventively replaced parts is already higher than the intended basestock level, i.e.,
x+N —n > s, then s parts are reworked and the remainder is salvaged. In this case, no parts need to be
procured. Table 3 presents an overview of the pre-horizon costs V; for all policies.

Table 3: Pre-horizon costs of the model.

Policy Pre-horizon costs
—(N—n)- —n)-2° —x— o —n<
Policy PR Vo= (N—n) f+(xtN n)-2°+(s—x 0N+n) P, foJrN n<s
Vo=(N—-n)-f+s-2°—(x+N—n—s)-w° ifx+N—n>s
Policy PS | Voy=(N—n)-f—(x+N—n)-w°+s-p"
. Vo=x-2+(s—x)-p", ifx<s
Policy CR Vo=s5-22—(x—s)-n°, ifx>s
Policy CS | Voy =s-p"—x-w°

3.2 Discrete-Time Markov Process

The sequence of events in a period ¢ is given as follows.

1. The current state is observed.

Holding costs /& are paid for all parts that are currently on stock.

3. The inventory position is observed. If the inventory position is s — 1, then a replenishment order is
placed. A new part is ordered for price p" per part. The ordered part will arrive at the beginning
of the next period.

4. An event may occur, i.e., at most one by assumption:

(a) If a failure occurs, the OEM incurs a failure cost d and replaces the failed part by a new part
from stock. If there is no stock on-hand to replace the failed part (all parts are at rework or
repair), the OEM will perform an emergency repair against penalty cost b. In this case, a failed
old (new) part at the repair center is urgently reworked (repaired) to replace the failed part.
With probability 1 — p? (1 — pP), the failed part cannot be reworked (repaired) and will be
salvaged. The OEM then incurs the expected discounted salvage costs w® (w") for this. With
probability p; (p!) the failed old (new) part can be reworked (repaired), and is subsequently
sent to the repair center.

(b) If the rework (repair) of an old (new) part finishes, the OEM incurs rework (repair) costs z°
(z"). The part is then sent to the stock point. This ready-for-use part can only be used to replace
a failed part in the next period.

(c) If no failure, repair or rework occurs, no additional costs are incurred.

5. The period ends and we transition to the next state.

The state space of the model is four-dimensional: (1) the number of operating old parts N° (then the
number of operating new parts is N* = N — N°), (2) the number of old parts being reworked X°, (3) the
number of new parts in repair X", and (4) the number of ready-for-use parts on stock S". Policies PS and
CS consider a phase-out strategy where old parts are salvaged. For these policies, the probability that parts
are reworked after failure is equal to p{ = 0, implying X° = 0.

The number of operating old parts N° can never be higher than n. Consequently, the number of
parts in rework X° can never be higher than n. Parts that finished repair and rework are sent to the
inventory. To avoid explosion of the state space, we bound the number of parts in the inventory S" to
be at most equal to the size of the installed base N. This assumption is reasonable as the failure and
repair rates are such that the optimum will always be less, which can be checked after optimization. In
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addition, we assume emergency repairs. Therefore, the number of parts in inventory is at least equal
to 0. Similar reasoning can be applied for the parts in repair X". The state space is defined by .¥ =
{(§",N°, X°,X"):0<S"<N,0<N°<n0<X°<n0<X"<N}. Werefertoastates = (i, j,k,l) €.,
where i, j, k, [ correspond to S", N°, X°, X" respectively. (s, n, 0,0) Note that the inventory position
(8" 4+ X°+X") cannot become lower than s — 1, because a new part is purchased if the inventory position
has dropped to s — 1. It can become higher than s, e.g. if there are more than s parts in repair or rework.
At the beginning of the modeling horizon, there are s parts in inventory, n old parts operating, and 0 parts
in rework or repair. Therefore, we define the starting state as s, = (s,7,0,0).

We consider the one step transition probability from state s = (i, j,k,[) € . to state s’ € .. Let
p (s’ | s) denote this one step transition probability. In Table 4, we present these transition probabilities for
the events that they are triggered by. We present the entire version of the one step transition probability
p(s'| s) for each 5,6 € . in Table 9 in Appendix A. Using value iteration, we can find the mean values
for the number of failures and costs, as outlined in Sections 3.3 and 3.4, respectively.

Table 4: One step transition probabilities.

p(s'|s) Event

JA°P? An old part fails and can be reworked
JA°(1—p?) An old part fails and cannot be reworked
(N—j)A"p} A new part fails and can be repaired
(N—=HA(1—pP) A new part fails and cannot be repaired
ku® An old part is reworked

" A new part is reworked

1 —Ysc.vs20 P(8]8) | No failure, rework or repair occurs

Note that the transition probabilities depend on the state at the moment of the transition. For example,
the inventory position in state s determines whether a new part will arrive in on-hand inventory in state s’.
Moreover, the on-hand inventory in state s determines whether a failed part can be replaced by a new part
from inventory or through an emergency shipment.

3.3 Failure Calculations

The expected number of failures in state s € .7 is Y (s) = jA°+ (N — j)A". Notice that we have a finite
horizon problem, meaning that we can easily calculate the recursive formulas. Let Q;(s) be the total
expected number of failures over periods 7,4 1,...,T, given that we are in state s € . at the start of
period ¢. The expected number of failures over the full time horizon for the OEM can then be expressed
as Q@ = Q1 (Sstart). The recursion for Q,(s) for all periods 1 <t <T is given by

Oi(s)=Y(s)+ Y, p(s'|8)0r1(s) Vses 1)

e

3.4 Cost Calculations

The expected cost o(s) incurred in one period while in state s € . consists of inventory holding costs
H(s), procurement costs P(s), repair, rework and failure costs F(s), emergency repair penalty costs E(s),
and the salvage costs S(s):

o(s)=H(s)+P(s)+F(s)+E(s)+S(s).

We next explain each of these cost elements.

In each state s € ., inventory holding costs H(s) = hi have to be paid.

If in state s € . the inventory position is equal to s — 1, a new part needs to be procured, incurring
procurement costs p". Therefore,
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pt ifi+k+l=s5—1
0  otherwise.

Rework (Repair) costs z° (z") are paid when a part is successfully reworked (repaired) and failure costs
d are paid when a failure occurs. The probabilities that we observe a rework, repair or failure of an old

part, or a failure of a new part are ku®, /u”, jA°, and (N — j)A", respectively. Therefore, the expected
repair, rework and failure costs in state s € ./ are

P(s) =

F(s) = %kp® + U™+ d(jA° + (N — j)A")

Emergency repair costs b are paid when there is a failure during stockout. We can therefore express
the expected emergency repair penalty costs when being in state s € . as
E(s) = b(jA°+ (N —j)A") ifi:q
0 otherwise.
A salvage cost w® (w") is incurred when the state transition is triggered by the failure of an old or
new part that cannot be repaired. The probability of this transition is jA°(1 — p?) and (N — j)A"(1 — pt)
respectively. The expected salvage costs when being in state s € .% is thus

S(s) =w?(GA (1= pp)) +w (N =AY (1 =pp)) Vses

Let V;(s) be the total expected discounted costs over periods 7,7+ 1,...,T, given that we are in state
s € . in the beginning period 7. The total cost for the OEM can then be expressed as V = Vy + V| (Sstart)-
The recursion for V;(s) for all periods 1 <7 < T is given by

Vils)=0o(s)+a ), p(s'|s)Viui(s) Vse.s 2)
e

We assume V7o i(s) =0 forall s €.7.

4 RESULTS

Some years ago, ASML introduced an upgraded component in the field. We use the parameters in this
case as the base case in our case study. Next, we perform a sensitivity analysis where, each time, we vary
one parameter compared to the base case. The normalized parameters of the base case and the sensitivity
analysis are outlined in Section 4.1. Sections 4.2 and 4.3 elaborate on the results of the base case and the
sensitivity analysis, respectively.

4.1 Base Case and Sensitivity Analysis Parameters

In Table 5, we summarize the values of all parameters. ASML had a worldwide installed base of 4,500
systems in 2016 (Oomen 2016). Due to computation time constraints, we set the installed base size equal
to N = 100, and assume that every customer operates one system. On average, 14 out of 100 customers
accepted a preventive replacement. This means that for policies with an immediate roll-out strategy,
N —n = 14 parts are replaced preventively before the start of the horizon and we have n = 86 old operating
parts at the start of the horizon. The failure cost is d = 3,839, which is a cost based on the mean time to
get the system up again after a failure of this part. A preventive replacement costs approximately 70% of
this failure cost. The cost price of the old and new parts are p°® = 8,825 and p" = 10,000, respectively. We
assume that a holding cost of 17% of the cost price is paid per part per year, i.e. h = 4.66 per part per day.
Parts are salvaged at 35% of the cost price, i.e. w® = —3,089 for the old part and w" = —3,500 for the new
part. The base stock level is equal to s =2 for both the old and new part. The repair yield of the part is
pt =0.5. In the real case, old parts are not reworked into the new version, but we assume that the rework
yield is p? = 0.5 as well. The rework and repair rates are 4° = u" =3/365. The rework and repair costs
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are 50% of the new part’s cost price, i.e. z° = z" = 5,000. Lastly, the emergency shipment penalty costs is
equal to b =350, which is a value based on the average penalty paid for the part’s emergency shipments
in 2020 and 2021. Note again that all the aforementioned values are normalized. We present the results
of the base case in Section 4.2.

The choices of the parameters other than their values in the base case are given in Table 6. We study
whether an overestimation of the failure rate improvement leads to a wrong choice of policy by altering
A". Moreover, we investigate the impact that the number of preventively replaced parts before the start
of the horizon and the size of the installed base have on the choice of policy, by altering N —n and N,
respectively. Lastly, we present the case where the costs of reworking a part equal the cost price, i.e.
7% = p". We present the results of the sensitivity analysis in Section 4.3.

Table 5: Values of factors/parameters for the base case (normalized).

N n T A° A" ue,ut e, ph s o
(years)
100 86 10 0.16/365  0.02/365 3/365 0.5 2 0.9995
X p" h w° wh z°,7" d f b
(€/part) (€/part/day) (€/part) (€/part) (€/part) (€/failure) (€/replacement) (£/shipment)
2 10,000 4.66 —3,089 —3,500 5,000 3,839 2,687 350

Table 6: Alternative values of factors/parameters for the sensitivity analysis (normalized).

AR N—n N z°
0.05/365, 0.1/365 50, 100 50, 75, 100 10,000

4.2 Base Case Results

Table 7 presents the results of the base case (which have been verified with simulation). It shows that
policy CR is preferred for its lowest costs, while policy PR is preferred when the number of failures is
the main objective. Policies with a phase-out strategy to rework old parts (policies PR and CR) result in
6 — 8% lower costs compared to policies where old parts are salvaged. It is thus cheaper for the OEM
to rework parts than to salvage them and buy new ones. Moreover, policies with an immediate roll-out
strategy (policies PR and PS) result in 16 —23% higher costs for the OEM, but 11% fewer failures than
the policies with a corrective roll-out strategy (policies CR and CS). The higher costs can be explained
by the costs incurred at the start of the horizon when preventively replacing parts. The lower number of
failures are subsequently caused by the average installed base having a higher reliability as there are more
new parts (with a higher reliability) installed at the start of the horizon.

Besides the evaluation of the four policies, we need to examine whether the development of the new
component is worth it for the OEM. Therefore, for each policy, we calculate the return on investment
(ROI) of the implementation of the new component for the OEM as the difference between the costs for
the OEM when keeping the old component and the costs of implementing the new component according
to that policy (see Table 7). Note that this value of the ROI excludes the costs for the development of the
new component, i.e., it resembles the maximum cost that the development may incur in order for the new
component to be successful. The higher the ROI, the better. Keeping the old component would generate
160 failures over a time horizon of T = 10 years, resulting in total expected costs for the OEM of €677,996.
Table 7 shows that the ROI thus varies between €68,794 for policy PS and €183,366 for policy CR.

If the OEM would not have performance based contracts with its customers, it would not be responsible
for the downtime at the customer. Considering its ROI, a corrective roll-out strategy combined with rework
(policy CR) would then be favored. This may be at the expense of the customer, as the expected number of
unscheduled failures is lower for immediate replacement policies than for corrective policies. Downtime of

2249



Neefs, Lamghari-Idrissi, Basten, and van Houtum

Table 7: Results of the base case (normalized).

. Unscheduled | OEM'’s Downstream OEM’s

Policy OEM cost failures ROI supply chain cost CpFR A CpFR
PR 573,661 80 104,335 4,894 492 7,171 —1.46%
PS 609,202 80 68,794 4,929,660 7,615 —-7.21%
CR 494,630 90 183,366 5,375,474 7,066 -
CS 535,225 90 142,771 5,422,463 7,646  —7.59%

Keep old | 07 996 160
component

lithography systems due to unscheduled failures is very costly for the additional 100,000 euros to calculate
the downstream supply chain costs. We therefore calculate the downstream supply chain costs by increasing
the failure cost d with an additional 100,000 euros to account for this downtime at the customer, which is
a conservative increase. From Table 7, we observe that when the OEM would choose to introduce the new
components according to policy CR, this would indeed be at the expense of the customer. In fact, policy
CR is 10% more expensive for the downstream supply chain than policy PR.
In practice, management would have to decide on the best compromise for both parties. To this end,
we calculate the OEM’s cost per failure reduction (CpFR) as
CpFR — OEM cost

(# failures keep old component - # failures policy)
This metric provides insights into what policy has the greatest impact on the number of unscheduled
failures at the lowest costs for the OEM. We find that policy CR remains the preferred policy. Moreover,
we calculate

ACPFR = CpFR best policy — CpFR policy

p - CpFR policy

to determine to what extent this policy is preferred over the other policies. We find that the benefit of
choosing policy CR over policy PR is only 1.46%, whereas it is more than 7% for the policies where the
phase-out strategy is to salvage old parts. This highlights the importance of choosing the right policy to

introduce the upgraded component to the field.

4.3 Sensitivity Analysis

In our sensitivity analysis, we vary one parameter at a time compared to the base case. We vary the values
of A", N —n, N, and z°. We have tested more parameters, but we focus on the most interesting results here.

We derive the following managerial insights. Policies with an immediate roll-out strategy again result
in the lowest number of unscheduled failures. Policy CR results in the lowest costs and highest ROI for the
OEM, and policy PR results in the lowest downstream supply chain costs. Only when it becomes (almost)
equally expensive to rework a part as to buy one, policies CS and PS are preferred, respectively. This result
is not surprising as it then becomes cheaper to buy the part and salvage it, than to rework it.

Similar to the base case, we thus find that the OEM and its customers may have conflicting preferences
for the choice of implementation policy. The corrective policies result in the lowest OEM costs and highest
ROI, thereby favored by the OEM. The immediate replacement policies result in the lowest downstream
supply chain costs and lowest number of unscheduled failures, thereby favored by the OEM’s customers.
Kopp et al. (2020) show in their research that lithography systems get the lowest proportion of preventive
maintenance compared to other stations in the wafer fabrication process. Our results show that the immediate
implementation of an upgraded component results in the largest improvement for the customer. As a result,
customers of lithography systems would benefit from increasing the share of preventive maintenance despite
the fact that it is the bottleneck workstation in many modern front-end wafer fabs.

We again examine the CpFR to find the best compromise between the OEM’s and its customers’
interests. Table 8 presents the values for the aforementioned parameters and the resulting CpFR for the
best and second best policies. In addition, we present the delta between the two.
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Table 8: Sensitivity analysis results (normalized).

Variables | Variable values t())e ]satN;[)oCl?s; besctli)lz)ll{icy 2nd lSa l:lt:lgolicy CpFR
Base Case PZ;:);;R P0‘17i7c0y66CR PO;{?,; 1P R —1.46%

- Policy CR  Policy CR Policy PR _
e
A" =0.1/365 632,920 21,097 21,848 —3:44%
SRS
N=n=100 4(1)914(1:7}]630 071,C0y66 0717?69 —6.86%
N | Dol TR e
vo[vers MU R ® R
I i e
2 | 22=10,000 P;’;;?S P";ZYSZCS P"S“;g S _g43%

The policies where the phase-out strategy is to rework old parts (policies CR and PR) are considered
the best two policies when regarding the CpFR. Moreover, a corrective roll-out is preferred for all cases that
were tested. Nevertheless, the delta between the two is relatively small. Only when it becomes (almost)
equally expensive to rework a part as to buy one, policies CS and PS are preferred.

When examining the ACpFR in Table 8, we observe that the smaller the failure rate improvement of
the new component, the more a corrective roll-out strategy is preferred over an immediate roll-out strategy.
The relative difference between the expected number of failures becomes smaller for a smaller failure
rate improvement. On the one hand, this implies that the benefit of choosing a policy with an immediate
roll-out strategy is bigger when the reliability improvement is bigger. This result is intuitive, given that
the immediate replacements increase the overall reliability of the installed base at the start of the horizon
through the component’s increased reliability. On the other hand, it implies that these policies are more
sensitive to a wrong estimation of the failure rate improvement.

Moreover, as expected, we observe a linear relationship between the size of the installed base and the
expected costs and failures. It does not affect the choice for the best policy. A similar relationship is found
for the customers’ acceptance of the preventive replacements. Every additional preventive replacement
before the start of the horizon costs €5,650, but also prevents 0.7 failures in the following 7 = 10 years.
Therefore, the difference in expected costs and failures between the policies having a corrective or immediate
roll-out strategy becomes larger as more parts are preventively replaced before the start of the horizon.
This results in an increase of the preference for a corrective roll-out strategy when more customers accept
the preventive replacement before the start of the horizon.

5 CONCLUSION

OEMs who maintain a fleet of complex systems strive for the best performance of their systems, including
high system availability for their customers. They want few failures at the lowest costs of service, as it
benefits both themselves and their customers. We have developed a model that quantifies the impact of the
introduction of an upgraded component on the OEM’s costs of service and the number of failures to help
OEMs select the best implementation strategy of the upgraded component. Using a Markov process, we
evaluate four policies that differ in roll-out strategy (immediate, corrective) and phase-out strategy (rework,
salvage). The model is used in a case study at ASML. Our model enables OEMs to consciously select
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the policy that best meets their needs, but also identifies what is the best compromise for the OEM and
its customers. With the developed model, we are the first to take into account the impact of customers’
acceptance of preventive replacements. Moreover, we include the possibility to rework old parts. The
results show that reworking old parts is preferred over salvaging, unless the costs to rework become (almost)
equally high as the cost price of the new part. Policies with a corrective roll-out are preferred for the OEM
and policies with an immediate roll-out are preferred for the OEM’s customers. When considering the
number of unscheduled failures saved with the implementation of the new component, a corrective roll-out
is generally found to be the best compromise between the two. Future studies may consider preventive
roll-out strategies that assume that parts are replaced before the machine is likely to fail or non-linear
production time losses to find better compromises between the OEM and the customer. Making the right
decision for a certain implementation strategy secures an extended lifetime of the machines as well as the
re-use of materials.

A ONE STEP TRANSITION PROBABILITY

Table 9: One step transition probability.

JACP? ifs'=(@G—1,j—1,k+1,1),i>0,0<j<n—ks<i+k+I<N
JACp? ifs' = l7j—1k+1l)l>00<j<l’l kji+k+l=s5s—1
JACp? ifs'=(i,j—1,k,1),i=0,0< j<n—kk>0,s<k+I<N

E
(i)

JACp? ifs'=(i+1,j—1,k1),i=0,0<j<n—kk>0k+I=5—1
JAOP? ifs'=(i,j—Lk+1,0—1),i=0,j>0,k=0,s<I<N
AP ifs=(G+1,j—Lk+1,1—1),i=0,j>0,k=0,l=5—1
JA°(1—=pR) ifs'=(G—-1,j—1,k1),i>0,0<j<n—ks<i+k+I<N
JAC(1—p?) ifs'=(0,j—1,k1),i>0,0<j<n—kji+k+l=s5—1
jAo(1—po) ifs' = (i,j— 1,k—1,0),i=0,0<j <n—kk>05s<k+I<N
JAC(1—p?) 1f5—(1+1171k711)1700<j<n7kk>0k+1—s71
JAC(1—p?) ifs'=(,j—1,kJ1—1),i=0,j>0,k=0,s<I<N
JAC(1—p?) 1f5*(l+ljflkl*l)i:(),j>0,k:(),[:S7l
(N—j)A"p? ifs'=(G—1,j,kJ+1),i>0,j<n—k,s<i+k+I<N

p(s'|s)= (N—j)Anp i = (i, j k[ +1),i>0,j <n—kitk+l=s—1
(N —j)A"p? ifs'=(,j,k—=1,1+1),i=0,j <n—k,s <k<N,]=0
(N — j)A"pp ifs' = (i+1,j,k—1,041),i=0,j <n—kk=s—1=0
(N—= A1 —=p}) ifs'=(G—1,j,k1),i>0,j<n—ks<i+k+I<N
(N—=HAM1—p) if s’ = (i,j,k,01),i>0,j <n—kji+k+l=s5s—1
(N—=jHA(1—pD) if ' = (i,j,k,l = 1),i=0,j <n—k,I>0,5s<k+I<N
(N—=HA1—=ph) ifs'=(i+1,j,kl—1),i=0,j<n—kIl>0k+l=s5s—1
(N—=jHA"(1—pD) ifs' =(i,j,k—1,0),i=0,j<n—k,s<k<N,[=0
(N= DAL —p") +kp®  if s’ = (i+1,7,k—1,0),i=0,j <n—kk=s—11=0
ku® ifs'=@G+1,j,k—1,0),j<n—kk>0,s<i+k+I<N
kp ifs' =(i+2,j,k—1,1),j<n—k,k>0,i+k+]l=s5s—1
" ifs' =(i+1,j,kl—1),j<n—kIl>0,s<i+k+I<N
" ifs' =(i+2,j,kI—1),j<n—k,}>0,i+k+l=5—1
1 —Ysc.rsz0 P(5]5) if s’ = (i, j,k,0),s <i+k+I<N
L= Yapaseplels) 5 = (1 kD ikl =s—1
0 otherwise.
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