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ABSTRACT

We consider a single inventory location where multiple types of repairable spare parts are kept for ser-
vice and maintenance of several different fleets of assets. Demand for each part is a Markov modulated
Poisson process (MMPP). Each fleet has a target for the maximum expected number of assets down for
lack of a spare part. The inventory manager can meet this target by stocking repairables and by expedit-
ing the repair of parts. Expedited repairs have a shorter lead time. There are multiple repair shops (or
departments) that handle the repair of parts and the load imposed on repair shops by expedited repairs
is constrained. A dual-index policy makes stocking and expediting decisions that depend on demand fluc-
tuations for each spare part type. We formulate the above problem as a non-linear non-convex integer
programing problem and provide an algorithm based on column generation to compute feasible near op-
timal solutions and tight lower bounds. We show how to use the MMPP to model demand fluctuations in
maintenance and other settings, including a moment fitting algorithm. We quantify the value of lead time

flexibility and show that effective use of this flexibility can yield cost reductions of around 25 percent.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Service and manufacturing operations rely heavily on the avail-
ability of equipment such as aircraft, MRI-scanners, trains, and
manufacturing equipment. The owners of such assets need to keep
their equipment up and running as efficiently as possible. This is
usually done by replacing defective components with ready for use
components. The defective component is often expensive. There-
fore a defective component is usually repaired and put back on
stock. Such components are called repairables, and the working
method described above is called repair-by-replacement. A suffi-
ciently large number of spare repairables are needed to make such
a system work, in particular to ensure a sufficiently high level
of availability of capital assets. Buying sufficient repairables of all
types needed to maintain a fleet of equipment is a major invest-
ment decision for firms with capital assets, because repairables are
expensive.

The amount of spare repairables to buy is not the only major
decision that affects the availability of capital assets. The repair of
parts is usually done in house by several repair shops organized
according to technical disciplines. For example, large airlines have
repair shops for, amongst others, mechanical parts, avionics, and
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pneumatics. Our research has been instigated by a project we con-
ducted at NedTrain, the maintenance division for rolling stock for
the Dutch railways. The model we present in this paper has been
used in a case study at NedTrain and was conducted by Van As-
pert (2014) (see also Van Aspert, 2013). NedTrain also invests in
repairable spare parts and has repair shops for mechanical parts,
compressors, pneumatics, low voltage electronics, and high voltage
electrical systems amongst others. The repair operations in these
shops affect the availability of several fleets of trains. At the oper-
ational level, the inventory and repair shop planners coordinate to
make sure repair priority is given to parts for which the inventory
is most likely to run out in the near future.

The objective of this paper is to present a tractable optimiza-
tion model that assists decision makers in answering the following
questions

1. How many spare parts should we buy of each repairable type?
2. When should we expedite the repair of a given repairable type?

We assume the decision maker has to make these decisions
for several fleets of equipment (e.g. local trains and long distance
trains), and across parts that use different repair resources (e.g.
pneumatics and electronics). The objective of the decision maker
is to minimize the costs involved with purchasing or holding re-
pairable spare parts while:

* meeting a service level in the form of a maximum average
number of backorders for each fleet, and
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o keeping the load imposed on each repair resource due to expe-
dited orders below a set target level.

Note that this stocking problem cannot be resolved for each
fleet separately because repairables that belong to different fleets
(may) use the same resources for repair. We consider a setting
where repair resources are flexible and model this through the
possibility to request regular repair or expedited repair when send-
ing a defective part to the repair shop. Expedited repairs have a
shorter lead time than regular repairs. Since the flexibility of a re-
pair resource is limited, there is a constraint on the amount of
repair work that can be expedited per time unit for each repair
resource. We refer to the amount of work that a repair resource
handles per time unit as the load. Repairables from different fleets
compete for the opportunity to load a repair resource with expe-
dited orders.

Demand for a single type of repairable spare part usually fluctu-
ates over time. These demand fluctuations arise for several reasons
such as periodic inspections, usage patterns of equipment over
time and the season of year. Slay and Sherbrooke (1988) observe
empirically that demand for aircraft parts is non-stationary, and
our experience with NedTrain also shows demand for many parts
is non-stationary. When the reasons for demand fluctuations are
understood, expediting decisions can be made to anticipate these
fluctuations and to make effective use of repair resources.

In this paper, we provide a mathematical model for the decision
problem described above. This model has been conceived with an
application at NedTrain in mind. We emphasize however that the
applicability of the model and results in this paper extend to other
companies that maintain their own equipment. We will illustrate
the need, as well as the application of the model, using an exam-
ple that runs throughout this entire paper. This example is about a
fictitious railway company and is big enough to capture all model
facets, yet small enough to inspect results in detail to gain insights
and intuition. We finish this introduction by starting this example.
The rest of the paper is organized as follows. Section 2 reviews re-
lated literature and positions the contribution of this paper with
respect to existing literature. The mathematical model is provided
in Section 3. The analysis of the model is in Section 4. Compu-
tational results of the model for industrial size instances are pro-
vided in Section 5 and concluding remarks are offered in Section 6.

Example 1. The railway company Thomas&Co needs new trains
to replace locomotives with pulled carriages. They decide to buy
100 trains from Liam Engineering Inc., and plan to use those for
the next 30-40 years on long distance train services. Along with
this order of 100 trains, Liam Engineering Inc. offers the possi-
bility to buy (repairable) spare parts at a considerably discounted
price. Thomas&Co would like to buy repairable spare parts at this
discounted price and is taking this opportunity to decide on the
stocking levels of repairables for the new fleet, as well as to recon-
sider the stocking levels for repairables of other fleets. <

2. Literature review and contribution

Multi-item repairable inventory models are abundant in liter-
ature. We refer the reader to the books of Sherbrooke (2004),
Muckstadt (2005) and Van Houtum and Kranenburg (2015), and
review papers by Guide and Srivastava (1997), Kennedy, Patterson,
and Fredendall (2002), and Basten and Van Houtum (2014) for a
broad overview. In this section, we briefly discuss literature with
similar modeling assumptions and literature that expounds on or
uses similar solution methods as those used in this paper. On the
modeling side, the main contributions of this paper are the fluctu-
ating demand model and the use of a dynamic expediting policy
that depends on demand fluctuations. On the analysis side, we de-
compose the problem per item via a column generation algorithm.

Therefore, this section is organized around three main topics: fluc-
tuating demand (Section 2.1), repair expediting and scheduling
policies (Section 2.2), and decomposition and column generation
algorithms (Section 2.3).

2.1. Fluctuating demand

Demand for repairables that fluctuates over time has been con-
sidered before in a series of models developed by the RAND corpo-
ration under the name Dyna-METRIC (Carillo, 1989; Hillestad, 1982;
[saacson & Boren, 1993). Initially, these models were based on an
extension of Palm’s theorem for non-stationary Poisson processes,
but these efforts eventually developed into simulation models that
do not allow efficient optimization. In the Dyna-METRIC approach,
demand is a non-stationary Poisson process, but the Poisson de-
mand rate is a deterministic function of time. Rather than perform-
ing steady-state analysis, the Dyna-METRIC approach is to perform
a transient analysis at some particular point in time that is chosen
by the modeler. The Dyna-METRIC model does not include the pos-
sibility to expedite repair. Demand fluctuations are therefore only
buffered by holding inventory.

A similar approach is followed by Lau and Song (2008) with
two exceptions: They also model the finite repair capacity using
queueing approximations and they evaluate the transient behavior
of the system at several points of interest rather than only one. For
their extensions to Dyna-METRIC, they take heuristic and approxi-
mative approaches.

Our work differs from these contributions because demand
fluctuations are modeled by a Markov modulated Poisson pro-
cess. This resembles practice more closely as the intensity of de-
mand over time behaves as a stochastic process rather than a de-
terministic function. Additionally, our model deals with these de-
mand fluctuations not only by holding repairable inventory, but
also by using the possibility to expedite repair. Our modeling also
allows us to evaluate our system exactly and compute tight lower
bounds on optimal system performance. The use of the Markov
modulated Poisson process to model demand for inventory sys-
tems has already been advocated by Song and Zipkin (1993). How-
ever, no practical fitting algorithms have been provided for mod-
eling demand. (There are, however, practical fitting algorithms for
the MMPP process in the context of communication networks; see
e.g. Heffes and Lucantoni (1986), Meier-Hellstern (1987), Yoshihara,
Kasahara, and Takahashi (2001), Nelson and Gerhardt (2010)). We
provide two practical fitting procedures. The first is based on the
maintenance and repair setting and uses information from mainte-
nance planning. The second procedure is a moment fitting proce-
dure that fits on demand over the lead-time.

2.2. Expediting and repair scheduling policies

The possibility to either expedite repair or prioritize the
scheduling of repairs in the repair shop has been considered many
times, mostly under the assumption of fixed given turn-around
stock levels (Hausman & Scudder, 1982; Liang, Balcioglu, & Svaluto,
2013; Pyke, 1990; Scudder, 1986; Scudder & Chua, 1987; Tiemessen
& Van Houtum, 2012). In these contributions, the repair shop is
modeled by a finite server queue. Given a limited capacity, the
question becomes: How should limited repair capacity be allo-
cated to repair jobs of various types, i.e., which repair jobs deserve
priority?

As observed by Tiemessen and Van Houtum (2012), even for
fixed given turn-around stock levels, computing optimal priority
rules, or evaluating a given rule, requires computation times that
grow exponentially in the number of different repairable types.
Also the derivation of structural properties of optimal policies or
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