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Evaluating the Effectiveness of Spare Parts Replenishment Methods
for Warranty Service Satisfaction
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INTRODUCTION

The mobile communication device (MCD) market, which includes smartphones and tablets,
has extremely fast obsolescence and is frequently dominated by two to three major
manufacturers (International Data Corporation, 2014; Oremus, 2013). As new
manufacturers enter the MCD market, they often target small or emerging market segments
in small volumes. If successful, they then attempt to compete with the major manufacturers
in larger markets. Manufacturers must also collaborate with a carrier, whose responsibility
is to provide coverage for the end user.
After an MCD has been sold, a customer may find that there is a defect. Each MCD
has a warranty supported by the MCD manufacturer that covers repairs due to
manufacturing defects. The warranty is supported by a third party warranty service
provider (WSP) contracted by the MCD manufacturer who performs the MCD repairs and
ships the repaired MCD back to the customer. The contract established between the MCD
manufacturer and the WSP clearly specifies the minimum required service levels that must
be met by the WSP to maintain a high level of customer satisfaction.
A critical aspect in the interaction between the MCD manufacturer and the WSP is
the type of spare parts replenishment method that is utilized, since it would determine
whether a WSP must keep enough inventory on-hand or place frequent orders for
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replacement parts to be able to meet customer demand (i.e., requests for repairs of defective
MCDs) and, as a result, achieve a target customer service level.

1.1

Research Motivation

This research was motivated by a challenge faced by a large manufacturer of
semiconductors and electronics located in the Pacific Northwest. For practicality and to
protect its anonymity, the company will be referred to simply as XYZ Corporation.
XYZ Corporation currently holds a small share of the mobile marketplace.
Therefore, they must keep costs as low as possible as they work to gain a stronger market
presence. Warranty repairs are a non-value added expense for XYZ Corporation and
replacement parts are often obsolete within two years. Thus, it is difficult to balance
minimizing the cost while still maintaining a high level of service to customers.
XYZ Corporation has mainly focused on the development, production, and sale of
new MCDs. Although XYZ Corporation recognizes the impact of the spare parts
replenishment process on its overall costs, it has managed this process on an ad hoc basis.
XYZ Corporation has utilized two different internally-developed spare parts replenishment
methods referred to as manufacturer managed spare parts inventory (MMSPI) and
advanced ship process (ASP). Because of a lack of expertise at XYZ Corporation, the
carrier and the WSP often dictate which spare parts replenishment method to use, which is
not necessarily in the best interest of XYZ Corporation.
Therefore, XYZ Corporation needs to have a thorough analysis performed on each
spare parts replenishment method to determine whether the MMSPI method or the ASP

3

method (or both) can meet the needs of customers while minimizing the time and cost
required from XYZ Corporation.

1.2

Research Objectives

The objectives of this research were to document, model, evaluate, and compare the
effectiveness of the MMSPI and the ASP spare parts replenishment methods for warranty
service repairs currently in use by XYZ Corporation. For the purposes of this research, the
effectiveness of a spare parts replenishment method was measured as its ability to meet
minimum required service levels (defined based on contract agreements between XYZ
Corporation and the WSP) at a minimum cost.

1.3

Research Approach

Discrete event simulation was the technique utilized to evaluate and compare the
effectiveness of both the MMSPI and the ASP spare parts replenishment methods using a
set of performance measures. A separate simulation model was constructed for each
replenishment method using the simulation software Arena.
A 2k factorial experiment (where k represents the number of experimental factors)
was designed to assess the impact of the main factors mean arrival rate of defective MCDs
to WSP and shipment lead time from XYZ Corporation to the WSP on the performance
measures average repair lead time and average fill rate. The repair lead time begins from
the time a customer returns a MCD to a WSP and ends when the MCD is shipped back to
the customer. The fill rate is the proportion of defective MCDs that can be repaired from
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inventory on-hand in a given time period. Data for additional performance measures were
collected during the simulation to facilitate the estimation of the average total system cost
associated with both the MMSPI and ASP spare part replenishment methods.

1.4

Research Contribution

The main contribution of this research is the development of a general methodology to
assess the effectiveness of spare parts replenishment methods that is based on simulation
modeling and design of experiments. The proposed methodology can be used to provide a
fair comparison between spare parts replenishment methods that are based either on pull
or push inventory management systems for warranty service repair satisfaction.
The proposed methodology was used to assess the effectiveness of the MMSPI and
the ASP spare parts replenishment methods that are utilized by XYZ Corporation and the
analysis showed that both spare parts replenishment methods were equally effective based
on their average repair lead time, average fill rate, and average total system cost. Both
spare parts replenishment methods are able to satisfy the minimum service level
requirements established by XYZ Corporation at a similar cost.
This process can also be used by other manufacturers of MCDs to assess their own
spare parts replenishment systems.
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2

LITERATURE REVIEW

The main objective of this research was to model, evaluate and compare the effectiveness
of two different spare parts inventory replenishment methods for warranty service repairs.
This chapter presents a synthesis of academic literature that has focused on inventory
management methods and inventory modeling approaches.
The chapter is organized as follows. Section 2.1 discusses various inventory
management strategies aimed at meeting service level requirements. Section 2.2 discusses
different inventory modeling approaches and identifies the specific costs these inventory
models use as parameters. Section 2.3 examines the performance measures commonly used
to measure the performance of inventory management systems. Finally, section 2.4
summarizes the main findings of the literature review, identifies target research gaps, and
provides a perspective of how these research gaps were addressed by the proposed
research.

2.1

Inventory Management Strategies

There are multiple different inventory management strategies described in the literature
that can be implemented to meet service level requirements. The focus of this section is to
discuss prior work that has compared two traditional inventory management strategies:
push (with emphasis on materials requirements planning (MRP)) and pull (with emphasis
on just-in-time (JIT)) systems. Another topic within inventory management that will be
explored in this section is spare parts management. Spare parts management is a
specialized field of study within inventory management that focuses on managing the

6

inventory needed for repairing units that were defective after the manufacturing process or
were damaged by the user (Hopp & Spearman, 2001; Muckstadt, 2005; Spengler &
Schröter, 2003).
2.1.1

“Push” Inventory Management Strategy

One of the more common push inventory management systems is MRP. MRP focuses on
developing an accurate forecast in order to have all material stored and production
scheduled in advance. MRP attempts to mitigate any labor inefficiencies (e.g., worker
downtime) by keeping materials in front of every workstation (Plenert, 1999). MRP has
shown to be most effective when product variability is high and manufacturing agility and
order tracking is required (Benton & Shin, 1998; Plenert, 1999). Manufacturing systems
that use MRP are agile enough to handle whatever order is fed into the system, thus
allowing for high product variability.
MRP benefits greatly from information sharing (i.e., upstream suppliers are able to
view downstream demands) to achieve a more efficient production and distribution of
goods (Abuhilal, Rabadi, & Sousa-Poza, 2006; Cachon & Fisher, 2000; Ketzenberg, 2009).
In the absence of information sharing, an effect known as the bullwhip effect can manifest
where there is an overreaction to demand changes downstream that can lead to inconsistent,
extreme, or delayed reactions upstream (Machuca & Barajas, 2004).
MRP is not without flaws. For example, due to its rigid manufacturing planning
process that does not allow for zero work-in-process (WIP) situations, MRP can result in
the accumulation of excessive inventory levels in order to avoid labor inefficiencies
(Plenert, 1999). This effect is known as MRP nervousness (Benton & Shin, 1998) and can
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lead to increased materials and inventory costs. Another shortcoming of MRP is the
requirement to set planned lead times (Ho & Chang, 2001), which contributes to the rigidity
of the model and makes it slow to respond to changes such as machine downtime or
bottlenecks created by other products running in the factory on shared machines.
2.1.2

“Pull” Inventory Management Strategy

One of the more common pull inventory management strategies is JIT. The goal of JIT is
to eliminate all waste in a process, including WIP inventory (Ho & Chang, 2001). JIT has
shown to be most effective when product variability is low and inventory/materials costs
must be kept to a minimum (Benton & Shin, 1998; Plenert, 1999).
Production in JIT is driven by customer demand, which differs from an MRP
system where the manufacturing of products is driven by a pre-defined production
schedule. To pace production and to manage WIP, JIT utilizes kanbans. The kanbans are
filled with parts that have completed a process and are ‘pulled’ by the downstream process.
The upstream process does not process any more goods until the kanban is emptied. If
product variability increases, then the variability in kanban types has to increase. If the
number of kanban types increases, then the total number of kanbans can also grow rapidly
(Ho & Chang, 2001; Plenert, 1999).
Kreng & Wang (2005) measured the effectiveness of a JIT model in a local setting
where suppliers deliver straight to downstream manufacturers and in a global setting where
the supplier utilizes a third-party logistics group. They found the order quantities to be an
important parameter of their model. However, economic order periods were found to be
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more significant, demonstrating how effective the JIT system can be in a high-volume,
low-product variability, and low-demand variability scenario.
2.1.3

Spare Parts Inventory Management

Muckstadt (2005) demonstrated the use of a spare parts management strategy for plane
repairs at the US Air Force. In the scenario presented in this study, a plane was given minor
repairs at its home base and then was brought to a depot for major repairs. Once at the
depot, the repairs were made on a first-in-first-out (FIFO) basis, and the necessary parts
were either pulled from inventory or went on backorder. An optimization problem was
formulated with the goal of determining stock levels of parts in order to minimize
backorders. However, it was noted that each part used in the repair had a high cost and the
demand rates were usually low. Also, nearly all plane defects had to be repaired and no
lead time constraints were imposed.
In another study, Spengler & Schröter (2003) analyzed the demand management of
spare parts for electronic equipment in the end-of-life (EOL) service period. In this case,
the spare parts management approach was used to meet service requirements for products
that the company would no longer produce, but was still obligated to repair through
warranties. One difficulty faced in the scenario presented in the study was that suppliers
had the power to stop production of a part when it reached its EOL, so the manufacturer
had to forecast future demand for that specific part for product repairs. The solution
developed by the company was to accumulate very high inventory levels, thus incurring
high material and inventory holding costs. However, by harvesting parts from devices

9

returned for warranty replacement, they increased their supply of parts over time, instead
of stockpiling all potentially necessary parts from the beginning of the EOL period.
From a supply chain perspective, Hopp & Spearman (2001) illustrated one
approach for solving a multi-echelon spare parts inventory management problem where
volumes are small and cycle time is constrained. They separated the two echelons and
analyzed each using a backorder model and a stockout model. The objective of the
backorder model was to minimize backorders, whereas the stockout model focused on the
average fill rate. It was shown that these differences in the objective of the models affected
the overall cost of the system and demonstrated that the most effective model for a spare
parts system where volumes are small and cycle time is constrained is the (Q, r) model. In
the (Q, r) inventory replenishment model, Q represents the order quantity and r represents
the reorder point. When the inventory level reaches the reorder point r (as materials are
used in processes), an order of quantity Q is placed (Vasconcelos & Marques, 2000). The
benefit of the (Q, r) inventory replenishment model is that if Q and r are calculated
correctly, the order frequency and probability of stockouts are both near-optimal.
Other previous work specifically deals with two echelon processes to determine
order quantities and reorder points. A consistent trait in the literature is that the models
presented typically involve one supplier/warehouse and several retailers. Güllü & Erkip
(1996) analyzed different period lengths and incorporated dependent demand between the
two echelons. This research is especially applicable to continuous review systems where
the time between orders is inconsistent and depends on customer demand. In another study,
Tee & Rossetti (2002) considered stochastic demand and performed a 2k experimental
design to determine how order quantities, backorder costs, demand levels, and number of
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retailers affect the system cost of a two-echelon system with low demand and large retailer
order batch sizes.
Several studies in spare parts inventory management assess the performance of
multi-echelon systems with one manufacturer and n retailers handling just one part type
(Çetinkaya & Lee, 2000; Gurbuz, Moinzadeh, & Zhou, 2007; Tee & Rossetti, 2001). The
evaluation of these systems is similar to the evaluation of a system with one manufacturer,
one retailer, and multiple part types. The main difference is that a system with multiple
retailers and one part type will have each retailer experience independent demand, whereas
a system with one retailer and multiple part types will experience demand for each part that
is dependent on the demand for other parts (Graves, 1996; Tee & Rossetti, 2002).

2.2

Inventory Modeling Approaches

Multiple different modeling approaches for the problem of inventory management have
been reported in the literature. Mathematical modeling is one of the more prevalent
techniques used and the models developed with this technique typically seek to minimize
the cost of the system (Boctor, 2010; Çetinkaya & Lee, 2000; Gurbuz et al., 2007;
Ketzenberg, 2009). The major differences among the different mathematical modeling
approaches found in the literature are related to how certain aspects of the inventory system
are modeled and the resulting cost variables used.
The main inventory system modeling assumptions that are relevant to this research
include whether a model experiences dependent or independent demand; the frequency of
inventory reviews; the number of echelons; the inventory replenishment policy used; and

11

whether the demand is considered as deterministic or stochastic. In scenarios that consider
stochastic demand, probability distributions are used to incorporate uncertainty in demand
forecasts. For example, several studies have generated random demand levels for a given
time period utilizing a Poisson distribution (Gurbuz et al., 2007; Tee & Rossetti, 2002).
Schwartz et al. (2006) used a Bernoulli distribution to apply uncertainty to both supply and
demand factors.
As mentioned before, the specific assumptions made when modeling the inventory
system determine the cost variables that are used. For example, Gurbuz et al. (2007)
included holding cost, backorder cost (as opposed to stockout cost), ordering cost, and
transportation cost. In the study conducted by Boctor (2010), the holding cost was included
in reference to total required inventory space. These are two examples of how the inventory
modeling approach determines which cost variables are used.
Another modeling approach that is common in inventory management is
simulation. Schwartz et al. (2006) noted that simulation is often used when an objective
function is difficult to determine, thereby making mathematical modeling impossible.
Arena and SIMAN have been used to model various different supply chain design problems
(Abuhilal et al., 2006). There is a large volume of research in multi-echelon supply chains
composed of one manufacturer and multiple retailers (Köchel & Nieländer, 2005; Schwartz
et al., 2006; Tee & Rossetti, 2002). However, when simulating several retailers, every
additional retailer added increases the complexity of the simulation model (Altiok &
Melamed, 2010). Therefore, only one retailer is included in the simulations of these studies
and the results are extrapolated to multiple retailers (Köchel & Nieländer, 2005; Schwartz
et al., 2006; Tee & Rossetti, 2001). Additionally, free online simulation software has been

12

used to help illustrate the bullwhip effect and the effectiveness of various inventory
management strategies (Machuca & Barajas, 2004).
Simulation is frequently used to model inventory management systems in favor of
purely mathematical models in stochastic environments. Mathematical models are
effective at assessing a system at one moment to obtain a set of optimal values for variables
given a set of inputs (Altiok & Melamed, 2010). Simulation models may take more time to
compute, but are able to model more complex systems, comparatively. There are several
characteristics of an inventory system that must be identified during the development of
the simulation model, including the entities to be modeled; the events that take place; the
random elements of the model (e.g., arrival rates, processing time, etc.); inventory control
process (e.g., JIT, MRP, (Q, r), (s, S), etc.); whether the inventory system is single-echelon
or multi-echelon; number of manufacturers; and number of retailers. The output of a
simulation model typically include performance measures such as total system output,
average time in system per entity, average WIP levels, number of backorders, among
others. These performance measures can also be assigned costs in the model or by the user
to determine the total cost of the inventory system (Altiok & Melamed, 2010).

2.3

Performance Measures

In the studies found in the literature that have used either mathematical models or
simulation to study the behavior of inventory management systems, cost is almost always
used as the primary performance metric (Abuhilal et al., 2006; Boctor, 2010; Çetinkaya &
Lee, 2000; Gurbuz et al., 2007; Ketzenberg, 2009; Kreng & Wang, 2005).
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Kreng & Wang (2005) used the cost difference between two product delivery
strategies and determined that establishing a regular delivery schedule for their JIT
production system minimized cost. However, their study was limited in that it required the
downstream manufacturer to have very low demand variability in the time periods between
deliveries.
In a study conducted by Boctor (2010), minimum required inventory space was also
used as a performance metric in addition to cost. In this study, storage space in their current
facility was more important than the cost of potentially inefficient inventory levels.
Conversely, Schwartz et al. (2006) put emphasis on the importance of efficient inventory
management and created a model to determine the optimal inventory levels and the number
of factory changeovers for various products.
Cachon & Fisher (2000) concluded that information sharing reduces not only the
cost of the inventory management system but also the risk of the bullwhip effect (i.e.,
variability between time periods). However, their study was limited in that it only analyzed
an industry with known demands. Machuca & Barajas (2004) also found that information
sharing reduced the inventory costs, the number of orders placed, and the bullwhip effect.
Their study was also limited in that it assumed all demand levels were known and constant.
Hopp & Spearman (2001) showed that the most important performance measures
in their spare parts management system were the fill rate and backorder level. The fill rate
is the percent of demand that is met from the on-hand stock, whereas the backorder level
is the average number of pending orders that are not yet filled. They estimated the lead
time for a part to be received at the manufacturer site from a supplier warehouse. However,
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they noted that this estimation can be a highly variable number due to a variable backorder
duration (Hopp & Spearman, 2001).

2.4

Summary

The literature presented in this chapter shows that prior work has focused on the
performance evaluation of inventory systems based on a push system or a pull system
(Abuhilal et al., 2006; Benton & Shin, 1998; Ho & Chang, 2001). It is also clear that there
has been significant research done in modeling multi-echelon spare parts management
systems. However, very few studies exist that have compared multi-echelon spare parts
inventory management systems that operate based on principles from both push and pull
systems.
Thus, the main objective of this research was to model, evaluate, and compare the
effectiveness of the spare parts inventory replenishment methods for warranty repairs
known as manufacturer managed spare parts inventory (MMSPI) and advanced ship
process (ASP). The MMSPI spare parts inventory replenishment method is more similar
to a pull system because when a device is returned for warranty repairs, the WSP checks
the inventory position against the reorder point and, if needed, places an order for parts
with the manufacturer. In other words, the WSP will pull parts from the manufacturer as
needed to meet minimum service levels on the returned units. On the other hand, the ASP
spare parts inventory replenishment method operates like a push system in that a forecast
for a given period of time is generated to determine the order quantity from the
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manufacturer to the warranty service provider (WSP) in order to satisfy the minimum
service level requirements
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3

METHODOLOGY

The methodology followed in this research consisted of several phases, as depicted in
Figure 3.1. In the first phase, appropriate inventory management policies were identified
to represent each of the spare parts replenishment methods and several key parameters were
determined. Next, a simulation model was developed for each spare parts replenishment
method to facilitate the collection of data for several performance measures. In the third
phase, a factorial experiment was designed to assess the impact of two main factors on the
performance measures previously identified. Finally, several statistical analyses were
conducted as the effectiveness of the two spare parts replenishment methods was evaluated.
The rest of the chapter is organized as follows. First, Section 3.1 describes the
problem statement and provides details about the manufacturer managed spare parts
inventory (MMSPI) and the advanced ship process (ASP) spare parts replenishment
methods. Next, Section 3.2 presents an overall description of the simulation models
developed for the MMSPI and ASP spare parts replenishment methods. Then, specific
information about the simulation model for the MMSPI spare parts replenishment method
will be described in Section 3.3 followed by the simulation model specific information for
the ASP spare parts replenishment method in Section 3.4.
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Parameter Estimation

• Define inventory control policy for each SPR method
• Estimate parameter values

Simulation Modeling

• Model process flow
• Define deterministic and stochastic parameters
• Define performance measures

Experimental Design

• Define the experimental design
• Determine critical factors and set realistic levels

Statistical Analysis and
Comparisons

• Perform statistical analysis on each method individually
• Perform paired difference test between the two methods

Figure 3.1 Main Phases of the Research Methodology
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3.1

Problem Statement

The objective of this research was to evaluate and compare the effectiveness of two
different spare parts replenishment methods employed by XYZ Corporation for the
warranty repairs of mobile communications devices (e.g., smartphones and tablets). These
devices will hereafter be referred to as MCDs.
The two methods of interest were the MMSPI and the ASP spare parts
replenishment methods. For the purposes of this research, the effectiveness of a spare parts
replenishment method was measured as its ability to meet minimum service level
requirements at a minimum cost. Figure 3.2 depicts the original, high-level process flow of
the life cycle of an MCD. As Figure 3.2 shows, XYZ Corporation manufactures and sells
MCDs to a carrier and then the carrier sells the MCDs to the public. MCDs are sold to the
public with a warranty that is created by the carrier and outlines the product defects that
qualify for free repairs should they fail.
This research study focused on the last three steps of the process depicted in Figure
3.2, which begins when a customer sends an MCD to a warranty service provider (WSP)
for warranty repairs. Warranty repair services are performed by a WSP chosen by the
carrier. MCDs returned by customers to a WSP could fall into one of the following three
categories depending upon their condition:


No fault found (NFF),



In-warranty (IW),



End customer abuse (ECA)/out of warranty (OW).
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XYZ Corporation
Manufactures MCDs and
sells them to a Carrier

The Carrier sells the
MCD to the public

Customers purchase
and use MCD

Focus of Current Research

Customers return
damaged MCD to WSP
for warranty repairs

WSP repairs MCD

WSP ships MCD
back to customer

Figure 3.2 Lifecycle of an MCD
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The WSP manages the communication with the customer and repairs the MCDs.
When a carrier hires a WSP, the parties agree to minimum service levels, which define
(among other things) the maximum lead time acceptable for a given repair type. The
warranty repair lead time begins from the time the customer returns an MCD to a repair
center and ends when the MCD is shipped back to the customer. Different kinds of repairs
have different acceptable minimum service levels. The lead time requirement for returned
MCDs classified as NFF or IW is five days, and the requirement for ECA/OW MCDs is
seven days.
3.1.1

Manufacturer Managed Spare Parts Inventory Method

The first spare parts inventory replenishment method analyzed was the manufacturer
managed spare parts inventory (MMSPI) method. The MMSPI method was developed
internally at XYZ Corporation.
In the MMSPI method, XYZ Corporation and the WSP maintain separate
inventories of spare parts for MCDs at their locations. XYZ Corporation then ships the
necessary spare parts to the WSP based on orders received from the WSP. XYZ
Corporation is responsible for replenishing its own inventory in order to support the
minimum service levels agreed upon among XYZ Corporation, the WSP, and the carrier.
The MMSPI method resembles a pull system since the WSP orders parts from XYZ
Corporation based on the demand from customers. The benefit of the MMSPI method is
that there is the potential to reduce the materials costs. For example, if there are no customer
returns for defective products, then XYZ Corporation will not transfer any spare parts to
the WSP thus minimizing its costs.
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The process flow for the MMSPI method is depicted in Figure 3.3, which details
the events that take place at the step “WSP repairs MCD” depicted in Figure 3.2. As Figure
3.3 shows, the first step in the MMSPI method is for the WSP to classify all the defects of
a returned MCD. Based on relevant experience and communication with XYZ Corporation,
the following six parts subgroups were identified as the most often damaged in an MCD
and the most expensive:


Display,



Camera,



Battery,



Case/body,



Printed circuit board assembly, and



A complete MCD (i.e., complete, working MCD).
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Start
WSP receives
MCD from
customer

Yes

Is there
just a software
defect?
No
WSP inspects and
classifies defect to
parts subgroup k

Is the current
inventory position of
parts subgroup k at its
reorder point?

Yes

WSP orders parts
subgroup from
XYZ Corporation

No

Yes

No

Is the current
WSP inventory
level 0?

Is the current
WSP inventory
level 0?

Yes
Does XYZ
Corporation
have enough material
to support the
new order?

No

No

XYZ
manufactures
part subgroup

Part subgroup is
backordered

Yes

WSP pulls parts
subgroup
from inventory
WSP Reloads
software on to
MCD

WSP performs
repairs
or replaces MCD

WSP ships
MCD back to
customer

Customer
receives
repaired MCD

Wait for
shipment of spare
parts from XYZ
Corporation

Is the current
inventory position of
part k at its reorder
point?

Yes

XYZ Corporation
ships partial
shipment to WSP

XYZ Corporation
places order to
their factory
for part k

No

XYZ Corporation
ships parts to
WSP

WSP receives
parts subgroup

WSP recounts
inventory levels

End

Figure 3.3 Process Flow for the MMSPI Spare Parts Replenishment Method
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Once the defective parts subgroup is identified, the WSP must determine if enough
on-hand inventory is available to perform the repairs. If enough on-hand inventory is
available, and the on-hand inventory level for the parts subgroup exceeds the reorder point,
then the WSP simply replaces the necessary parts subgroup and ships the MCD back to the
customer. However, if the current on-hand inventory level has reached the reorder point,
an order is placed to XYZ Corporation. The order quantity is equal to the difference
between the order-up-to quantity and the current on-hand inventory level. This inventory
replenishment policy is known as (s, S), where s is the reorder point and S is the order-upto quantity. If the inventory level is zero and an MCD needs repairs, then that parts
subgroup is backordered and the WSP incurs a backorder fee. Once a new order arrives,
the MCD with backordered parts subgroup is repaired and then follows the same procedure
as the MCDs with non-backordered parts.
After receiving the order from the WSP, XYZ Corporation must determine if the
necessary on-hand inventory is available to fulfill the order. If that is the case, and the
current on-hand inventory level exceeds the reorder point, a shipment is sent to the WSP
for the given parts subgroup. Alternatively, if the inventory level at XYZ Corporation
reaches the reorder point after fulfilling the order, an order is placed to the factory for the
given parts subgroup. If no stock is available to completely fulfill an order from the WSP,
the missing parts subgroup is backordered (and incurs a backorder fee) while a partial
shipment is sent to the WSP.
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3.1.2

Advanced Ship Process Method

The second spare parts inventory replenishment method for warranty repairs utilized by
XYZ Corporation is the advanced ship process (ASP). In the ASP method, the WSP
establishes the amount of spare parts for each parts subgroup that must be available on
hand to satisfy minimum service levels. This initial inventory is hereafter referred to as
seed stock.
In the ASP method, the WSP develops a forecast of how many MCD returns they
expect to receive from customers. This forecast (considered as the independent demand) is
then used to determine how much to order every cycle for each parts subgroup following a
similar approach to a push system. Once the MCD forecast is generated, the WSP
determines a forecast for each parts subgroup taking into account each parts subgroup
defect probability. The forecast developed for each parts subgroup is considered as the
dependent demand. The demand forecast for the each parts subgroup determines the seed
stock amount and is dependent on the demand for total defective MCDs.
The process flow for the ASP method is depicted in Figure 3.4. The ASP process
also follows a one year planning horizon, and each shipment carries enough material to
support the warranty returns of MCDs throughout the year with a 99% service level (i.e.,
at least 99% of defective MCDs will be repaired from inventory on hand). If a defective
MCD needs repairs and there is no inventory for the required parts subgroup(s) (i.e., a
stockout occurs), then the WSP incurs a stockout fee. These MCDs do not receive repairs
and the customer is compensated for the stockout. The stockout fee incurred by the WSP
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is significantly higher than the backorder fee utilized by the MMSPI method because the
stockout fee includes the cost to replace the MCD plus future lost sales.

Start
WSP receives MCD
from customer

Yes

Does the MCD
just have a software
defect?

No
WSP inspects and
classifies defect to
parts subgroup k

Is the
current WSP inventory
level of the parts
subgroup = 0?

Yes

MCD is
registered as
stockout

No

WSP pulls parts
subgroup
from inventory
WSP reloads
software to
MCD

New MCD is
prepared for
customer

WSP performs
repairs
or replaces MCD

WSP ships MCD
back to customer

Customer receives
new or repaired
MCD

End
Figure 3.4 Process Flow for ASP Spare Parts Replenishment Method
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3.2

Simulation Modeling of the Spare Parts Replenishment Methods

Discrete event simulation was the technique utilized to evaluate and compare the
effectiveness of both the MMSPI and the ASP spare parts replenishment methods using a
set of performance measures. A separate simulation model was constructed for each
replenishment method using the simulation software Arena.
Since the two spare parts replenishment methods being assessed for this research
are being applied to the same scenario, many parameters are common to both models.
Details of the simulation will be discussed first in terms of the parameters that are common
to both models. Section 3.3 and Section 3.4 will discuss the simulation modeling details
that are specific to the MMSPI method and the ASP method, respectively.
The MMSPI and ASP spare parts replenishment methods make two fundamental
assumptions:
1) Contract negotiations have already occurred and service level requirements
have already been determined.
2) The initial stock has already been received for every parts subgroup at the
beginning of the first time period, and it is equal to the order-up-to quantity.
As noted in Section 2.1.3, it is possible to simulate only one retailer (i.e., WSP) and
one manufacturer (i.e., XYZ Corporation) while still being representative of a scenario
with multiple retailers. Therefore, the MMSPI and ASP methods were both simulated
considering one manufacturer and one retailer with six different part types. The results can
be generalized to a scenario with multiple retailers.
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3.2.1

Entities

In a simulation model, an entity is defined as an element of the simulation that moves
between process modules and is the focus of the research (Altiok & Melamed, 2010). In
the simulation models developed for both the MMSPI and ASP spare parts replenishment
methods, a defective MCD was considered as the main entity.
3.2.2

Events

3.2.2.1 Arrival, Inspection and Service Processes
The first event that triggered all subsequent events in the simulation models developed for
both the MMSPI and ASP spare parts replenishment methods was the arrival of defective
MCDs sent in by customers. The arrival process of defective MCDs to the WSP was
modeled using a Poisson distribution, which provides an adequate representation of an
arrival process of entities to a system (Hopp & Spearman, 2001; Muckstadt, 2005). Two
different arrival rates were tested, which represent relatively high and low arrival rates (i.e.,
demand).
Immediately after arrival to the WSP, a defective MCD underwent initial
inspection. The outcome of the inspection process was the MCD being classified as NFF,
IW, or ECA/OW. The proportion of defective MCDs assigned to each defect category was
based on historical data provided by XYZ Corporation, as follows:


NFF - 2%



IW - 85%



ECA/OW - 13%
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Next, the defective MCD was assigned a specific type of parts subgroup defect.
Each of the parts subgroup defects (i.e., camera, battery, display, printed circuit board,
case/body, and complete working MCD) had a 1/6 probability of being assigned to a
defective MCD. This proportion was obtained from interviews with XYZ Corporation.
The capacity of the repair line at the WSP was constrained to process only one
defective MCD at a time (i.e., no parallel repairs were allowed). The time to repair a
defective MCD followed a triangular distribution. The values used for the parameters of
the triangular distribution (i.e., minimum, mode, and maximum) that represented the time
to repair a defective MCD were 0.5 hours, 1 hour, and 3 hours, respectively.
The manufacturing line at XYZ Corporation was constrained to operate 12 hours
per day and to process only full batches of spare parts of an individual parts subgroup.
Different orders made by XYZ Corporation to their factory could not be manufactured in
parallel. The time to process a batch of spare parts of a given parts subgroup was modeled
using a triangular distribution. The values used for the parameters of the triangular
distribution (i.e., minimum, mode and maximum) that represented the time to process a
batch were 0.5 days, 1 day, and 2 days, respectively.

3.2.2.2 Transfer/Transport Processes
Two transfer/transport processes were modeled in the simulation models developed for
both the MMSPI and ASP spare parts replenishment methods:


Shipments from the WSP to customers. The shipping time from the WSP to
the customer was constant with a value of two days.
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Shipments from XYZ Corporation to the WSP. The shipping time from XYZ
Corporation to the WSP was constant with values of either two days or seven
days.

The values used to model the durations of the two transfer/transport processes were
derived from historical data obtained from XYZ Corporation.
The ASP method could have only one shipment per cycle (i.e., one year) from XYZ
Corporation to the WSP, but the MMSPI method could have many such shipments.
3.2.3

Performance Measures

Several performance measures were defined in the simulation models developed for both
the MMSPI and ASP spare parts replenishment methods. The following two performance
measures are related to service level satisfaction:


Average repair lead time. This is the average value of the lead time from the
time an MCD arrives at the WSP to the time the customer receives the repaired
MCD for the entire cycle (i.e., one year).



Average fill rate. This is the proportion of orders that can be filled from onhand inventory for the entire cycle (i.e., one year).

The average repair lead time was a critical indicator of the performance of the spare
parts replenishment methods because it helped to determine whether or not the terms of the
contract agreement between XYZ Corporation and the WSP were violated. On the other
hand, the average fill rate provided an estimation of the level of service obtained from each
of the spare parts inventory management methods (i.e., how effective the system was when
satisfying the demand).
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In addition to average repair lead time and average fill rate, data for the following
performance measures were also collected during the simulation to facilitate the estimation
of the average total system cost associated with both the MMSPI and ASP spare part
replenishment methods:


Average inventory level for the WSP (both MMSPI and ASP spare parts
replenishment methods).



Average inventory level for XYZ Corporation (MMSPI spare parts
replenishment method only).



Average number of orders from the WSP (MMSPI spare parts replenishment
method only).



Average number of orders from XYZ Corporation (MMSPI spare parts
replenishment method only).



Average number of backorders at WSP (MMSPI spare parts replenishment
method only).



Average number of stockouts at WSP (ASP spare parts replenishment method
only).

Appendix B describes how these performance measures were used to estimate the
total cost of the spare parts replenishment methods as a function of holding, ordering,
backorder, and stockout costs.
3.2.4

Summary of Input Parameters

Table 3.1 and Table 3.2 summarize the parameters that are common to the simulation
models of both the MMSPI and ASP spare parts replenishment methods. Table 3.1 shows

31

the values of the deterministic parameters used in the simulation models, whereas Table
3.2 shows the values of the parameters that followed a specific statistical distribution.
Table 3.1 Values of the Deterministic Parameters of the Simulation Models

Parameter
Defect Type

Defect Part
Subgroup

Parts Subgroup
Cost

Details
IW
ECA
NFF
1 (Display)
2 (Camera)
3 (Battery)
4 (Case/Body)
5 (PCB)
6 (Complete MCD)
1 (Display)
2 (Camera)
3 (Battery)
4 (Case/Body)
5 (PCB)
6 (Complete MCD)

Level
85%
13%
2%
1/6
1/6
1/6
1/6
1/6
1/6
$50.00
$32.00
$10.00
$75.00
$35.00
$200.00

Shipping Time
(WSP to Customer)

Constant value

2

Holding Cost

Constant value

$1

Backorder Cost
(MMSPI)
Stockout Cost
(ASP)

20% of average sale price
of MCD
Cost of MCD plus future
lost sales
10% of average parts
subgroup cost

Ordering Cost

Units

Per Unit
Per Unit
Per Unit
Per Unit
Per Unit
Per Unit
Days (12
working hours
in day)
Per unit per
month

$80.00

Per unit

$400.00

Per unit

$13.40

Per order

32

Table 3.2 Values for the Stochastic Parameters of the Simulation Models

Parameter
Repair Process at
WSP
Manufacturing
Process at XYZ
Corporation

3.2.5

Distribution

Parameter
Values

Units

Triangular

(0.5, 1, 3)

Hours

Triangular

(0.5, 1, 2)

Days (12
working hours
in day)

Experimental Design

A 2k factorial experiment (where k represents the number of experimental factors) was
designed to assess the impact of the main factors mean arrival rate of defective MCDs to
WSP and shipment lead time from XYZ Corporation to the WSP on the performance
measures identified in Section 3.2.3. Each of the main factors was tested at two levels (i.e.,
low and high), as shown in Table 3.3. It is important to reiterate that the factor shipment
lead time from XYZ Corporation to the WSP was only relevant in the MMSPI simulation
model, but it is described in this section for completeness.
Table 3.3 Experimental Factors for Model Assessment
Variable

D
L

Description

Mean arrival rate of defective
MCDs to WSP (per day)
Shipment lead time from XYZ
Corporation to the WSP (in days)

Level

Value

Low

1

High

5

Low

2

High

7

The arrival of defective MCDs to the WSP was assumed to follow a Poisson
distribution, as described in Section 3.2.2.1. In the simulation models, the main factor
shipment lead time from XYZ Corporation to the WSP was given low and high values that
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are consistent with historical data obtained from XYZ Corporation. Each combination of
low or high mean arrival rate of defective MCDs to WSP with a low or high shipment lead
time from XYZ Corporation to the WSP represents a treatment combination. Four treatment
combinations were analyzed for the MMSPI spare parts replenishment method and two
treatment combinations were analyzed for the ASP spare parts replenishment method. Each
treatment combination for the MMSPI replenishment method was denoted by the name of
the replenishment method and the levels of the two experimental factors. For example,
“MMSPI Low-High” denotes the treatment combination that corresponds to the MMSPI
method when a low mean arrival rate of defective MCDs to WSP and a high shipment lead
time from XYZ Corporation to the WSP are applied.
An Analysis of Variance (ANOVA) was performed on the resulting output to
determine whether or not the main experimental factors and/or their interactions are
statistically significant.
3.2.6

Simulation Run Parameters

A warm-up period is used to mitigate any irregularities in the data that may occur before
the simulation reaches a steady-state (Tee & Rossetti, 2001). A warm up period of one
month was utilized in the simulation models developed for both the MMSPI and ASP spare
parts replenishment methods. The duration of a single replication of a simulation run was
set at 12 months, which is the duration of the fiscal calendar of XYZ Corporation.
Besides determining a warm-up period for each simulation run, it was also
necessary to calculate the number of replications that needed to be conducted for each
simulation scenario. The goal of setting the number of replications in a simulation is to
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limit the variance of the results to a specified tolerance range with a given confidence level
(Montgomery, 2009).
The number of replications was calculated from data obtained by running five
replications of each treatment combination of the experimental design (see Section 3.2.5).
The simulation data collected from the five replications provided baseline information
about the magnitude of the standard deviation exhibited by the performance measures
between replications. All performance measures of interest (see Section 3.2.3) were
considered when calculating the number of replications. Each performance measure was
assigned a specific acceptable tolerance of 10% from the mean value and the confidence
level was set to 95% (α = 0.05). Equation (1) was used to determine the number of
replications (Montgomery, 2009):

2
𝑡𝛼

𝑛≥

2

,(𝑑∙𝑙∙𝑛−2)

(2𝑀𝑆𝐸 )

ℎ2

Where:
n: Number of replications.
d: Number of levels of the factor mean arrival rate of defective
MCDs to WSP.
l: Number of levels of the factor shipment lead time from XYZ
Corporation to the WSP.
MSE: Mean square error.

(1)
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h: Desired half width of a (1-α) confidence interval.

In Equation (1), the values for the t-distribution were estimated with the standard
normal distribution since the number of replicates was relatively high. The t-distribution
behaves like the standard normal distribution (z) as the degrees of freedom approach
infinity. The term (d·l·n-2) represents the degrees of freedom for the t-distribution. The
mean square error (i.e., MSE) was estimated by the sample variance for the initial five
replications. Finally, h was set equal to 10% of the average value of each performance
measure for the initial five replications.
The number of replications calculated with Equation (1) was 3,909, which was the
maximum value of the number of replications required for all performance measures across
all treatment combinations described in Section 3.2.5. The maximum value of the number
of replications was used because this quantity guarantees that the results obtained for all
performance measures were within the specified tolerance range with the specified
confidence level. The output from the initial five replications and the corresponding results
for the required number of replications are included in Appendix C.
The output from Arena identifies the half-width for the five initial replications, and
was calculated based on Equation (2) (Kelton, Sadowski, & Sadowski, 2002):
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ℎ0 = 𝑋̅ ± (𝑡𝑛−1 ∗ 𝑠)

(2)

Where:
h0: Half-width output from Arena.
𝑋̅: Average value of the performance measure being tested.
tn-1: 95% t-distribution with four degrees of freedom.
s: Sample standard deviation.

Finally, each random element in the simulation models was assigned the same
random number stream in order to minimize variability among treatment combinations.

3.3

Specifics of the MMSPI Spare Parts Replenishment Method

The following subsections present additional details that are particular to the simulation
model developed for the MMSPI spare parts replenishment method.
3.3.1

Entities

Two additional types of entities were used when simulating the MMSPI spare parts
replenishment method:


The outstanding orders from the WSP, and



The outstanding orders from XYZ Corporation.

The outstanding orders from the WSP (or from XYZ Corporation) were triggered
when the inventory position at the WSP or XYZ Corporation reached the respective reorder
point.
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3.3.2

Events

Once the defective MCDs are classified by defect type and parts subgroup, several events
occur that are part of the ordering process of the MMSPI spare parts replenishment method.
When a defective MCD arrives at the WSP for repair, the inventory levels for the
required spare parts subgroup is checked. If the inventory position of the spare parts
subgroup has not reached its respective reorder point, no order is placed to XYZ
Corporation and the defective MCD proceeds to be repaired. After the defective MCD is
repaired, it is then shipped back to the customer.
On the other hand, an outstanding order from the WSP is triggered when the
inventory position of the spare parts subgroup at the WSP reaches the respective reorder
point. XYZ Corporation instantly receives the outstanding order from the WSP and checks
its own inventory level for the corresponding parts subgroup to determine if it has already
reached the reorder point. If that is the case, then XYZ Corporation places an order to their
internal factory to produce more parts for the appropriate parts subgroup which represents
a backorder.

Alternatively, if XYZ Corporation has enough inventory to fill the

outstanding order from the WSP, it ships it to the WSP. After XYZ Corporation ships the
outstanding order of spare parts to the WSP, the inventory levels at the WSP and XYZ
Corporation are updated accordingly. Once the defective MCD is repaired at the WSP, it
is shipped back to the customer.
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3.3.3

Computation of Reorder Point and Order-Up-To Quantity at the WSP

The MMSPI spare parts replenishment method uses an (s, S) inventory control policy at
the WSP. However, since it is assumed that (1) defective MCDs arrived as individual units,
and (2) the inventory level is checked as each defective MCD arrives to the system, an
order will be triggered exactly as the reorder point s is reached. This results in an order
quantity that is constant and equal to the difference between S and s. Under these
conditions, the (s, S) inventory control policy is equivalent to the (Q, r) policy described in
Section 2.1.3, where the reorder point s is equal to r and the order up-to quantity S is equal
to r + Q (Hopp & Spearman, 2001). Therefore, the values for the reorder point sw and the
order up-to quantity Sw at the WSP for each parts subgroup were computed using the
equations for r and Q from the (Q, r) inventory control policy when the arrival rate process
follows a Poisson distribution with expected arrival rate equal to θ during the lead time.
The reorder point at the WSP for each parts subgroup was computed using the Type
I approximation for the (Q, r) inventory control policy, as shown in Equation (3). In the
Type I approximation, the cumulative distribution function of the arrival rate process
evaluated for the value of r (i.e., G(r)) is used to approximate the service level of a (Q, r)
inventory control policy (Hopp & Spearman, 2001).

𝜃𝑘 𝑒 −𝜃

𝑆𝐿(𝑄, 𝑟) ≈ 𝐺(𝑟) = ∑𝑟𝑘=0 (

𝑘!

)

(3)

The reorder point sw at the WSP for each parts subgroup was calculated based on
the requirement that a 99% service level needed to be satisfied (i.e., at most 1% of defective
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MCDs belonging to a given parts subgroup that were received at the WSP would need to
wait for backordered spare parts). Considering this requirement, a value of r must be
computed such that G(r) in Equation (3) results in a cumulative distribution function value
that exceeds 99% for a Poisson arrival rate with mean equal to the expected arrival rate
during the lead time equal to θ. The resulting value of r is equal to the value of the reorder
point sw at the WSP for each parts subgroup. Equation (4) was used to calculate θ (i.e., the
expected arrival rate during the lead time for each parts subgroup).

𝜃 = 𝐷′𝐿

(4)

Where:
D’: Arrival rate (in MCDs per day) for a specific parts subgroup.
L: Shipment lead time from XYZ Corporation to the WSP (in days).

To obtain D’ from D (i.e., the mean arrival rate of defective MCDs to WSP for each
parts subgroup), the probability of receiving a defective MCD with an IW or ECA/OW
defect (i.e., 98%) was considered. Therefore, the high and low values for D were multiplied
by 0.98.
Among the IW and ECA/OW defects, there was equal probability for a defect to
affect one of the six parts subgroups. Thus, D was also multiplied by 1/6 (the probability
of a defect for a specific parts subgroup) to obtain D’, the mean arrival rate of defective
MCDs to WSP for each parts subgroup. The resulting values of D’ are summarized in Table
3.4.
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Table 3.4 Mean Arrival Rate of Defective MCDs to WSP for Each Parts Subgroup

Variable
D'

Description
Mean arrival rate of defective
MCDs to WSP for each parts
subgroup

Rank

Quantity

Low

0.16

High

0.82

The resulting values for the expected arrival rate during the lead time θ for each
parts subgroup for the different simulation scenarios are shown in Table 3.5. These values
of θ were then used to calculate the reorder points sw at the WSP for each parts subgroup
for the different simulation scenarios, as shown in Table 3.6. The column heading “D Rank
– L Rank” in Table 3.5 and Table 3.6 refers to the high and low values of D (i.e., the mean
arrival rate of defective MCDs to WSP) and L (i.e., shipment lead time from XYZ
Corporation to the WSP) shown in Table 3.3.
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Table 3.5 Values for Expected Arrival rate During Lead Time at WSP

Parameter
θ

Description

D Rank - L Rank

Value

Low - Low
Low - High
High - Low
High - High

0.34
1.16
1.72
5.80

Arrival rate during Lead
Time

Table 3.6 Values for Reorder Points at WSP

Parameter
sw

Description

D Rank - L Rank
Low – Low
Low – High
High – Low
High – High

Reorder Point at WSP for
each parts subgroup

Value
2
4
5
12

Equation (5) was used to calculate the order-up-to quantity (Sw) at the WSP for each
parts subgroup. The order quantity Q in Equation (5) was obtained using the Economic
Order Quantity (EOQ), where A represents the ordering cost and h represents the holding
cost (Hopp & Spearman, 2001).

2∗𝐴∗𝐷

𝑆𝑤 = 𝑄 + 𝑠𝑤 = (√

ℎ

) + 𝑠𝑤

(5)

The resulting values for the order-up-to quantity (Sw) at the WSP for the different
simulation scenarios are shown in Table 3.7.
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Table 3.7 Values for Order-Up-To Quantities at WSP

Parameter

Sw

3.3.4

Description
Order-up-to quantity at
WSP for each parts
subgroup

D Rank - L Rank
Low – Low
Low – High
High – Low
High – High

Value
4
6
10
17

Computation of Reorder Point and Order-Up-To Quantity at XYZ Corporation

Calculating an exact multi-echelon reorder point with dependent demand is difficult
because there are compounding random elements, so an approximation was used instead.
The values of the reorder point sx for each parts subgroup at XYZ Corporation were
determined using Equation (6) (Axsäter, 2007).

𝑠𝑥 = 𝐷′(𝐿 + 𝑡𝑥 ) + 𝑘𝜎𝐷′ √𝐿 + 𝑡𝑥

(6)

Where:
D’: Expected demand for a specific parts subgroup (as discussed
previously in Section 3.3.3).
tx: Average manufacturing cycle time (i.e., one day).
k: Safety factor.
σD’: Standard deviation of the expected arrival rate D’.

The safety factor k in Equation (6) serves a similar purpose as a statistical
confidence level. In this case, k=2 because it is very close to the value from the standard
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normal distribution that provides a confidence level of 95% (zα=.05 = 1.96). The resulting
reorder points for each parts subgroup at XYZ Corporation are summarized in Table 3.8.
Table 3.8 Values for Reorder Points at XYZ Corporation

Parameter

sx

Description
Reorder Point at XYZ
Corporation for each
parts subgroup

D Rank - L Rank
Low – Low
Low – High
High – Low
High – High

Value
2
4
7
14

The values of the order-up-to quantity Sx for each parts subgroup at XYZ
Corporation were calculated in the same way as the order-up-to quantities at the WSP (i.e.,
using Equation (5)). The resulting order-up-to quantities for each parts subgroup at XYZ
Corporation are summarized in Table 3.9.

Table 3.9 Values for Order-Up-To Quantities at XYZ Corporation

Parameter

Sx

3.4

Description
Order-up-to quantity at
XYZ Corporation for
each parts subgroup

D Rank - L Rank

Value

Low - Low
Low - High
High - Low
High - High

4
6
12
19

Specifics of the ASP Spare Parts Replenishment Process

When the simulation model of the ASP spare parts replenishment method is initialized, it
starts with a seed stock for each type of parts subgroup that is based on the calculations
shown in Section 3.4.1. A forecast is created to determine the quantity of parts that will be
needed for each spare parts subgroup in the forecast horizon (i.e., one year).
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3.4.1

Computation of Seed Stock Value

In the ASP spare parts replenishment method, only one shipment of all parts subgroups is
sent from XYZ Corporation to the WSP per year. The order quantity of the single shipment
is based on a forecast of the expected demand of parts subgroups in a year. If the seed stock
is completely used and there is still demand for warranty repairs of MCDs, the MCD will
not be repaired and XYZ Corporation will incur an additional cost to refund the customer
for their purchase price. XYZ Corporation will also incur an additional cost for future lost
sales as a result of the stockout. On the other hand, if there is excess inventory at the end
of the one-year cycle, the inventory will roll over to the next cycle.
The ASP spare parts replenishment method was modeled using the newsvendor
model because there is only one order during an inventory cycle and there is no opportunity
for backorders. The newsvendor model is an inventory management technique that
calculates an optimal inventory level by balancing the holding cost associated with
overages and the shortage cost associated with stockouts during a planning period in a
stochastic environment (Petruzzi & Dada, 1999). However, a specific desired service level
can be used in place of the ratio of shortage costs and holding costs. In this research, the
seed stock values for the ASP spare parts replenishment method were calculated based on
a desired expected fill rate of 99% using Equation (9), which is derived from Equation (7)
and Equation (8) assuming that the demand follows a Poisson distribution.
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𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐹𝑖𝑙𝑙 𝑅𝑎𝑡𝑒 = 1 −
𝐿𝑜𝑠𝑡 𝑆𝑎𝑙𝑒𝑠 = {

0.99 = 1 −

0
𝑥−𝑆

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑠𝑡 𝑆𝑎𝑙𝑒𝑠
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐷𝑒𝑚𝑎𝑛𝑑

𝑖𝑓 𝑥 < 𝑆
𝑖𝑓 𝑥 ≥ 𝑆

𝐷′′ 𝑝(𝑆)+(𝐷′′ −𝑆)[1−𝐺(𝑆)]
𝐷′′

(7)
(8)

(9)

Where:
S: Seed stock value.
x: Actual demand during the cycle.
p(S): Value of the Poisson distribution for the seed stock value S.
G(S): Value of the cumulative Poisson distribution for the seed stock
value S.
D”: Mean arrival rate of defective MCDs to WSP for each parts
subgroup for the entire cycle.

The seed stock value for each parts subgroup is the value of S such that the function
in Equation (9) is greater than or equal to the required service level of 99%. Table 3.4 in
Section 3.3.3 shows the values previously calculated for D’, i.e., the mean arrival rate of
defective MCDs to WSP for each parts subgroup for a single day. For the ASP spare parts
replenishment method, D” is defined as the mean arrival rate of MCDs to WSP for each
parts subgroup for the entire one year cycle. D” was calculated using Equation (10):

𝐷′′ = 𝐷′ ∗ 365 𝑑𝑎𝑦𝑠/𝑦𝑒𝑎𝑟

(10)
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Table 3.10 shows the values of D” that correspond to the values of D’ shown in
Table 3.4. The resulting values for the seed stock S for the two levels of the factor mean
arrival rate of MCDs to WSP are shown in Table 3.11.
Table 3.10 Mean Arrival Rate of MCDs to WSP for Each Parts Subgroup for One Year

Variable
D''

Description
Mean arrival rate of defective MCDs
to WSP for each parts subgroup in a
year

Rank

Quantity

Low

57.232

High

286.16

Table 3.11 ASP Spare Parts Replenishment Method Seed Stock Quantities

Variable
S

Description
Seed Stock Value

Rank
Low
High

Quantity
66
297
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4

RESULTS

This chapter presents the results obtained from the Arena simulation models for the
MMSPI and ASP spare parts replenishment methods for warranty service repairs. The
results are presented based on the performance measures discussed in Section 3.2.3.
The rest of the chapter is organized as follows. Section 4.1 summarizes the results
obtained for the MMSPI method, whereas Section 4.2 summarizes the results obtained for
the ASP method. Finally, Section 4.3 presents the results of comparing the two spare parts
replenishment methods based on common performance measures. It is important to note
that only summary tables are included in this chapter to report the average values and
standard deviations for the performance measures for all 3,909 replications, as calculated
in Appendix C.

4.1
4.1.1

Results for the MMSPI Spare Parts Replenishment Method
Average Repair Lead Time

One of the most critical measures to assess the performance of the MMSPI spare parts
replenishment method is the average repair lead time for all warranty repairs. As described
in Section 3.1, contract requirements stipulate that the average repair lead time for all
warranty repairs for MCDs classified as NFF or IW is five days. Since a work day was
assumed to have 12 hours, then the required lead time of five days is equivalent to 60 hours.
The results for the average repair lead time for the MMSPI spare parts
replenishment method are shown in Table 4.1. The results show that the average repair
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lead time obtained for every treatment combination was less than the required lead time of
60 hours.
4.1.2

Average Fill Rate

The second set of measures to assess the performance of the MMSPI spare parts
replenishment method is the average fill rate for each parts subgroup. The target value for
the average fill rate was 99% or greater. The results for the average fill rate for the MMSPI
spare parts replenishment method are shown in Table 4.2 in the form of 95% confidence
intervals for each type of parts subgroup. It is important to mention that the value of the
upper bound for the 95% confidence intervals was set to 100% in all cases where the actual
value of the upper bound exceeded 100%.
The results show that all of the treatment combinations meet the 99% average fill
rate requirement because all of the 95% confidence intervals include values that are 99%
or higher.
4.1.3

Average Inventory Level

The average inventory level was recorded for each parts subgroup at both the WSP and
XYZ Corporation. The results for the average inventory level at the WSP are shown in
Table 4.3. Table 4.4 shows the results for the average inventory level at XYZ Corporation.
The values presented in Table 4.3 and Table 4.4 are averages of the average inventory
levels collected on each of the 3,909 replications. The results show that, in general, the
average inventory level increases as the mean arrival rate of defective MCDs to WSP and
the shipment lead time from XYZ Corporation to the WSP increase.
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Table 4.1 Summary Results for Average Repair Lead Time for the MMSPI Spare Parts Replenishment Method

Low-Low

Average Repair Lead Time (hours)

Low-High

High-Low

High-High

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

25.52

0.04

29.94

2.46

38.58

7.86

41.12

6.42
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Table 4.2 Summary Results for Average Fill Rate for the MMSPI Spare Parts Replenishment Method

Low-Low

95% Confidence Intervals for Average Fill Rate (%)
Low-High
High-Low

High-High

Lower
Bound

Upper
Bound

Lower
Bound

Upper
Bound

Lower
Bound

Upper
Bound

Lower
Bound

Upper
Bound

Parts Subgroup 1

99.57%

100%

97.00%

100%

98.31%

99.37%

97.53%

100%

Parts Subgroup 2

99.58%

100%

97.03%

100%

98.31%

99.36%

97.52%

100%

Parts Subgroup 3

99.59%

100%

97.00%

100%

98.31%

99.37%

97.50%

100%

Parts Subgroup 4

99.57%

100%

96.97%

100%

98.31%

99.36%

97.51%

100%

Parts Subgroup 5

99.58%

100%

97.01%

100%

98.31%

99.38%

97.50%

100%

Parts Subgroup 6

99.59%

100%

97.08%

100%

98.32%

99.38%

97.50%

100%
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Table 4.3 Summary Results for Average Inventory Level at WSP for the MMSPI Spare Parts Replenishment Method

Average Inventory Level at WSP (units)
Low-Low
Low-High
High-Low
High-High
Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Parts Subgroup 1

2.18

0.08

2.45

0.46

2.36

0.43

4.58

1.24

Parts Subgroup 2

2.18

0.08

2.44

0.47

2.35

0.42

4.58

1.24

Parts Subgroup 3

2.19

0.08

2.44

0.47

2.35

0.43

4.59

1.27

Parts Subgroup 4

2.18

0.08

2.45

0.48

2.35

0.42

4.58

1.27

Parts Subgroup 5

2.18

0.08

2.46

0.47

2.36

0.43

4.58

1.26

Parts Subgroup 6

2.18

0.08

2.45

0.46

2.38

0.43

4.55

1.28
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Table 4.4 Summary Results for Average Inventory Level at XYZ Corporation for the MMSPI Spare Parts Replenishment Method

Average Inventory Level at XYZ Corporation (units)
Low-Low

Low-High

High-Low

High-High

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Parts Subgroup 1

1.77

0.20

3.79

0.04

2.24

0.28

12.59

0.22

Parts Subgroup 2

1.78

0.18

3.79

0.04

2.24

0.28

12.59

0.20

Parts Subgroup 3

1.78

0.18

3.79

0.04

2.24

0.28

12.59

0.21

Parts Subgroup 4

1.78

0.19

3.79

0.04

2.24

0.27

12.59

0.24

Parts Subgroup 5

1.77

0.20

3.79

0.04

2.24

0.28

12.59

0.23

Parts Subgroup 6

1.78

0.18

3.79

0.04

2.25

0.28

12.58

0.23
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4.1.4

Number of Orders Placed

The number of orders placed by the WSP to XYZ Corporation in one cycle, as well as the
number of orders placed by XYZ Corporation to its own factory in one cycle were
determined from the simulation runs. Table 4.5 shows the results for the average number
of orders placed by the WSP to XYZ Corporation, whereas Table 4.6 shows the results for
the average number of orders placed by XYZ Corporation to its own factory.
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Table 4.5 Summary Results for Average Number of Orders from WSP to XYZ Corporation for MMSPI Spare Parts Replenishment
Method

Number of Orders from WSP to XYZ Corporation (orders)
Low-Low

Low-High

High-Low

High-High

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Parts Subgroup 1

26.21

3.30

26.20

3.23

48.85

1.88

42.72

2.35

Parts Subgroup 2

26.33

3.44

26.28

3.29

48.88

1.87

42.71

2.32

Parts Subgroup 3

26.30

3.32

26.24

3.29

48.87

1.88

42.75

2.38

Parts Subgroup 4

26.29

3.38

26.26

3.35

48.80

1.90

42.74

2.35

Parts Subgroup 5

26.21

3.40

26.20

3.29

48.82

1.93

42.75

2.38

Parts Subgroup 6

26.15

3.34

26.12

3.27

48.81

1.92

42.81

2.35
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Table 4.6 Summary Results for Average Number of Orders from XYZ Corporation for MMSPI Spare Parts Replenishment Method

Number of Orders from XYZ Corporation (orders)
Low-Low
Low-High
High-Low
High-High
Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Avg

Std
Dev

Parts Subgroup 1

26.10

3.32

26.09

3.24

48.85

1.88

42.72

2.35

Parts Subgroup 2

26.22

3.45

26.17

3.33

48.88

1.87

42.71

2.32

Parts Subgroup 3

26.18

3.33

26.12

3.31

48.87

1.88

42.75

2.38

Parts Subgroup 4

26.18

3.40

26.15

3.36

48.80

1.90

42.74

2.35

Parts Subgroup 5

26.10

3.41

26.08

3.30

48.82

1.93

42.75

2.38

Parts Subgroup 6

26.04

3.35

26.01

3.29

48.81

1.92

42.81

2.35

56

4.1.5

Significance of Experimental Factors

An ANOVA was performed on the results obtained for the performance measures average
repair lead time and average fill rate to determine whether or not the main experimental
factors mean arrival rate of defective MCDs to WSP and/or shipment lead time from XYZ
Corporation to the WSP were statistically significant.
A total of seven ANOVAs were performed on the simulation results obtained for
the MMSPI spare parts replenishment method. One ANOVA was conducted on the
simulation results obtained for the average repair lead time. Then, an individual ANOVA
was conducted on the simulation results obtained for the average fill rate of each parts
subgroup. The outputs of the ANOVAs are included in Appendix D.
The results from the ANOVA indicate that the main factors mean arrival rate of
defective MCDs to WSP and shipment lead time from XYZ Corporation to the WSP are both
statistically significant (p-value less than 0.05 at a 95% confidence level) for the
performance measures average repair lead time and average fill rate. The ANOVA also
indicates that the interaction effect of the two main factors is significant for both
performance measures.
It is important to note that while checking the ANOVA assumptions (i.e., normality
of residuals, independence of observations within and between samples, and equal
variance) to justify the model adequacy, it was discovered that the residuals obtained for
the performance measure average fill rate did not comply entirely with the assumption of
normality. However, given that the number of replications conducted in this research was
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large (i.e., 3,909), these residuals were assumed to be approximately normally distributed
based on the central limit theorem.

4.2
4.2.1

Results for the ASP Spare Parts Replenishment Method
Average Repair Lead Time

The ASP spare parts replenishment method followed the same requirement for the
maximum allowable repair lead time of five days (i.e., 60 hours under the assumption of a
12-hour work day). The results for the average repair lead time are shown in Table 4.7.
The results show that the average repair lead time is well below 60 hours in both the low
and high levels of the factor mean arrival rate of defective MCDs to WSP.

Table 4.7 Summary Results for Average Repair Lead Time for all Parts Subgroups for the
ASP Spare Parts Replenishment Method

Low Demand

Average Repair Lead Time (hours)

4.2.2

High Demand

Avg

Std
Dev

Avg

Std
Dev

25.02

0.03

25.53

0.01

Average Fill Rate

The results for the average fill rate are shown in Table 4.8. The results show that the ASP
spare parts replenishment method had a high average fill rate for all parts subgroups at
both levels of the main factor mean arrival rate of defective MCDs to WSP (i.e., all of the
95% confidence intervals have a lower bound that is higher than 99% ). Once again, the
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value of the upper bound for the 95% confidence intervals was set to 100% in all cases
where the actual value of the upper bound exceeded 100%.
Table 4.8 Summary Results for Average Fill Rate for the ASP Spare Parts Replenishment
Method

95% Confidence Intervals for Average Fill Rate (%)
Low Demand
High Demand
Lower
Bound

Upper
Bound

Lower
Bound

Upper
Bound

Parts Subgroup 1

99.17%

100%

99.28%

100%

Parts Subgroup 2

99.05%

100%

99.29%

100%

Parts Subgroup 3

99.11%

100%

99.31%

100%

Parts Subgroup 4

99.07%

100%

99.30%

100%

Parts Subgroup 5

99.10%

100%

99.29%

100%

Parts Subgroup 6

99.18%

100%

99.29%

100%

4.2.3

Average Inventory Level

The results for the average inventory level at the WSP are shown in Table 4.9. The seed
stock value for the low level of the main factor mean arrival rate of defective MCDs to
WSP was set at 66 units, whereas the seed stock for the high level of the main factor mean
arrival rate of defective MCDs to WSP was set at 297 units (see Section 3.4.1 for a detailed
explanation and calculation). The results are close to one half of the original seed stock
values.
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Table 4.9 Summary Results for Average Inventory Level at WSP for the ASP Spare Parts
Replenishment Method

Average Inventory Level at WSP (units)
Low Demand
High Demand

4.2.4

Avg

Std Dev

Avg

Std Dev

Parts Subgroup 1

34.91

4.22

142.10

9.73

Parts Subgroup 2

34.83

4.31

142.02

9.58

Parts Subgroup 3

34.94

4.32

142.11

9.68

Parts Subgroup 4

34.84

4.34

141.89

9.62

Parts Subgroup 5

35.05

4.29

141.95

9.54

Parts Subgroup 6

35.05

4.27

142.02

9.38

Significance of Experimental Factors

An ANOVA was performed on the results obtained for the performance measures average
repair lead time and average fill rate to determine whether or not the main experimental
factor mean arrival rate of defective MCDs to WSP was statistically significant. A total of
seven ANOVAs were performed on the simulation results obtained for the ASP spare parts
replenishment method. One ANOVA was conducted on the simulation results obtained for
the mean arrival rate of defective MCDs to WSP. Then, an individual ANOVA was
conducted on the simulation results obtained for the average fill rate of each parts
subgroup. The outputs of the ANOVAs are included in Appendix E.
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The results from the ANOVA indicate that the main factor mean arrival rate of
defective MCDs to WSP is statistically significant (p-value less than 0.05) for the average
repair lead time. The results of the ANOVAs for the results of each parts subgroups
indicate that the main factor mean arrival rate of defective MCDs to WSP had a significant
effect on the average fill rate of parts subgroups 1, 5, and 6.
It is important to note that while checking the ANOVA assumptions (i.e., normality
of residuals, independence of observations within and between samples, and equal
variance) to justify the model adequacy, it was discovered that the residuals obtained for
the performance measure average fill rate did not comply entirely with the assumption of
normality. However, given that the number of replications conducted in this research was
large (i.e., 3,909), these residuals were assumed to be approximately normally distributed
based on the central limit theorem.

4.3

Comparison of the MMSPI and ASP Spare Parts Replenishment Methods

The results obtained with the simulation models developed for the MMSPI and ASP spare
parts replenishment methods were compared. More specifically, this comparative analysis
was performed on the simulation results obtained for the performance measures average
repair lead time, average fill rate, and average total system cost when the main factor mean
arrival rate of defective MCDs to WSP was set at the same level on the simulation models.
The reason why the comparative analysis was performed as stated has to do with the fact
that the main factor mean arrival rate of defective MCDs to WSP proved to have a
significant effect on the results obtained with the simulation models of both spare parts
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replenishment systems. It is also important to note that for the purposes of the comparative
analysis, the level of the main factor shipment lead time from XYZ Corporation to the WSP
in the MMSPI spare parts replenishment method must be compared at both low and high
levels to the ASP spare parts replenishment method. This main factor was shown to be
significant in the MMSPI spare parts replenishment method for the performance measures
average repair lead time and average fill rate, whereas it was not considered in the ASP
spare parts replenishment method.
Appendix F includes several tables that show the results of the different paired
comparisons performed in the comparative analysis. The first two columns of each table
display the values for the average and the standard deviation of the difference between the
specific performance measures for the two spare parts replenishment methods. For the
purposes of this research, the value of the performance measure for the ASP spare parts
replenishment method was always subtracted from the value of the performance measure
obtained for the MMSPI spare parts replenishment method.
In the simulation models for both the MMSPI and ASP spare parts replenishment
methods, the demand arrivals based on the mean arrival rate of defective MCDs to WSP
was simulated using the same seed number for the pseudorandom number generator.
Therefore, the analysis must be performed under the assumption that the data produced by
the simulation models are not independent. The third column in each table in Appendix F
displays the value for the estimated degrees of freedom for the Welch confidence interval.
The Welch confidence interval was used given the assumption that the two samples being
analyzed are not independent (Law & Kelton, 2000). Equation (11) is used to estimate the
degrees of freedom for the Welch confidence interval:
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Where:
f: Estimated degrees of freedom.
S1: Standard deviation for the performance measure obtained
from the MMSPI spare parts replenishment method.
S2: Standard deviation for the performance measure obtained
from the ASP spare parts replenishment method.
n: Number of replications.

The estimated degrees of freedom f was then used to generate the t-value for the
confidence interval, as shown in Equation (12).

𝑠
𝑑̅ ± 𝑡𝑓,1−𝛼⁄2 𝑑̅⁄
√𝑛
Where:
𝑑̅ : Average of the differences between the performance measures
for the MMSPI and ASP spare parts replenishment methods
paired by replication number.
𝑠𝑑̅ : Standard deviation of the cumulative differences between the
two models.

(12)
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α: Significance level for the statistical test.

In all the paired comparison tests between spare parts replenishment methods, a
value of α = 0.05 was used. If the confidence interval contains zero, then there is no
statistically significant difference between the results obtained from the two spare parts
replenishment methods for that specific performance measure.
4.3.1

Comparison by Average Repair Lead Time

The results for the paired comparison test for the average repair lead time are included in
Appendix F. All of the paired comparison tests for the average repair lead time found that
there was a statistically significant difference in the results between the MMSPI and the
ASP spare parts replenishment methods. This indicates that the average repair lead time
for the MMSPI spare parts replenishment method is greater than the average repair lead
time for the ASP spare parts replenishment method at the 0.05 significance level.
4.3.2

Comparison by Average Fill Rate

The results of the paired comparison tests for the average fill rate of each of the parts
subgroups for each combination of spare parts replenishment methods at the same demand
level are included in Appendix F. The paired comparison between MMSPI Low-Low and
ASP Low indicates that there is no significant difference in the average fill rate for parts
subgroup 1, 4, 5, and 6. In all other paired comparisons, the confidence intervals indicate
that there is a statistically significant difference in the average fill rate. This implies that
the average fill rate for the ASP spare parts replenishment method is higher than the one
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obtained for the MMSPI spare parts replenishment method when comparing MMSPI LowHigh to ASP Low, MMSPI High-Low to ASP High, and MMSPI High-High to ASP High.
4.3.3

Comparison by Average Total System Cost

One important performance measure for both spare parts replenishment methods is the
average total system cost. Table 4.10 shows 95% confidence intervals for the average total
system cost which is broken down into backorder/stockout, holding, and ordering costs for
all treatment combinations of the MMSPI and ASP spare parts replenishment methods at
the low level of the main factor mean arrival rate of defective MCDs to WSP. Table 4.11
shows 95% confidence intervals for the average total system cost breakdown for the high
level of main factor mean arrival rate of defective MCDs to WSP.
It is important to mention that the value of the lower bound for the 95% confidence
intervals was set to $0 in all cases where the actual value of the lower bound was below
$0. Each cost component of the average total system cost was computed using the
equations shown in Appendix B. Table 4.10 shows that the 95% confidence intervals for
the average total system cost of the MMSPI Low-Low model and the MMSPI Low-High
model overlap with the 95% confidence interval for the ASP Low model. This is also true
with the 95% confidence intervals for the average total system cost for the high level of
the main factor mean arrival rate of defective MCDs to WSP as shown in Table 4.11.
Paired comparison tests for the average total system cost and for each of the system
cost components (i.e., system holding cost, system ordering cost, and system
backorder/stockout cost) for each combination of spare parts replenishment methods at the
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same demand level were also completed. The results from the paired comparison tests are
included in Appendix F.
The results show that there is a statistically significant difference in the system
holding cost between the MMSPI and the ASP spare parts replenishment methods at both
levels of the main factor mean arrival rate of defective MCDs to WSP. Also, the ASP spare
parts replenishment method has a higher system holding cost than the MMSPI spare parts
replenishment method.
The results also show that the system ordering cost is much larger in the MMSPI
spare parts replenishment method than in the ASP spare parts replenishment method at
both levels of the main factor mean arrival rate of defective MCDs to WSP.
In addition, the results show that the system stockout cost for the ASP spare parts
replenishment method is not significantly different than the system backorder cost for the
MMSPI spare parts replenishment method at the same level of the main factor mean arrival
rate of defective MCDs to WSP. However, the variability of the difference between these
two cost components was really high.
Finally, the results indicate that there is no statistically significant difference in the
average total system cost for the MMSPI spare parts replenishment method and the ASP
spare parts replenishment method.
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Table 4.10 95% Confidence Intervals for Average Total System Cost for MMSPI and ASP Spare Parts Replenishment Methods at Low
Mean Arrival Rate of Defective MCDs to WSP

MMSPI
Low-Low
Lower
Upper
Bound
Bound

MMSPI
High-Low
Lower
Upper
Bound
Bound

ASP Low
Lower
Bound

Upper
Bound

System Holding Cost

$247.28

$322.73

$377.09

$520.94

$1,909.51

$3,121.05

System Ordering Cost

$3,149.27

$5,274.06

$3,167.86

$5,245.35

$80.40

$80.40

$0

$749.01

$0

$5,331.44

$0

$7,906.70

$3,396.56

$6,345.80

$3,544.95

$11,097.73

$1,989.91

$11,108.15

System
Backorder/Stockout Cost
Average Total System
Cost
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Table 4.11 95% Confidence Intervals for Average Total System Cost for MMSPI and ASP Spare Parts Replenishment
Methods at High Mean Arrival Rate of Defective MCDs to WSP
MMSPI
High-Low
Lower
Upper
Bound
Bound

MMSPI
High-High
Lower
Upper
Bound
Bound

ASP High
Lower
Bound

Upper
Bound

System Holding Cost

$

261.33

$

401.67

$

1,087.59

$

1,384.00

$

9,268.21

System Ordering Cost

$

7,430.25

$

8,276.16

$

6,348.61

$

7,398.56

$

80.40

$

7,013.21

$

13,704.60

$

2,305.39

$ 18,814.57

$

0

$ 23,923.55

$ 14,704.78

$

22,382.43

$

9,741.59

$ 27,597.13

$

9,348.61

$ 35,185.92

System
Backorder/Stockout Cost
Average Total System
Cost

$ 11,181.97
$

80.40
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5

CONCLUSIONS

This research focused on assessing the effectiveness of the spare parts replenishment
methods manufacturer managed spare parts inventory (MMSPI) and advanced ship
process (ASP) which have been used by XYZ Corporation, a manufacturer of mobile
communication devices (MCDs) for consumer use. XYZ Corporation contracts the services
of a warranty service provider (WSP) to perform warranty repairs on defective MCDs. The
maximum repair lead time and the minimum fill rate that the WSP must meet are clearly
specified in the services contract. XYZ Corporation was interested in determining which
of these two spare parts replenishment methods should be used so that the required service
level measures are satisfied at a minimum cost.
The MMSPI spare parts replenishment method is a pull system that was modeled
using an (s, S) inventory management policy, where s is the reorder point and S is the orderup-to quantity for the inventory of spare parts at the WSP. Orders are placed with XYZ
Corporation every time the reorder point is reached during an inventory cycle of one year.
On the other hand, the ASP spare parts replenishment method is a push system that was
modeled using a newsvendor model where all spare parts are shipped to the WSP at the
very beginning of the inventory cycle with no opportunity for additional orders.
A 2k factorial experimental design was utilized to assess the effect that two factors
had on the spare parts replenishment methods. The main factors mean arrival rate of
defective MCDs to WSP and shipment lead time from XYZ Corporation to the WSP were
considered for the MMSPI spare parts replenishment method. Only the main factor mean
arrival rate of defective MCDs to WSP was considered for the ASP spare parts
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replenishment method. Simulation models for both spare parts replenishment methods
were developed using the simulation software Arena. Results for the performance measures
average repair lead time, average fill rate, and average total system cost were analyzed
for both spare part replenishment methods and were used to compare their performance.

5.1
5.1.1

Discussion of Results
Average Repair Lead Time

Individually, both the MMSPI and ASP spare parts replenishment methods met the
requirement of five days (60 hours) for the average repair lead time.
The result of comparing the spare parts replenishment methods indicate that the
ASP spare parts replenishment method had a shorter average repair lead time when
compared to that of the MMSPI spare parts replenishment method for different levels of
mean arrival rate of defective MCDs to WSP.
From a practical point of view, even though the MMSPI spare parts replenishment
method still meets the average repair lead time requirement, the ASP spare parts
replenishment method would be preferable because of its shorter average repair lead time,
especially if the average fill rate and average total system cost are the same between the
two spare parts replenishment methods.
5.1.2

Average Fill Rate

Both the MMSPI and ASP spare parts replenishment methods met the service level
requirement of a 99% fill rate. The results showed that, in the majority of cases, the ASP
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spare parts replenishment method had a higher average fill rate than the MMSPI spare
parts replenishment method for different levels of the main factor mean arrival rate of
defective MCDs to WSP. The only exception was the case in which a short shipment lead
time from XYZ Corporation to the WSP (i.e., two days) was considered at the low level of
mean arrival rate of defective MCDs to WSP (i.e., one MCD arrival per day).
From a practical point of view, the results for the average fill rate show that the
ASP spare parts replenishment method would be preferable because it has a higher value
than the MMSPI spare parts replenishment method.
5.1.3

Average Total System Cost

The average total system cost is the sum of the system holding cost, the system ordering
cost, and (depending on the spare parts replenishment method) a system backorder cost or
a system stockout cost incurred over an entire one-year cycle.
The results show that the system holding cost is significantly different between the
MMSPI and ASP spare parts replenishment methods. There is a much greater average
inventory level in the ASP spare parts replenishment method when compared to the
MMSPI spare parts replenishment method at both levels of the main factor mean arrival
rate of defective MCDs to WSP. This is mainly due to the fact that, in the ASP spare parts
replenishment system, the WSP starts with a very high seed stock.
The system ordering cost is also significantly different between the MMSPI and ASP
spare parts replenishment methods. In the ASP spare parts replenishment method, a single
order is placed at the beginning of the cycle (i.e., no other orders are placed during the
year). On the other hand, several orders from the WSP to XYZ Corporation and from XYZ
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Corporation to its factory are required at both levels of the main factor mean arrival rate
of defective MCDs to WSP.
The system backorder/stockout cost did not show significant differences between the
MMSPI and ASP spare parts replenishment methods. The required service level of 99%
was considered for both spare parts replenishment methods when calculating the values for
the reorder point (i.e., MMSPI) or the seed stock (i.e., ASP). However, the results showed
that both spare parts replenishment methods have, in general, a more variable system
backorder/stockout cost than system holding cost or system ordering cost.
In summary, despite the significant differences in the system holding cost and system
ordering cost between the two spare parts replenishment methods, the results show that
there is no significant difference in the results for the average total system cost as the
differences for the cost components offset each other when accumulated to determine the
average total system cost of each method.

5.2

Comparison of MMSPI and ASP Spare Parts Replenishment Methods

The MMSPI and ASP spare parts replenishment methods were compared based on the
average repair lead time, the average fill rate, and the average total system cost to
determine which one was more effective, i.e., the ability of a spare parts replenishment
method to meet minimum required service levels at a minimum cost.
As stated before, both the MMSPI and ASP spare parts replenishment methods met
the repair lead time requirement of five days as well as the 99% fill rate requirement. Also,
they did not have a significantly different average total system cost. Considering these
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results, additional factors needed to be considered to determine which of the two spare
parts replenishment methods is more appropriate for XYZ Corporation.
First, the ASP spare parts replenishment method has a shorter average repair lead
time. From a service level perspective, this feature may help to maintain customer loyalty
since repaired MCDs are returned faster to customers. As discussed in Chapter 1, entering
the MCD market is very difficult, so gains in customer preference are highly sought after.
Furthermore, the ASP spare parts replenishment method has the potential to reduce
the operational effort and labor time for both the WSP and XYZ Corporation because there
are no orders during the inventory cycle of one year besides the original order at the
beginning of the period. In the ASP spare parts replenishment method, there is no
requirement for buyers, order administrators, or manufacturing time at XYZ Corporation
to fulfill new orders for spare parts. MCDs follow a relatively fast product life cycle where
new products are constantly being created and it would hinder XYZ Corporation’s ability
to meet new demand if their manufacturing facilities are occupied with orders for spare
parts that do not provide direct revenue.
However, the average inventory level of the MMSPI and ASP spare parts
replenishment methods had very clear differences. The MMSPI spare parts replenishment
method starts with a small number of spare parts and places orders as their inventory level
reaches its reorder point. Thus, the inventory level will simply fluctuate around this small
number of spare parts for the entire cycle depending on the demand and when orders are
placed and received. On the other hand, the ASP spare parts replenishment method starts
with a much higher seed stock value. The inventory level will gradually decrease
throughout the cycle, but the average inventory level could easily be much higher than the
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average inventory level of the MMSPI spare parts replenishment method because of this
relatively high seed stock value. The results for the paired comparison tests supported this
outcome and the MMSPI spare parts replenishment method has a much lower average
inventory level and will thus incur a lower holding cost. In this context, the ASP spare parts
replenishment method requires a larger storage capacity at the WSP and more
maintenance/quality checks of the spare parts in inventory as compared to the MMSPI
spare parts replenishment method. It is also very likely that there will be excess inventory
at the WSP after the warranty period is over for the ASP spare parts replenishment method,
which would result in additional expenses for unused parts, such as excess inventory
holding fees and disposal fees for obsolete parts. In this scenario, however, XYZ
Corporation does not have to maintain a separate inventory of spare parts as is the case in
the MMSPI spare parts replenishment method.
In summary, although the MMSPI and the ASP spare parts replenishment methods
are both effective, the ASP spare parts replenishment method seems more attractive
considering the additional operational factors described above.

5.3

Future Work

There are several ways in which this research can be extended. One useful extension would
be to perform a sensitivity analysis of some of the parameters that are difficult to estimate,
such as the stockout cost. The stockout cost includes the cost of a replacement device,
which is relatively simple to estimate, and the cost of lost future sales, which are difficult
to estimate. This would potentially affect the system stockout cost, thereby affecting the
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total system cost to a point where significant differences can be observed between the two
spare parts replenishment methods.
Also, it would be interesting to evaluate how implementing a storage capacity at
the WSP would impact the ASP spare parts replenishment method. If the storage capacity
was less than the calculated seed stock values, then it would require extra shipments from
XYZ Corporation or cost extra to pay for supplementary storage. The comparison of the
two spare parts replenishment methods might be affected by this constraint.
Another potential extension is to evaluate how the two spare parts replenishment
methods compare when multiple WSPs (i.e., retailers) are considered. The variability in
the system ordering cost (and the average total system cost) could be impacted by the
addition of multiple retailers. Depending on how the spare parts replenishment methods
are managed in this scenario, there is the potential for compounding variability because
each retailer will have a random demand level and there will still be a random distribution
for each parts subgroup type. The compounding variability could greatly increase the
variability in the average total system cost.
Also, XYZ Corporation currently manages the MMSPI spare parts replenishment
method using an (s, S) inventory management policy which might not be the most
appropriate policy for an effective pull system with relatively low demand. It would be
interesting to evaluate the performance of the MMSPI spare parts replenishment method
when a base stock inventory management policy is used and how it then compares to the
ASP spare parts replenishment method. The base stock inventory management policy has
been shown to be effective in low volume scenarios (Hopp & Spearman, 2001) which is
one of the main attributes of the warranty repair process.
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Finally, this research focused on spare parts replenishment methods for MCDs. The
research could be extended to other product types to see how the MMSPI and ASP spare
parts replenishment methods are applicable in those cases, especially for medium to high
value products with short life cycles.
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Appendix A: Glossary of Inventory Management Terms
MCD: Mobile Communication Device
WSP: Warranty Service Provider
ASP: Advanced Ship Process
MMSPI: Manufacturer Managed Spare Parts Inventory
MRP: Materials Requirements Planning
JIT: Just-In-Time
WIP: Work-In-Process
NFF: No Fault Found
ECA: End Customer Abuse
IW: In Warranty
EOL: End of Life
EOQ: Economic Order Quantity
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Appendix B: Total System Cost Calculation
The average inventory level for each parts subgroup was used to calculate the parts
subgroup holding cost for each parts subgroup type at the WSP and at XYZ Corporation.
The holding cost was assessed every month, so the parts subgroup holding cost was
calculated as the average inventory level multiplied by the number of months and the per
unit holding cost per month. The average inventory level for each parts subgroup was
assessed at both XYZ Corporation and the WSP. The calculation of the parts subgroup
holding cost can be seen below in Equation (A1). The system holding cost was computed
using Equation (A2) by considering all parts subgroup together.

(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡)𝑖 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝐿𝑒𝑣𝑒𝑙𝑖 ∗
𝑈𝑛𝑖𝑡 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑀𝑜𝑛𝑡ℎ ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝑜𝑛𝑡ℎ𝑠)

(A1)

𝑆𝑦𝑠𝑡𝑒𝑚 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = ∑6𝑖=1(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡)𝑖

(A2)

The average number of orders from the WSP for each parts subgroup was used to
calculate the parts subgroup ordering cost during a one year cycle. In the ASP spare parts
replenishment method, a one-time order is placed at the beginning of the cycle. In the
MMSPI spare parts replenishment method, an unlimited number of orders can be placed.
The average number of orders from the WSP was multiplied by the per order ordering cost
to determine the parts subgroup ordering cost for each parts subgroup. The ordering cost
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was also applied to the orders issued by XYZ Corporation to their own manufacturing line.
The general calculation for the parts subgroup ordering cost in the system can be seen
below in Equation (A3). The system ordering cost is the sum of all parts subgroup ordering
costs and is shown in Equation (A4).

(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡)𝑖 =
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑂𝑟𝑑𝑒𝑟𝑠 𝐹𝑟𝑜𝑚 𝑊𝑆𝑃𝑖 ∗ 𝑈𝑛𝑖𝑡 𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 )

(A3)

𝑆𝑦𝑠𝑡𝑒𝑚 𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = ∑6𝑖=1(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡)𝑖

(A4)

The average number of backorders/stockouts from WSP for each parts subgroup
was multiplied by the cost per backorder or stockout to generate the parts subgroup
backorder/stockout cost. Note that the backorder cost is only applied in the MMSPI spare
parts replenishment method while the stockout cost is only applied in the ASP spare parts
replenishment method. The general equation for the parts subgroup backorder/stockout
cost is shown below in Equation (A5). The system backorder/stockout cost was computed
using Equation (A6) by considering all parts subgroups together.

(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟/𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝐶𝑜𝑠𝑡)𝑖 =
(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟𝑠/𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝑓𝑟𝑜𝑚 𝑊𝑆𝑃𝑖 ∗
𝑈𝑛𝑖𝑡 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟/𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝐶𝑜𝑠𝑡)

(A5)

𝑆𝑦𝑠𝑡𝑒𝑚 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟/𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝐶𝑜𝑠𝑡 = ∑6𝑖=1(𝑃𝑎𝑟𝑡𝑠 𝑆𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟/
𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝐶𝑜𝑠𝑡)𝑖

(A6)
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The total system cost is based on the three system costs described above and the
calculation is shown in Equation (A7), which includes all parts subgroups and encompass
both the WSP and XYZ Corporation.

𝑇𝑜𝑡𝑎𝑙 𝑆𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑠𝑡 = (𝑆𝑦𝑠𝑡𝑒𝑚 𝐻𝑜𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 + 𝑆𝑦𝑠𝑡𝑒𝑚 𝑂𝑟𝑑𝑒𝑟𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 +
𝑆𝑦𝑠𝑡𝑒𝑚 𝐵𝑎𝑐𝑘𝑜𝑟𝑑𝑒𝑟/𝑆𝑡𝑜𝑐𝑘𝑜𝑢𝑡 𝐶𝑜𝑠𝑡)

(A7)
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Appendix C: Determination of Replication Number for Simulation Runs
Table C.1 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with Low Mean Arrival Rate of Defective MCDs to WSP, Low Shipment Lead
Time from XYZ Corporation to WSP

Required
Number of
Replications

Performance Measure

Avg

Std
Dev

Average Repair Lead Time

25.52

0.02

0

Average Fill Rate p1

99.90%

0

3908.31

Average Fill Rate p2

99.91%

0

3908.31

Average Fill Rate p3

99.91%

0

842.48

Average Fill Rate p4

99.90%

0

1440.69

Average Fill Rate p5

99.91%

0

640.31

Average Fill Rate p6

99.91%

0

3908.31

Number of Orders to WSP p1

28.2

1.93

3.58

Number of Orders to WSP p2

24.8

3.9

18.99

Number of Orders to WSP p3

29.4

1.51

2.04

Number of Orders to WSP p4

25.2

2.59

8.09

Number of Orders to WSP p5

24.8

2.17

5.87

Number of Orders to WSP p6

26.6

3.43

12.79

Number of Orders to XYZ Corporation p1

28

1.73

2.94

Number of Orders to XYZ Corporation p2

24.6

4.33

23.84

Number of Orders to XYZ Corporation p3

29.2

1.93

3.34

Number of Orders to XYZ Corporation p4

25.2

2.59

8.09

Number of Orders to XYZ Corporation p5

24.8

2.17

5.87

Number of Orders to XYZ Corporation p6

26.6

3.43

12.79
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Table C.2 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with Low Mean Arrival Rate of Defective MCDs to WSP, Low Shipment Lead
Time from XYZ Corporation to WSP (Continued)

Required
Number of
Replications

Performance Measure

Avg

Std
Dev

WSP Inventory Level p1

2.1426

0.1

1.56

WSP Inventory Level p2

2.18

0.05

0.38

WSP Inventory Level p3

2.1282

0.04

0.28

WSP Inventory Level p4

2.2004

0.1

1.74

WSP Inventory Level p5

2.1863

0.08

1.04

WSP Inventory Level p6

2.1722

0.08

1.06

XYZ Inventory Level p1

1.8042

0.06

0.75

XYZ Inventory Level p2

1.84

0.11

2.89

XYZ Inventory Level p3

1.7764

0.03

0.25

XYZ Inventory Level p4

1.8028

0.02

0.14

XYZ Inventory Level p5

1.8168

0.01

0.02

XYZ Inventory Level p6

1.7967

0.02

0.14
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Table C.3 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with Low Mean Arrival Rate of Defective MCDs to WSP, High Shipment Lead
Time from XYZ Corporation to WSP

Performance Measure

Avg

Std
Dev

Required
Number of
Replications

Average Repair Lead Time

29.57

2.22

4.34

Average Fill Rate p1

97.75%

1.00%

177.11

Average Fill Rate p2

99.41%

0.00%

478.77

Average Fill Rate p3

98.17%

2.00%

912.88

Average Fill Rate p4

99.05%

1.00%

576.09

Average Fill Rate p5

99.17%

1.00%

410.23

Average Fill Rate p6

99.11%

1.00%

556.61

Number of Orders to WSP p1

27.6

3.71

13.91

Number of Orders to WSP p2

26.4

2.7

8.03

Number of Orders to WSP p3

29

4.69

20.08

Number of Orders to WSP p4

26

2.12

5.1

Number of Orders to WSP p5

24.6

2.96

11.16

Number of Orders to WSP p6

24.8

3.27

13.36

Number of Orders to XYZ Corporation p1

27.6

3.71

13.91

Number of Orders to XYZ Corporation p2

26.2

2.49

6.93

Number of Orders to XYZ Corporation p3

29

4.69

20.08

Number of Orders to XYZ Corporation p4

26

2.12

5.1

Number of Orders to XYZ Corporation p5

24.6

2.96

11.16

Number of Orders to XYZ Corporation p6

24.6

3.5

15.59
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Table C.4 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with Low Mean Arrival Rate of Defective MCDs to WSP, High Shipment Lead
Time from XYZ Corporation to WSP (Continued)

Performance Measure

Avg

Std
Dev

Required
Number of
Replications

WSP Inventory Level p1

2.2183

0.32

16.21

WSP Inventory Level p2

2.3485

0.44

27.34

WSP Inventory Level p3

2.0952

0.52

46.51

WSP Inventory Level p4

2.3693

0.33

14.93

WSP Inventory Level p5

2.2803

0.29

12.42

WSP Inventory Level p6

2.7996

0.49

23.67

XYZ Inventory Level p1

3.7618

0.03

0.06

XYZ Inventory Level p2

3.7987

0.05

0.12

XYZ Inventory Level p3

3.7573

0.05

0.13

XYZ Inventory Level p4

3.7864

0.02

0.01

XYZ Inventory Level p5

3.7985

0.02

0.01

XYZ Inventory Level p6

3.8222

0.1

0.49
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Table C.5 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with High Mean Arrival Rate of Defective MCDs to WSP, Low Shipment Lead
Time from XYZ Corporation to WSP

Performance Measure

Avg

Std
Dev

Required
Number of
Replications

Average Repair Lead Time

28.5694

2.54

6.06

Average Fill Rate p1

98.47%

1.00%

378.51

Average Fill Rate p2

99.33%

1.00%

540.41

Average Fill Rate p3

98.64%

1.00%

190.26

Average Fill Rate p4

99.02%

1.00%

382.54

Average Fill Rate p5

98.66%

1.00%

202.75

Average Fill Rate p6

98.52%

0.00%

61.38

Number of Orders to WSP p1

47.8

1.79

1.08

Number of Orders to WSP p2

45.6

3.65

4.92

Number of Orders to WSP p3

49

2.45

1.92

Number of Orders to WSP p4

48.6

1.68

0.91

Number of Orders to WSP p5

48.2

2.17

1.55

Number of Orders to WSP p6

47.2

1.48

0.76

Number of Orders to XYZ Corporation p1

47.8

1.79

1.08

Number of Orders to XYZ Corporation p2

45.6

3.65

4.92

Number of Orders to XYZ Corporation p3

49

2.45

1.92

Number of Orders to XYZ Corporation p4

48.6

1.68

0.91

Number of Orders to XYZ Corporation p5

48.2

2.17

1.55

Number of Orders to XYZ Corporation p6

47.2

1.48

0.76
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Table C.6 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with High Mean Arrival Rate of Defective MCDs to WSP, Low Shipment Lead
Time from XYZ Corporation to WSP (Continued)

Required
Number of
Replications

Performance Measure

Avg

Std
Dev

WSP Inventory Level p1

3.8976

0.66

22.07

WSP Inventory Level p2

4.6017

0.77

21.25

WSP Inventory Level p3

3.618

0.46

12.37

WSP Inventory Level p4

4.2518

0.87

32.16

WSP Inventory Level p5

3.7366

0.39

8.23

WSP Inventory Level p6

3.8029

0.23

2.7

XYZ Inventory Level p1

2.7563

0.66

44.12

XYZ Inventory Level p2

3.4654

1.18

88.49

XYZ Inventory Level p3

2.4546

0.64

51.64

XYZ Inventory Level p4

3.3032

1.18

97.39

XYZ Inventory Level p5

2.6616

0.6

39.58

XYZ Inventory Level p6

2.5169

0.39

18.89
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Table C.7 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with High Mean Arrival Rate of Defective MCDs to WSP, High Shipment Lead
Time from XYZ Corporation to WSP

Required
Number of
Replications

Performance Measure

Avg

Std
Dev

Average Repair Lead Time

36.5168

1.4

1.13

Average Fill Rate p1

98.72%

1.00%

306.93

Average Fill Rate p2

97.78%

1.00%

130.23

Average Fill Rate p3

98.07%

1.00%

273.98

Average Fill Rate p4

99.01%

1.00%

393.96

Average Fill Rate p5

98.87%

1.00%

540.92

Average Fill Rate p6

98.11%

1.00%

180.15

Number of Orders to WSP p1

42.4

2.3

2.27

Number of Orders to WSP p2

43.6

1.95

1.54

Number of Orders to WSP p3

44.4

2.19

1.87

Number of Orders to WSP p4

41.2

1.3

0.77

Number of Orders to WSP p5

41.2

1.93

1.68

Number of Orders to WSP p6

43.8

1.79

1.28

Number of Orders to XYZ Corporation p1

42.4

2.3

2.27

Number of Orders to XYZ Corporation p2

43.6

1.95

1.54

Number of Orders to XYZ Corporation p3

44.4

2.19

1.87

Number of Orders to XYZ Corporation p4

41.2

1.3

0.77

Number of Orders to XYZ Corporation p5

41.2

1.93

1.68

Number of Orders to XYZ Corporation p6

43.8

1.79

1.28
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Table C.8 Simulation Output and Calculations for MMSPI Spare Parts Replenishment
Method with High Mean Arrival Rate of Defective MCDs to WSP, High Shipment Lead
Time from XYZ Corporation to WSP (Continued)

Performance Measure

Avg

Std
Dev

Required
Number of
Replications

WSP Inventory Level p1

4.9767

1.47

66.67

WSP Inventory Level p2

4.0573

1.06

51.97

WSP Inventory Level p3

3.8478

1.32

90.56

WSP Inventory Level p4

4.812

0.72

17.44

WSP Inventory Level p5

5.2619

1.65

75.67

WSP Inventory Level p6

4.0947

0.81

30.33

XYZ Inventory Level p1

12.4905

0.05

0.01

XYZ Inventory Level p2

12.4452

0.08

0.03

XYZ Inventory Level p3

12.5215

0.13

0.08

XYZ Inventory Level p4

12.5963

0.07

0.03

XYZ Inventory Level p5

12.655

0.17

0.14

XYZ Inventory Level p6

12.5943

0.23

0.26
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Table C.9 Simulation Output and Calculations for ASP Spare Parts Replenishment Method
with Low Mean Arrival Rate of Defective MCDs to WSP

Performance Measure

Avg

Std
Dev

Required
Number of
Replications

Average Repair Lead Time

25.0201

0.03

0.00

Average Fill Rate p1

99.91%

0.37%

0.04

Average Fill Rate p2

99.89%

0.43%

0.06

Average Fill Rate p3

99.89%

0.40%

0.05

Average Fill Rate p4

99.89%

0.42%

0.05

Average Fill Rate p5

99.90%

0.40%

0.05

Average Fill Rate p6

99.91%

0.37%

0.04

WSP Inventory Level p1

34.9096

4.22

45.00

WSP Inventory Level p2

34.8261

4.31

47.13

WSP Inventory Level p3

34.9374

4.32

47.03

WSP Inventory Level p4

34.8387

4.34

47.60

WSP Inventory Level p5

35.0470

4.29

45.95

WSP Inventory Level p6

35.0479

4.27

45.72
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Table C.10 Simulation Output and Calculations for ASP Spare Parts Replenishment
Method High Mean Arrival Rate of Defective MCDs to WSP

Required
Number of
Replications

Performance Measure

Avg

Std
Dev

Average Repair Lead Time

25.5310

0.01

0.00

Average Fill Rate p1

99.88%

0.306%

0.03

Average Fill Rate p2

99.88%

0.302%

0.03

Average Fill Rate p3

99.88%

0.291%

0.03

Average Fill Rate p4

99.88%

0.294%

0.03

Average Fill Rate p5

99.88%

0.300%

0.03

Average Fill Rate p6

99.88%

0.300%

0.03

WSP Inventory Level p1

142.10

9.73

14.41

WSP Inventory Level p2

142.01

9.58

13.99

WSP Inventory Level p3

142.10

9.68

14.27

WSP Inventory Level p4

141.89

9.62

14.13

WSP Inventory Level p5

141.95

9.54

13.88

WSP Inventory Level p6

142.01

9.38

13.40
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Appendix D: MMSPI Spare Parts Replenishment Method ANOVA Tables
Table D.1 MMSPI Spare Parts Replenishment Method AVOVA for Average Repair Lead
Time
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP

Sum of
Squares

Df

574274.00000

Mean Square

F-Ratio

1 574274.0000000 21071.74

B:Shipment Lead
Time from XYZ
Corporation to the
WSP
47363.30000
1
INTERACTIONS
AB
3446.810000
1
426024.000000 15632
RESIDUAL

P-Value

0.00000

47363.3000000

1737.89

0.00000

3446.8100000
27.2533

126.47

0

TOTAL
1051110.00 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.

Table D.2 MMSPI Spare Parts Replenishment Method ANOVA Table for Average Fill Rate
for Parts Subgroup 1
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square F-Ratio

P-Value

0.125992

1

0.1259920

3422.25

0.00000

0.103313

1

0.1033130

2806.24

0.00000

0.097441
1
0.575499 15632

0.0974413
3.68155E-05

2646.75

0

TOTAL
0.90 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.
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Table D.3 MMSPI Spare Parts Replenishment Method ANOVA Table for Fill Rate for
Parts Subgroup 2
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square

F-Ratio

P-Value

0.129552

1

0.1295520

3573.94

0.00000

0.102134

1

0.1021340

2817.57

0.00000

0.097087
1
0.566645 15632

0.0970871
0.000036249

2678.34

0

TOTAL
0.90 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.

Table D.4 MMSPI Spare Parts Replenishment Method ANOVA Table for Fill Rate for
Parts Subgroup 3
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square F-Ratio

P-Value

0.130791

1

0.1307910

3501.12

0.00000

0.103912

1

0.1039120

2781.62

0.00000

0.095448
1
0.583961 15632

0.0954481
3.73568E-05

2555.04

0

TOTAL
0.91 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.
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Table D.5 MMSPI Spare Parts Replenishment Method ANOVA Table for Fill Rate for
Parts Subgroup 4
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square F-Ratio

P-Value

0.126694

1

0.1266940

3356.78

0.00000

0.104345

1

0.1043450

2764.64

0.00000

0.096940
1
0.589993 15632

0.0969403
3.77427E-05

2568.45

0

TOTAL
0.92 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.

Table D.6 MMSPI Spare Parts Replenishment Method ANOVA Table for Fill Rate for
Parts Subgroup 5
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square

F-Ratio

P-Value

0.131592

1

0.1315920

3515.11

0.00000

0.101161

1

0.1011610

2702.24

0.00000

0.092152
1
0.585199 15632

0.0921521
0.000037436

2461.59

0

TOTAL
0.91 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.

98

Table D.7 MMSPI Spare Parts Replenishment Method ANOVA Table for Fill Rate for
Parts Subgroup 6
Source
MAIN EFFECTS
A: Mean Arrival
Rate of Defective
MCDs to WSP
B:Shipment Lead
Time from XYZ
Corporation to the
WSP
INTERACTIONS
AB
RESIDUAL

Sum of
Squares

Df

Mean Square F-Ratio

P-Value

0.137902

1

0.1379020

3864.3

0.00000

0.103765

1

0.1037650

2907.7

0.00000

0.086652
1
0.557848 15632

0.0866517
3.56863E-05

2428.15

0

TOTAL
0.89 15635
(CORRECTED)
All F-ratios are based on the residual mean square error.
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Appendix E: ASP Spare Parts Replenishment Method ANOVA Tables
Table E.1 ASP Spare Parts Replenishment Method ANOVA Table for Average Lead Time
Source
Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP
Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP
Total (Corr.)

Sum of Squares

Df

Mean Square

F-Ratio

1

0.765335

1365.29

4.38E+00 7816
5.15E+00 7817

5.61E-04

0.765335

P-Value

0

Table E.2 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 1
Source

Sum of Squares

Df

Mean Square

F-Ratio
12.52

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

1.46E-04

1

1.46E-04

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

9.13E-02 7816

1.17E-05

Total (Corr.)

9.14E-02 7817

P-Value
0.0004
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Table E.3 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 2
Source

Sum of Squares

Df

Mean Square

F-Ratio
1.95

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

2.67E-05

1

2.67E-05

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

1.07E-01 7816

1.37E-05

Total (Corr.)

1.07E-01 7817

P-Value
0.1629

Table E.4 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 3
Source

Sum of Squares

Df

Mean Square

F-Ratio
1.73

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

2.10E-05

1

2.10E-05

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

9.47E-02 7816

1.21E-05

Total (Corr.)

9.48E-02 7817

P-Value
0.1879
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Table E.5 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 4
Source

Sum of Squares

Df

Mean Square

F-Ratio
1.59

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

2.08E-05

1

2.08E-05

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

1.02E-01 7816

1.31E-05

Total (Corr.)

1.02E-01 7817

P-Value
0.2077

Table E.6 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 5
Source

Sum of Squares

Df

Mean Square

F-Ratio
5.52

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

7.00E-05

1

7.00E-05

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

9.92E-02 7816

1.27E-05

Total (Corr.)

9.92E-02 7817

P-Value
0.0188
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Table E.7 ASP Spare Parts Replenishment Method ANOVA for Fill Rate for Parts
Subgroup 6
Source

Sum of Squares

Df

Mean Square

F-Ratio
17.04

Between Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

1.94E-04

1

1.94E-04

Within Levels of
Mean Arrival Rate of
Defective MCDs to
WSP

8.89E-02 7816

1.14E-05

Total (Corr.)

8.91E-02 7817

P-Value
0

103

Appendix F: Paired Comparison Tables: MMSPI vs. ASP Spare Parts Replenishment Methods
Table F.1 Paired Comparison of Average Repair Lead Time for MMSPI Low-Low vs. ASP Low

Difference in Average Repair
Lead Time (hours)

Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence Interval

0.006

0.049

7258.02

[ 0.005 , 0.008 ]

Table F.2 Paired Comparison of Average Fill Rate for MMSPI Low-Low vs. ASP Low

Average

Difference in Average Fill Rate (%)
Estimated
Standard
Degrees of 95% Confidence Interval
Deviation
Freedom

Parts Subgroup 1

0.000%

0.410%

5437.08

[ -0.013% , 0.013% ]

Parts Subgroup 2

0.019%

0.460%

5072.56

[ 0.005% , 0.034% ]

Parts Subgroup 3

0.019%

0.432%

5216.37

[ 0.006% , 0.033% ]

Parts Subgroup 4

0.013%

0.449%

5165.05

[ -0.001% , 0.027% ]

Parts Subgroup 5

0.012%

0.441%

5217.64

[ -0.002% , 0.026% ]

Parts Subgroup 6

0.005%

0.407%

5369.04

[ -0.007% , 0.018% ]
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Table F.3 Paired Comparison of Average Repair Lead Time for MMSPI Low-High vs. ASP Low

Difference in Average Repair
Lead Time (hours)

Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence
Interval

4.43

2.46

3909.16

[ 4.349 , 4.503 ]

Table F.4 Paired Comparison of Average Fill Rate for MMSPI Low-High vs. ASP Low

Difference in Average Fill Rate (%)
Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence
Interval

Parts Subgroup 1

-1.01%

1.04%

5052.97

[ -1.046% , -0.981% ]

Parts Subgroup 2

-0.99%

1.04%

5420.32

[ -1.023% , -0.958% ]

Parts Subgroup 3

-0.99%

1.04%

5181.64

[ -1.023% , -0.958% ]

Parts Subgroup 4

-1.00%

1.07%

5288.94

[ -1.035% , -0.968% ]

Parts Subgroup 5

-0.98%

1.04%

5221.41

[ -1.015% , -0.949% ]

Parts Subgroup 6

-0.98%

1.01%

5092.67

[ -1.012% , -0.949% ]
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Table F.5 Paired Comparison of Average Total System Cost for MMSPI Low-High vs. ASP Low

System Holding Cost

$ (2,066.26)

Difference in System Costs ($)
Estimated
Standard
Degrees of
95% Confidence Interval
Deviation
Freedom
$
244.49
4018.17
[ $ -2545.46 , $ -1587.06 ]

System Ordering Cost

$

4,126.20

$

374.75

3908.00

[ $ 3391.7 , $ 4860.71 ]

System Backorder/Stockout Cost

$

1,037.52

$

3,736.58

5635.87

[ $ -6286.18 , $ 8361.23 ]

Average Total System Cost

$

3,177.87

$

4,355.82

6338.39

[ $ -5359.54 , $ 11715.27 ]

Average
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Table F.6 Paired Comparison of Average Repair Lead Time for MMSPI High-Low vs. ASP High

Difference in Average Repair
Lead Time (hours)

Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence
Interval

13.05

7.86

3908.03

[ 12.8 , 13.293 ]

Table F.7 Paired Comparison of Average Fill Rate for MMSPI High-Low vs. ASP High

Difference in Average Fill Rate (%)
Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence
Interval

Parts Subgroup 1

-1.040%

0.410%

7704.87

[ -1.053% , -1.027% ]

Parts Subgroup 2

-1.043%

0.403%

7720.80

[ -1.056% , -1.031% ]

Parts Subgroup 3

-1.043%

0.392%

7772.99

[ -1.055% , -1.031% ]

Parts Subgroup 4

-1.044%

0.392%

7747.55

[ -1.056% , -1.031% ]

Parts Subgroup 5

-1.035%

0.404%

7742.21

[ -1.047% , -1.022% ]

Parts Subgroup 6

-1.028%

0.406%

7732.30

[ -1.041% , -1.015% ]
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Table F.8 Paired Comparison of Average Total System Cost for MMSPI High-Low vs. ASP High

Difference in System Costs ($)
Estimated
Standard
Degrees of
95% Confidence Interval
Deviation
Freedom

Average
System Holding Cost

$ (9,893.59)

$

524.00

3950.03

[ $ -10920.64 , $ -8866.55 ]

System Ordering Cost

$

7,772.80

$

215.79

3908.00

[ $ 7349.85 , $ 8195.76 ]

System Backorder/Stockout Cost

$

4,939.51

$

11,147.89

4163.24

[ $ -16910.34 , $ 26789.37 ]

Average Total System Cost

$

2,899.12

$

11,887.68

4211.66

[ $ -20400.73 , $ 26198.98 ]
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Table F.9 Paired Comparison of Average Repair Lead Time for MMSPI High-High vs. ASP High

Difference in Average Repair
Lead Time (hours)

Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence
Interval

15.59

6.42

3908.04

[ 15.387 , 15.79 ]

Table F.10 Paired Comparison of Average Fill Rate for MMSPI High-High vs. ASP High

Difference in Average Fill Rate (%)
Average

Standard
Deviation

Estimated
Degrees of
Freedom

95% Confidence Interval

Parts Subgroup 1

-1.055%

0.730%

5511.96

[ -1.077% , -1.032% ]

Parts Subgroup 2

-1.056%

0.727%

5457.82

[ -1.079% , -1.033% ]

Parts Subgroup 3

-1.064%

0.728%

5321.16

[ -1.087% , -1.041% ]

Parts Subgroup 4

-1.062%

0.734%

5367.53

[ -1.085% , -1.039% ]

Parts Subgroup 5

-1.058%

0.730%

5414.16

[ -1.081% , -1.035% ]

Parts Subgroup 6

-1.072%

0.730%

5436.50

[ -1.095% , -1.049% ]
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Table F.11 Paired Comparison of Average Total System Cost for MMSPI High-High vs. ASP High

Difference in System Costs ($)
Standard
Deviation

Average

Estimated
Degrees of
Freedom

95% Confidence Interval

System Holding Cost

$ (8,989.30)

$

563.82

4095.39

[ $ -10094.38 , $ -7884.21 ]

System Ordering Cost

$

6,793.19

$

267.84

3908.00

[ $ 6268.21 , $ 7318.16 ]

System Backorder/Stockout Cost

$

5,140.59

$

13,652.42

5404.13

[ $ -21618.16 , $ 31899.33 ]

Average Total System Cost

$

3,024.88

$

14,484.08

5483.13

[ $ -25363.92 , $ 31413.68 ]

