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Abstract

Suppliers as a central factor of successful supply chain management face the risk of several
disruptions, e.g. natural disasters, bankruptcy, labor strikes, machine breakdowns, and business
failures. Buyers that rely on a single supplier, therefore, expose themselves to great risk of
disruptions. Dual sourcing, i.e. sourcing from two suppliers, is a potential countermeasure.

This thesis studies dual sourcing models in the presence of supply disruption risks. Thereby,
the optimal sourcing and allocation policy, i.e. how much to order from which supplier, depends
on various factors, such as diversity in reliabilities, prices, and geographical location of the
suppliers. To examine the value of the buyer’s optimal dual sourcing policy it is compared to
single sourcing policies and simple (heuristic) dual sourcing policies.

We study different model variants that include supply disruptions from the perspective of
the buying firm. First, we analyze the optimal inventory and allocation policy under the risk of
supply disruptions, stochastic lead times, and stochastic demand. Second, we study the optimal
allocation policy under supply disruptions and learning, i.e. suppliers reduce production cost
over time through learning. By considering supply disruption risk and learning, we analyze the
trade-off between risk reduction via dual sourcing and learning benefits on supplier sourcing
costs induced by long-term relationships with a single supplier. Finally, the sensitivity of this
model to unknown supplier reliabilities, a stochastic demand, and risk averse decision makers is
investigated. Our results illustrate the advantage of a flexible dual sourcing strategy and provide

important insights into effective supply disruption risk management.



Zusammenfassung

Lieferanten spielen im erfolgreichen Supply Chain Management eine zentrale Rolle. Sie sind
durch Naturkatastrophen, Insolvenzen, Arbeiterstreiks oder Maschinenausfalle u.d. dem Risiko
von Produktionsstorungen oder -ausfillen ausgesetzt. Verlassen sich Unternehmen lediglich auf
einen Zulieferer (Single Sourcing) setzen sie sich dadurch einem sehr hohen Ausfallrisiko aus. Eine
potentielle Gegenmafinahme ist es, den Bedarf auf zwei Lieferanten aufzuteilen (Dual Sourcing).
Die vorliegende Dissertation befasst sich mit Dual Sourcing Modellen zur Ermittlung der opti-
malen Beschaffungspolitik. Hierbei werden das Ausfallrisiko, die geographischen Lagen sowie die
Preise der Lieferanten berticksichtigt. Die optimale Beschaffungspolitik wird anschliefsend mit
Single- und nicht optimalen (heuristischen) Dual-Sourcing Politiken verglichen.

Anhand des ersten Modells wird die optimale Beschaffungs- und Bestandspolitik unter Bertick-
sichtigung temporérer Lieferantenausfille, stochastischer Lieferzeiten und stochastischer Nach-
frage untersucht. Anhand des zweiten Modells wird die optimale Beschaffungspolitik unter
Beriicksichtigung von Ausfallrisiken und Lieferanten-Lernkurven (Produktionskosten sinken durch
Lerneffekte) betrachtet. Aufgrund der Lernkurven kann die Single-Sourcing Politik der Dual-
Sourcing Politik, trotz erhohtem Ausfallrisiko, {iberlegen sein. Diesen Effekt gilt es zu beriick-
sichtigen. Abschliefend wird die Sensitivitdt dieses Modells auf unbekannte Lieferantenzuver-
ldssigkeiten, einer stochastischer Nachfrage und risikoaversen Entscheidungstrigern untersucht.
Die entwickelten Modelle verdeutlichen den Vorteil einer flexiblen Dual Sourcing Strategie und

liefern wichtige Einsichten in das risikobehaftete Lieferantenmanagement.
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Chapter 1

Introduction

1.1 Motivation and research objectives

Today’s trends of globalization and outsourcing increases the interdependence among buyers and
its suppliers. As buyers become more supplier dependent, they also become more vulnerable to
supply disruptions. Disruptions in supply may be caused by different forces from inside and
outside the organizations. These disruptions can have a significant impact on the supply chain
performance in the short-run and the long-run. In particular, supply disruption can increase the

sourcing costs considerably. Therefore, buying firms need to prepare for such events.

For example, in 1997 a fire at an Aisin Seiki Co. plant disrupted Toyota’s supply chain.
Aisin was the sole source for P-valves at low cost. P-valves where crucial for all Toyota vehicles
and manufactured exclusively at this plant. As a result, Toyota had to restructure the supply
chain of P-valves. Within some days, suppliers with little experience started to manufacture the
required components to minimize the impact of the disruption caused by the fire. However, the
financial damage to Toyota was an overall loss of about $160 billion in revenues (Nishiguchi and
Beautdet (1997)). Another example where a fire incident caused a supply disruption with serious
implications for purchasing organizations is the Nokia-Ericsson case. In 2000, a fire shut down
Philips’ semiconductor plant which supplied both buyers Nokia and Ericsson. Nokia managed
to source from alternative suppliers immediately and hence could minimize the negative impact
of the disruption. Ericsson, however, had no other source of chips and failed to manage the
shortages. In the end Ericsson lost $400 million (Latour (2001)). Major catastrophes or terrorist
incidents can also cause disruptions. In April 2010, the car manufacturer BMW had to stop
production in three German plants because electronic components, normally air-shipped, could
not be delivered due to the ash cloud over Europe (Friese et al. (2010)). In March 2011, the

9



10 CHAPTER 1. INTRODUCTION

earthquake in Japan caused companies around the world to rebuild their supply chains to cope
with supply disruption and search for new suppliers to avoid running out of components that
had been previously obtained from Japan (Hookway and Poon (2011)). After the 9/11 terrorist
attack, the U.S. border and air traffic were closed, resulting in high losses for many supply
lines (Sheffi and Rice (2005)). A prominent example of a supplier bankruptcy, another reason
for supply disruption, is the automotive parts manufacturer Delphi Corporation who filed for
Chapter 11 bankruptcy protection in 2005. The original equipment manufacturer experienced
substantial problems when dealing with the resulted loss of Delphi’s production.

This recent incidents show that risks of disruptive events exist. Further, different reactions
from the buyers to supply disruptions illustrate the importance of effective supply risk manage-
ment. Risk diversification, i.e. sourcing from two or multiple suppliers, is an effective strategy
to protect against disruptions in supply. Although, single sourcing allows for an improvement
of the buyer-supplier relationships that makes the supply chain very efficient in terms of quality
and costs, it is also very risky. Therefore, having the flexibility to source from multiple suppliers
can reduce the risk substantially.

This research is inspired by the challenges in dealing with supply disruptions. We focus on a
two-stage supply chain where the buyer can source from two suppliers that face the risk of supply
disruptions. These suppliers may differ in their characteristics, e.g. differ in their geographically
regions, prices and reliabilities. As disruptions influence the present and the future systems
performances we focus on multi-period models. The objective is to minimize the buyer’s total
cost. Further, we deal with different forms of supply uncertainties.

In particular, we consider stochastic dynamic models that monitor the supply chain’s changing
factors which allows the buyer to manage his sourcing and order allocation strategy over time
in the presence of supply disruptions. The models under investigation differ in the ways how
supply disruptions are defined (temporary or permanent), how decisions are made (continuous
or discrete) and in the considered time horizon (finite or infinite). First, we study the impact of
temporary supply disruptions on the buyer’s optimal inventory and sourcing strategy under lead
time risk and demand risk. We consider an infinite horizon model formulating a semi-Markov
decision process where decisions are made in continuous time. Second, we study the impact
of permanent disruptions on the buyers optimal sourcing strategy. Thereby, we assume that
suppliers reduce future supply cost with cumulative productions, i.e. due to learning effects. We
consider a finite horizon discrete time model applying Bellman’s principle of recursion without
considering lead time risk under deterministic and stochastic demand. An overview on the
particular modeling elements that are incorporated in this thesis is shown in Table 1.1.

The objective of this work is to provide managerial insights by characterizing the buyer’s
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optimal sourcing and order allocation policy and evaluating the benefits of risk diversification

due to the dual sourcing strategy. In this context, the central research questions are:

e What is the optimal sourcing policy (single or dual sourcing) over time that minimizes the
buyers’ total cost? Is it beneficial to use dual sourcing to diversify the risk or should a

buyer accept the risk of potential disruptions and source from a single supplier?

e How should the demand be allocated among the supply base in a dynamic environment

with regards to the system states?

e How do supplier characteristics such as purchase cost, cost improvements, lead times, and

reliabilities influence the optimal sourcing and allocation strategy?

e Effective sourcing strategies, further, depend on the nature of supply uncertainty. What is
the effect of permanent or temporary disruption on the optimal policy? If disruptions are

temporary, how does the frequency impact the optimal policy?

e If supplier cost improve through learning, i.e. suppliers learn based on production experi-
ence: What is the trade-off between the disruption risk which favors dual sourcing and the

learning effects which favors single sourcing?

In regards of the buyers’ benefit of the optimal diversification strategy we address the following

research questions:

e What is the benefit of the optimal dual sourcing strategy compared to an acceptance
strategy in which the buyer sources from a single supplier and does not mitigate the supply

risk through diversification?

e What is the benefit of the optimal sourcing policy compared to simple dual sourcing policies

or heuristic dual sourcing policies that are common in practice?

Supply disruptions Lead time risk Demand risk Learning effects

Model 1 (Chapter 3) temporary v v X
Model 2a (Chapter 4) permanent X X v
Model 2b (Chapter 5) permanent X v v

Table 1.1: Overview of model elements included in this thesis.
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1.2 Structure of the thesis

This thesis is organized as follows.

Chapter 2 provides an overview on fundamentals in supply related risks, and sourcing strate-
gies. This chapter also reviews relevant literature on sourcing strategies under supply

uncertainty, and buyer-supplier relationships and the learning curves.

Chapter 3 deals with the problem of a single item inventory system with stochastic demand,
stochastic lead times, and supplier disruptions. A supply chain with one buyer facing Pois-
son demand who can procure from a set of potential suppliers who are not perfectly reliable,
is studied. Each supplier is fully available for a certain amount of time (ON periods) and
then breaks down for a certain amount of time during which it can supply nothing at all
(OFF periods). The problem is modeled by a semi-Markov decision process (SMDP). The
objective is to minimize the buyer’s long run average cost, including purchasing, holding
and penalty costs. In a numerical study focusing on the dual sourcing case, the trade-
off between single and dual sourcing, as well as keeping inventory and having a back-up
supplier is investigated. Further, the value of full information about the supplier status
switching events is analyzed. The performance of the optimal policy is compared to an
order-up-to-S policy and a simple heuristic is developed where the order-up-to-levels are
heuristically derived. Simulations with more general distributions are performed and a
more dramatic break-down scenario is discussed. The Chapter is based on Silbermayr and
Minner (2014).

Chapter 4 analyzes the trade-off between risk reduction via dual sourcing under disruption risk
and learning benefits on sourcing costs induced by long-term relationships with a single
supplier. In particular, the suppliers realize reductions in their future production cost
due to volume-based learning, but face the risk of permanent disruptions. The buyer’s
optimal sourcing and volume allocation strategy over a finite dynamic planning horizon
is identified to obtain insights on how reliability, cost and learning ability of potential
suppliers influence the buyer’s sourcing decision. Further, the benefit from dual sourcing
compared to single sourcing and heuristic dual sourcing policies is quantified. The Chapter
is based on Silbermayr and Minner (2013).

Chapter 5 extends the basic model analyzed in Chapter 4 to study the sensitivity of the model
with respect to limiting model assumptions. Thereby, the impact of the extended assump-

tions on the optimal sourcing and volume allocation strategy and the value of dual sourcing
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are discussed. First, the model assumptions are extended by assuming that supplier relia-
bilities are uncertain. In addition to the volume-based learning, a second type of learning,
Bayesian learning about supplier reliability, is introduced. Then, the assumption of de-
terministic demand is relaxed to study the influence of uncertain demand on the optimal
policy and the value of dual sourcing. Finally, a risk averse framework is analyzed to study
the impact of risk aversion. The Chapter is based on Silbermayr and Minner (2013), where

the main results are briefly discussed in the final Section.

Chapter 6 concludes this thesis by summarizing the findings and discussing possible extensions

for future research.






Chapter 2

Foundations and Literature

In this Chapter an overview of the topics of interests and the related literature is given.

2.1 Foundations

This Section discusses the different types of uncertainties that can occur at the supply side and

deals with effective sourcing strategies in supplier management.

2.1.1 Types of supply uncertainty

A disruption in the supply chain can be defined as a (random) event which has negative con-
sequences for the supply chain performance causing operational and financial risks. The focus
in this Section is to provide an overview of different classifications of supply-related disruptions
that affect or disrupt the supply chain.

Any uncertainties arising in supply can be caused by internal or external factors of the supply
chain. They may be due to accidents (e.g. fires, explosions), acts of nature (e.g. earthquakes,
extreme weather events), acts of humans (e.g. terrorist attacks, war), or intra-firms interactions
(e.g. labor strikes, machine failures, quality failures, complex production processes). The uncer-
tainties can either be discrete or continuous and the consequences can be either temporary or
permanently.

The different forms of supply uncertainty can be specified as follows (Snyder et al. (2012)):

ON and OFF Disruptions: In this case, suppliers are either available (ON) or completely
unavailable (OFF) for a certain amount of time, where the ON and OFF times are random
variables. As long as a supplier is available (ON) he is able to deliver goods, but when his

status changes to OFF he gets unable to provide any goods. Existing models differ in if

15



16 CHAPTER 2. FOUNDATIONS AND LITERATURE

an order is placed with an available supplier that switches from ON to OFF will still be
processed, will be continued to process when the supplier is ON again or will be lost as

soon as a supplier status switches from ON to OFF.

Yield uncertainty: Here supply uncertainty is treated as randomness in yield, where the sup-
pliers are either reliable delivering the desired amount or unreliable delivering less than
the demanded amount with some probability. Hence, a buyer ordering ¢° units from an
unreliable supplier receives ¢ = y¢° units with y being a random variable. A special case
of random yield is the all-or-nothing delivery, where y follows a Bernoulli distribution, i.e.
a supplier either delivers the total required quantity ¢ = ¢°, with some probability p or
nothing at all ¢ = 0, with probability 1 — p (Bernoulli yield).

Capacity uncertainty: Unlike random yield, random capacity modeling treats the capacity as
an uncertain variable that is typically independent of the order quantity. The amount the
buyer receives is ¢ = min{q°, yCap}, with Cap being the regular capacity of the supplier

and y the random variable.

Lead time uncertainty: Another form of supply uncertainty is characterized by stochastic

lead times of orders placed with the suppliers, a common problem in industry.

Supply cost uncertainty: In this case, uncertain supply is reflected by stochastic procurement

prices of the suppliers.

At this point it should be mentioned that the boundaries among the above forms of supply
uncertainty are often blurry (Snyder et al. (2012)). Bernoulli yield, for example, can be viewed
as a special case of ON and OFF disruptions. Similarly, capacity uncertainty can be seen as lead

time uncertainty.

2.1.2 Strategic sourcing

Creating effective sourcing strategies is crucial for successful supply chain management in consid-
eration of supply disruption risks. The general sourcing problem includes the following decisions:
How many suppliers should be included in the procurement process, which suppliers should re-
ceive an order and how should the total order quantity be allocated among these suppliers? The
buyer may choose between sourcing from one supplier (single sourcing) and multiple suppliers
(multiple sourcing). These suppliers may be local suppliers (local sourcing) or global suppliers
(global sourcing). In the following we discuss these different concepts and their advantages and

disadvantages.
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The strategy of single or multiple sourcing concerns the decision on the number of suppliers

a buying firms wants to have a relationship with, for a certain product:

Single sourcing: In this case, the buyer uses a single supplier to procure the desired product.
The main advantages of this strategy are that the buyer can achieve cost reductions trough
higher volumes, develop a long-term relationship, build up high trust with the supplier and
achieve high quality standards. Disadvantages of this strategy are the high dependency
on a single supplier, the lack of competition, and the low flexibility for the buying firm in
the supply chain. This means that single sourcing requires a high reliability, quality and
flexibility of the supplier. If disruption risk is low or the cost of mitigating the risk are high
single sourcing is an appropriate strategy (Schmitt and Tomlin (2012)).

Dual sourcing: If, in contrast, the buyer’s strategy is to procure from two suppliers a close
supplier relationship still remains, but with a higher supply guarantee than in the single
sourcing strategy in consideration of disruption risk. In dual sourcing the lower cost supplier
often receives a higher volume than the other supplier, but the second supplier is kept to
diminish the supply risk. This sourcing policy is a special case of the multiple sourcing
policy that still provides cost reductions through high volumes, however, with medium

flexibility of the buyer.

Multiple sourcing: The major benefit from multiple sourcing is a reduced risk in case of sup-
plier disruptions and the maintenance of supplier competition. Moreover, the probability
of meeting the customer’s volume requirement increases with the number of suppliers as
this lowers the probability that any of these sources become unavailable. However, a mul-
tiple sourcing strategy implies higher cost for the buyer due to lower volumes assigned
to the individual suppliers, higher administrative and management cost and less loyalty
in the buyer-supplier relationship. Using a sourcing strategy with two or three suppliers,
often reflects a reasonable balance between risk mitigation and supply chain rationalization
(Schmitt and Tomlin (2012)).

The strategy of local or global sourcing concerns the decision on the geographic location of the

suppliers:

Local sourcing: In this case, the engaged supplier is located in the immediate neighborhood
of the buyer, where logistic disturbances are minimized. The buying firm can benefit, e.g.
from short lead times, low transportation costs, high product quality standards, and the
same currency. A major disadvantage of local sourcing is that the high reliability in the

procurement process often implies high prices.
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Global sourcing: This refers to an internationalization of sourcing opportunities and a world
wide selection of suppliers. Low prices from global suppliers often come along with low
reliabilities, quality risks, exchange rate risks, and logistic problems. In addition, troubles
resulting from cultural differences, political instabilities and different languages should be

kept in mind.

General trends in supplier management show increasing global sourcing, a supply base reduc-
tion, and long term-relationships with suppliers (Minner (2003)). As a consequence, more and
more cost effective single sourcing relationships occur, that can be very risky. Firms that accept
the risk of disruptions and do not allow for the flexibility of diversifying the risk due to multi-
ple sourcing need to be clear about the negative consequences of potential supply disruptions.
Therefore, in terms of supply-side related risk the objective of a buyer is to find the optimal
number of suppliers to balance the cost of managing the suppliers and the cost resulting from
supply disruptions (Meena et al. (2011)). Of the above explained sourcing strategies, which will
be the most effective one, depends on the individual situation of the buying firm, the nature of
the suppliers considered in the supply base, and the cost structure. In order to choose the right
strategy, the buyer has to weigh out the advantages and disadvantages of each strategy in his
particular context to balance the disruption risk and the impact on the cost.

Kraljic (1983) presents a simple framework for developing individual supply strategies. He
argues that the appropriate procurement strategy depends on two dimensions: The profit impact
and the supply risk. Based on these dimensions Kraljic’s supply matrix defines four types of items

that require different supply strategies (see Figure 2.1).

High
Bottleneck ltems Strategic ltems
« Ensure supply Form partnerhips
w
=
=
o
s
5] Non-Critical ltems Leverage ltems
Simplify and Exploit purchasing
automate power and
minimize cost
Low
Low Profit Impact High

Source: "Designing and managing the supply chain: concepts, strategies and case
studies", Semchi-Lev, D., Kaminsky, P., Semchi-Lev, E., McGraw-Hill (2008)

Figure 2.1: Supply matrix.
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Strategic items (high supply risk, high profit impact), typically high-value components that are
crucial for the buyer, require a supply strategy focusing on cost reduction and on risk minimiza-
tion. Hence, developing long-term relationships with suppliers is appropriate. Leverage items
(low supply risk, high profit impact) are items that have many suppliers. Forcing competition
to reduce cost which have a large impact should be adapted in this case. Useful approaches
for bottleneck items (high supply risk, low profit impact) include over-ordering when the item
is available to ensure supply, and look for potential suppliers. For non-critical items (low sup-
ply risk, low profit impact) that are easy to buy and produced in standard configuration, the

objective is to simplify and automate the procurement process.

2.2 Literature

This Section discusses literature related to this thesis. We classify the literature into two cate-
gories. The first category focuses on literature dealing with random supply and sourcing strategies

and the second category focuses on the buyer-supplier relationships and the learning curve.

2.2.1 Random supply and sourcing strategies

Existing models in the literature dealing with supply risk management, sourcing strategies and
decision making in presence of unreliable supply differ with respect to several characteristics: (i)
the type of supply uncertainty, (ii) the type of demand (deterministic versus stochastic), (iii) the
type of supply lead time (zero versus positive deterministic versus stochastic), (iv) the type of the
sourcing strategy (single versus dual versus multiple sourcing), and (v) the type of the planning
horizon (single versus multiple periods and finite versus infinite horizon). Our discussion first
will give an overview on papers dealing with supply disruption management strategies. Then,
literature will further be classified into different forms of supply risk and will mainly focus on
the multiple supplier option models. For further information the interested reader is referred to
the following reviews: Comprehensive literature reviews on sourcing strategies and the optimal
number of suppliers are provided by Elmaghraby (2000) and Minner (2003). A review on supply
chain risk management is given in Tang (2006). Reviews covering the random yield literature is
given in Yano and Lee (1995) and Grosfeld-Nir and Gerchak (2004). A review on pooling lead
time risk by splitting the order among multiple suppliers can be found in Thomas and Tyworth
(2006). A very recent review on quantitative models for supply chain disruptions is found in
Snyder et al. (2012).
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Supply disruption management strategies

Kleindorfer and Saad (2005) state that for successful supply disruption management, first the
nature and the impact of the supply risk have to be evaluated, and finally the risk mitigation
strategy needs to be defined. They present a conceptual framework to mitigate risks. Tang
and Tomlin (2009) provide a framework for examining the benefits of flexible supply via mul-
tiple suppliers and via flexible supply contracts to mitigate the negative impact of supply risk.
They point out that already low levels of flexibility can have a major reduction in the negative
consequences resulting from disruptions.

Tomlin (2006) discusses supply disruption management strategies for an infinite-horizon
model with two suppliers, one reliable supplier with flexible capacity and one unreliable but
less expensive supplier. The discussed strategies to cope with the disruptions are inventory con-
trol, sourcing and acceptance of disruption risk. The author shows that the optimal strategy
depends on the percentage uptime and disruption length and that inventory is preferred over
supplier diversification if the supply disruptions are relatively short and frequent, but sourcing
is preferred if disruptions are long and rare. Tomlin (2009a) discusses supply disruption man-
agement strategies for short life-cycle products where keeping inventory is no possible strategy.
He considers a risk neutral and risk averse decision maker and finds that, as supplier reliability
increases, dual sourcing becomes advantageous unless demand uncertainty is very low. Saghafian
and Van Oyen (2012) discuss the value of secondary flexible backup supplier which is capable to
respond to the requests of a firm in the case of a disruption and the value of information concern-
ing the disruption risk. They consider a two-stage setting with a primary risky supplier and the
recourse option of ordering from a flexible backup supplier. They conclude that sourcing from a
flexible backup supplier is more valuable when the perception errors about the unreliability sup-
plier status are low and disruption risk information is more valuable when perception errors are
high. Schmitt and Tomlin (2012) study infinite horizon models focusing on sourcing strategies
(diversification and backup strategies) to manage disruption risk. They assume that suppliers are
either fully operational or temporary completely unavailable and examine the preferred strategy
depending on the firm’s particular situation. They conclude that the average disruption length
and the frequency of disruptions have a major impact on the preferred strategy, but there is no
one-size-fits-all solution to the disruption risk problem. Consequently, the best strategy needs to

be evaluated for each particular context.
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Optimal number of supplier under supply failure risk

Several single-period decision models compare single and multiple sourcing in the presence of
supply failure risk using a decision tree approach focusing on determining the optimal number
of suppliers. Berger et al. (2004) investigate the optimal number of suppliers subject to failure,
including super-events which affect all suppliers, as well as unique events which affect only a
single supplier. The cost considered are the supplier operating cost and the supply failure cost.
Ruiz-Torres and Mahmoodi (2007) extend this model by considering the independent risks of
individual supplier failure. They conduct a sensitivity analysis to study the impact of the input
parameters on the optimal number of suppliers and conclude, like Berger et al. (2004), that
having a large number of suppliers is an effective strategy only in extreme cases where suppliers
are very unreliable and the loss to operational cost are high. Berger and Zeng (2005) also
study the optimal size of the supply base relaxing the assumption of identical supply failure
probabilities and the assumption of linear costs. A decision tree model considering super-events
affecting all suppliers, unique events affecting one supplier and semi-super events affecting a set
of suppliers, exhibiting regional effects, is discussed in Sarkar and Mohapatra (2009). They find

that a strategy having suppliers from as many locations as possible is always preferable.

Supply modelled as ON and OFF process

Early disruption models where supply is modelled as an ON-OFF process are restricted to the
single supplier framework where no alternative source is available (e.g. Meyer et al. (1979),
Moinzadeh and Aggarwal (1997), Parlar (1997)) and Mohebbi and Hao (2006)). Meyer et al.
(1979) discuss a production-storage system with constant demand subject to stochastic failure
and repair processes and give an expression for the average inventory level. An unreliable bot-
tleneck production-storage system with random disruptions and positive set-up cost is studied
in Moinzadeh and Aggarwal (1997), where properties of the policy parameters minimizing ex-
pected total cost are developed. Further, Parlar (1997) considers a continuous-review inventory
problem with random demand and random lead time where supplier availability is modelled as
a semi-Markov process. Using renewal reward theory he constructs the average cost function of
the underlying problem. Mohebbi and Hao (2006) consider a continuous-review inventory system
with Erlang-distributed lead times and lost sales.

Parlar and Perry (1996) and Giirler and Parlar (1997) extend the research on supply disrup-
tion to the multiple supplier case to study the benefits of multiple sourcing. The buying firm
faces a deterministic demand rate and sources from cost-identical, infinite-capacity suppliers. In

Parlar and Perry (1996) the ON (available) and OFF (unavailable) periods are exponentially
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distributed. They propose a suboptimal ordering policy in the two supplier case which is solved
numerically and show that as the number of suppliers becomes large, the objective function of
the multiple supplier problem reduces to that of the classical EOQ model. More general repair
and failure processes are considered in Giirler and Parlar (1997). They numerically evaluate a

cost expression considering the case of Erlang failure times and general repair times.

Random yield

Single- and multi-period discrete time models on the optimal order quantity in the presence
of two uncertain suppliers are examined in Anupindi and Akella (1993)) combining stochastic
demand and supply uncertainty under various stochastic yield assumptions. They show that the
optimal policy depending on the current inventory has three regions: (i) order from both suppliers
when inventory is low, (ii) order only from the cheaper supplier when inventory is moderate and
(iii) order nothing when inventory is high. Agrawal and Nahmias (1997) examine a one-period
multiple supplier framework including supply risk and fixed supplier costs. They determine
the optimal number of suppliers and optimal lot sizes in the presence of yield uncertainty for
identical as well as nonidentical suppliers concluding that small orders from multiple sources
can reduce yield uncertainty and fixed cost provide a penalty for having too many suppliers.
Babich et al. (2012) extend the analysis of the identical-supplier case of Agrawal and Nahmias
(1997) by adding financial decisions and financial constraints of the manufacturer affecting the
optimal number of suppliers. They consider the joint procurement and financing decisions with
either an uncertain demand or an uncertain supply. They observe that the optimal number of
sources may increase when supplier costs increase. Federgruen and Yang (2008) investigate a
newsvendor framework procuring from multiple sources, where each source faces a random yield
factor and some fixed cost. They consider a service constraint model and a total cost model. In
the service constraint model the random demand has to be covered by the available supply with
a given probability and in the total cost model, orders are allocated by minimizing procurement,
inventory and shortage costs. Federgruen and Yang (2009) also consider multiple unreliable
suppliers analyzing two planning models, a service constraint model and a total cost model.
Chopra et al. (2007) investigate a system with both disruption risk and random yield showing
the importance of recognizing and decoupling disruption and yield risk in terms of mitigation
strategies, in a single-period model. They consider the backup strategy with a primary unreliable
supplier with yield variability and probability of complete failure of an order under deterministic
demand. Schmitt and Tomlin (2012) extend their setting and investigate the infinite-horizon

case. Giri (2011) analyses the model settings of Chopra et al. (2007) from a risk-averse retailer
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point of view. He considers an inventory model with a primary, cheap but unreliable supplier
and a perfectly reliable but more expensive supplier. He shows that the order quantities from
the primary supplier are lower in the context of a risk-averse retailer than in the risk-neutral
case.

The impact of supplier reliability forecasting using Bayesian updating and the decision
whether to use dual sourcing or single sourcing is discussed in Tomlin (2009b). The suppli-
ers face Bernoulli yield and it is assumed that supplier learning (updating) is only used for one
supplier and that the reliability of the other supplier is known. The author finds that increasing
reliability forecast uncertainty increases the attractiveness of the supplier but reduces the buyer’s

willingness to protect against future supply disruptions.

Random capacities

Ciarallo et al. (1994) discuss optimal ordering policies with random capacities in a single product
production model in the single-period, multi-period and infinite-horizon setting. An EOQ model
including multiple suppliers having random capacities leading to uncertain yield in orders is
analyzed in Erdem et al. (2006). They discuss the effect of diversification under the assumption
of identical suppliers. The optimal control of an assembly system when component suppliers
have random capacities is studied in Bollapragada et al. (2004).

Dada et al. (2007) consider the problem of a newsvendor that is served by multiple suppliers
differing in cost and reliability. The framework features both supply and demand uncertainty
for a single demand season. The suppliers are either unreliable and supply strictly less than the
required amount with some probability or perfectly reliable. They conclude that from the buyer’s
perspective the quantity ordered is higher than in the standard newsvendor setting where supply
is certain and that the size of the selected supplier’s order is dependent on whether he is reliable
or not.

In Wang et al. (2010) the authors propose a model of process improvement in which im-
provement efforts increase the supplier reliability in the case of single and dual sourcing. They
consider both random capacity and random yield types of uncertain supply and show that for
random capacity, improvement is preferred over dual sourcing when the cost difference of the

suppliers increases.

Stochastic lead times

There are various works that focus on models dealing with uncertain lead times. In general,

however, the exact analysis of multiple suppliers with stochastic lead times is intractable and
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exact analysis can only be obtained for special cases (Tang (2006)).

The advantage that order splitting reduces the variability of the item arrivals was first pre-
sented in Sculli and Wu (1981). They provide tables to determine the minimum size of replen-
ishment orders sourcing from two suppliers in the presence of normally distributed demand. Ryu
and Lee (2003) consider a dual sourcing model with exponentially distributed lead times and
constant demand to investigate the value of lead time reductions.

Abginehchi and Larsen (2012) study a lost sales inventory system with two non-identical
suppliers assuming Poisson demand, Erlang distributed replenishment lead times and no more
than one outstanding order for each supplier. Their problem is modeled as a semi-Markov
decision process where the decision maker decides to use dual sourcing with order splitting, dual
sourcing with emergency order, or single sourcing.

Song et al. (2014) consider a manufacturing supply chain with multiple suppliers in the
presence of uncertain supplies, stochastic production lead times and random demand subject
to supply and production capacity constraints focusing on the supplier management such as
supply base reduction and supplier differentiation. They conclude that increasing supply base,
increasing supplier capacity, shortening material delivery time and improving reliability benefits
the manufacturer.

For a detailed analysis of models that deal with lead time uncertainty see Zipkin (2000).

Financial default/Supplier cost uncertainty

Financial instability of suppliers and the consequences of supplier defaults, insolvencies, or
bankruptcies in a one-period model is discussed in Babich et al. (2007). They focus on the
effects of supplier default risk including correlation with competing risky suppliers being the
leaders in a Stackelberg game with the retailer and predict an advantage of competition and
diversification for the retailer as the number of suppliers increases. Wan and Beil (2009) analyze
a supply base diversification problem faced by a buyer who periodically holds auctions in the
presence of supply cost shocks and show how supplier competition can be affected by correlations
across suppliers’ cost shocks. A study based on empirical data from the automotive industry of
supplier default dependency as consequences of supplier bankruptcies is given in Wagner et al.
(2009) demonstrating that default dependencies among suppliers often exit.

Babich (2010) discusses supply disruptions caused by supplier bankruptcy which can be con-
trolled by financial investments by the manufacturer using a dynamic, stochastic, periodic-review
model analyzing the optimal subsidy and ordering decisions. Swinney and Netessine (2009) an-

alyze a single supplier and multiple supplier Stackelberg game with stochastic production cost
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where the bargaining power lies with the buyer demonstrating the value of long-term contracts
in buyer-supplier relationships under supplier default. Li (2009) studies the supply base design
of a buyer sourcing from two potential suppliers that can invest in supplier capacities under
supply cost and demand uncertainties concluding that the buyer should engage suppliers in close

competition if production cost show high uncertainties.

2.2.2 Buyer-supplier relationship and learning curve

The management of buyer-supplier relationships improves supply chain performance. Maloni and
Benton (1997) provide an extensive review on supply chain partnerships. A conceptual framework
for analyzing and managing supplier relationships can be found in Tang (1999). Cannon and
Homburg (2001) develop a marketing study on the importance of a supplier-buyer relationship
finding that collaboration reduces purchasing cost. Humphreys et al. (2004) analyze the role
of supplier development from the perspective of the buying firm. Their empirical results show
that a successful supplier development, trust, and communication improve the buyer-supplier
performance.

One possibility to model the dynamic cost impact of supplier relationships is the use of the
learning curve. Most organizations learn and improve over time as complex production processes
leave room for the suppliers to optimize their production processes. As they perform a task
over and over, they learn how to perform the task more efficiently resulting a cost reduction in
relation to cumulative production or experience. The phenomenon was first reported by Wright
(1936) who observed that the number of direct labor hours required to produce one unit of output
decreases uniformly as the produced unit of output doubles and hence, gives a simple formulation
of the learning curve, the power form. The learning curve describes the relationship between the
cost of producing an item and the firm’s experience in producing that item (Zangwill and Kantor
(1998)). Many functional forms of the learning curve have been proposed (e.g., Adler and Clark
(1991), Zangwill and Kantor (1998), Zangwill and Kantor (2000)). For a comparative analysis
of different learning curves, see Plaza et al. (2010). A review of approaches dealing with the
effect of learning in the EMQ/EOQ setting is given in Jaber and Bonney (1999). A discussion on
the learning curve assuming imperfect production processes is presented in Jaber and Guiffrida
(2004) developing a learning curve which is the sum of two learning curves described by the
production of non-defective and defective units respectively.

Empirical analysis of the learning phenomenon are examined e.g. in Hirsch (1952) who an-
alyzed data of a large US machine tool manufacturer, Baloff (1971) discussing data from the

apparel and from the automobile industry and Plaza et al. (2010) with data from three manu-
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facturing companies producing vegetable oils and meals, providing standards and certifications
and producing spice ingredients, respectively.

Zangwill and Kantor (1998) focus not only on learning-by-doing but also on learning through
continuous improvement efforts. In Zangwill and Kantor (2000) they extend their work by a
framework that gives information on whether improvement efforts are successful or not.

The relationship between process improvement and the learning curve focusing on a single
sourcing strategy is discussed in Carrillo and Gaimon (2000). Their dynamic model considers
short-term loss due to a disruption when a new process is implemented and the long-term gain in
effective capacity due to improvement because of the process change. They consider two types of
knowledge - one resulting from investment and the other as a by-product of the process change
- and study the firm’s optimal process change strategy. Elmaghraby and Oh (2004) study the
optimal design of a contract in a two period setting where suppliers experience learning by doing
with a cost reduction in the second period. They find that a buyer is often better off to open
competition running sequential auctions than to contract with a single supplier. Li and Debo
(2009) study the benefit of second sourcing (option to source from a new supplier in future)
relative to sole sourcing (single sourcing over the entire horizon with a supplier that may change
future cost due to learning) in the presence of demand uncertainty. Gray et al. (2009) discuss
in a two-period game how a manufacturer’s production outsourcing decision is affected by the
contract type and production cost reduction through learning-by-doing. They find that simulta-
neous outsourcing and in-house production can be optimal, as well as that dynamic outsourcing,
where the strategy is changed from one period to the next, can be an optimal strategy. Xiao and
Gaimon (2013) analyze the effect of volume-based learning for both the buyer and the supplier
in a two-period Stackelberg game with a supplier and buyer. They show that even if marginal
cost of outsourcing is less than that of in-house production, partial outsourcing is optimal when
its future value is sufficient. Also, they provide insights into how this future value is affecting

the buyer’s outsourcing level.

In summary, existing research dealing with supply disruptions differ from each other in terms
of the definition of uncertain supply and the individual management strategies to cope with
these uncertainties. However, they all have in common that the question how to deal with the
disruption risk and, hence, how to design effective strategies and profitable relationships is an
important question for supply chain management.

Our modeling approaches that characterize the optimal sourcing strategies (single sourcing
versus dual sourcing) position this research among the existing literature reviewed in this Chap-

ter. First, we study the impact of ON/OFF supply disruptions on the optimal dual sourcing
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ordering policy under the complicating assumptions of stochastic demand and stochastic lead
times. Afterwards, we characterize the buyer-supplier relationship when supply cost follow the

learning curve, hence, integrating supplier learning to supply disruption risk management.






Chapter 3

A Multiple Sourcing Inventory Model

under Disruption Risk

In this Chapter, a buyer that operates an infinite horizon, continuous review inventory system
is considered. The buyer can source from two suppliers in the presence of uncertain demand,

uncertain lead times, and temporary supply disruptions affecting the status of the suppliers.

3.1 Introduction

For successful supply chain management, a buyer has to consider that suppliers may not always
be available. Temporary supply interruption can occur due to machine breakdowns, material
shortages, unexpected incidents, and labor strikes. As these disruptions can have a severe impact
on the supply process, a buyer may source from more than one supplier to protect against supply
risk. There are numerous practical examples of supply disruption where a dual sourcing strategy
resulted in high cost savings. E.g. the Nokia-Ericsson case in 2000, where Nokia managed to
source form alternative suppliers right after the fire incident disrupted the supplying plant and
minimized the negative impact of that disruption while Ericsson, without alternative suppliers,
lost $400 million. This real life example shows that buyers can reduce the risk of supply shortfalls
by sourcing from multiple suppliers when the supply process is subject to disruptions.

Our approach incorporates a multiple sourcing inventory system with stochastic demand,
stochastic lead times and suppliers subject to disruptions, varying in cost, speed, and reliability.
In order to compute the optimal decisions regarding supplier selection and reorder quantities for
each state of the system, we formulate a semi-Markov decision process (SMDP) under Poisson

demand, exponentially distributed lead times, and exponentially distributed periods where a

29
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supplier is available (ON) and unavailable (OFF). A state consists of the buyer’s inventory level,
the outstanding orders, and the availability of the suppliers. The mathematical problem is
formulated for a general multiple supplier case with K potential suppliers. As suppliers typically
differ in service and cost, we investigate the optimal sourcing strategies depending on supplier
characteristics like cheap/expensive, fast/slow, and reliable/unreliable. In an inventory model,
unfilled demands due to stock-outs are typically considered either backordered or lost, hence, we
discuss both options. In the case of backorders, the customers arriving at the system where no
inventory is on hand accept this situation and wait for the fulfillment of the demand. In the case
of lost sales, the customers arriving at the system when out of stock are lost.

The remainder of this Chapter is organized as follows. In Section 3.2 we give a detailed
description of the model assumptions. Section 3.3 deals with the semi-Markov decision process
(SMDP) formulation. In Section 3.4 we focus on using the model to discuss the optimal sourcing
strategy dependent on the states of the inventory system for the dual sourcing case and to study
the behavior of the model. Specifically, in that Section, we focus on the following research

questions:

e What is the structure of the optimal sourcing and order policy under Poisson demand,
exponentially distributed lead times, and exponentially distributed ON and OFF times of

the suppliers?

e What is the influence of supplier characteristics cost, speed, and availability on the optimal

sourcing and order policy?
e What is the benefit of dual sourcing compared to single sourcing?
e What is the value of having full information about the supplier status?

e How do simple policies and a simple heuristic perform compared to the optimized dual

souring policy?

e What is the impact on the model performance of assuming more general distributed lead
times and ON and OFF times?

e What is the impact of the optimal policy when considering a more dramatic supplier

breakdown scenario?

In Section 3.5 we summarize the results and give concluding remarks.
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3.2 Problem description

We consider a single item inventory system where a buyer facing stochastic demand can source
from k € K potential suppliers which are subject to temporary disruptions. The availability
status of a supplier is subject to changes and the respective times are called ON and OFF peri-
ods. The lengths of these periods are exponentially distributed with mean 1/ u’é N and 1/ ,u](“) FE
respectively (see Figure 3.1). The set of suppliers is the union of the set of available and unavail-
able suppliers, KOV U KOFF = K. The availability of a supplier k the fraction of time where

the supplier is operating without any disruptions, Ay, is defined as Ay = p& o p/ (15 pp + 18 N )-

Hoy

Hopp

Figure 3.1: Supplier status.

If a supplier is ON and fully available, the buyer can order any desired quantity from the
supplier without capacity restrictions. Whenever a supplier switches to OFF, this supplier is
interrupted and no orders can be placed. Nevertheless, the orders on the way to the buyer,
placed prior to a disruption, are not affected and will arrive after the corresponding lead time
of that supplier. The replenishment lead times are exponentially distributed with a mean 1/ ,ulz,
k € K. The lead times can be interpreted as the time required to process an item. Each item is
handled separately and thus the lead times are independently and identically random variables

which also implies order crossovers.

Customers arrive at the buyer according to a Poisson-process with rate A. Demands are
satisfied immediately if the buyer has physical inventory on hand. We consider a lost sales model
and a backorder model. In the lost sales case, unsatisfied demand is lost and subject to a penalty
cost p. In the backorder case, unsatisfied demand is backordered and subject to a backorder cost b
per unit per time unit until the backorder is satisfied. Further, inventories are subject to holding
cost h (independent of past procurement cost) per unit per time unit. The unit procurement
costs are ¢, k € K. The problem framework under investigation is illustrated in Figure 3.2 and

a complete list of the notation is summarized in Table 3.1.
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Supplier

Buyer

Figure 3.2: Framework for two potential suppliers K = 2.

Set of potential suppliers

Set of suppliers currently ON

Set of suppliers currently OFF

Expected ON period of supplier k

Expected OFF period of supplier k

Expected lead time of supplier &

Customer arrival rate

Penalty cost per unit of lost customer

Backorder cost per unit of customer and per time unit

Holding cost

Unit procurement cost of supplier k

Buyer’s net inventory = units on hand - backorders

Number of outstanding orders with supplier k&

Status of supplier k, vy, = 1 if supplier k € KOV v, = 0 otherwise
Set of all possible actions in state i

Action, set of order quantities assigned to suppliers

Transition probability from state ¢ to j under action a

Expected time until next decision epoch under action a in state ¢

Expected cost until next decision epoch under action a in state %

Table 3.1: List of notation.
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3.3 Semi-Markov decision process formulation

To compute the optimal policy, in terms of the supplier selection and order allocation, the
problem is formulated as a semi-Markov decision process. We will first describe the concept
and the solution methods for solving these problems in general and apply it to the formulated

problem thereafter. For further details on semi-Markov decision processes see e.g. Tijms (2003).

3.3.1 General semi-Markov decision process formulation

Following Puterman (2009) a Markov decision process can be described by the following five
elements: Decision epochs, states, actions, transition probabilities, and rewards/cost. The term
Markov property means that the set of actions, the transition probability and the cost functions
depend only on the actual state of the system and the action selected in that state. If the
number of points in time at which decisions are made is finite the problem is called finite horizon
problem, otherwise it is called infinite horizon problem. When decision epochs occur at discrete
time points the underlying problem is called discrete-time Markov decision process, which is
discussed in the next Chapters for a finite horizon. When decision epochs occur randomly then
we call the problem semi-Markov decision process.

This Chapter considers an infinite horizon dynamic system whose state is reviewed at random
epochs. At each decision epoch a decision has to be made and cost result from a decision taken.
For each state ¢ € I, where I denotes the set of all possible states there exit a set of possible
actions A(7). This controlled dynamic system is a semi-Markov decision process for i € I and
A(7) finite. The objective is to solve the long-run average cost per time unit which can be
determined by p;j(a), the transition probability from state i to j if action a is chosen in state i,
7i(a), the expected time until the next decision epoch if action a is chosen in state i and ¢;(a), the
expected cost resulting from action a in state ¢ until the next decision epoch. The optimal policy
which minimizes the long-run average cost specifies the optimal decision to be taken in each
state. Three methods can be applied to derive an optimal solution and the resulting minimal
average cost per time unit C*: Value-iteration, policy-iteration and linear programming.

The linear program to be solved for the semi-Markov decision model is:

c*r = minz Z ci(a)ugq (3.1)

1€l acA(4)
s.t Z uja:Z Z Pij(a)tiq, (3.2)
a€A(j) i€l acA(i)

Z Z Ti(@)uig =1, uq > 0,a € A(i),i € 1 (3.3)

i€l a€A(3)
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The minimal average cost C* per time unit results from the sum of the cost associated to the
states ¢;(a) multiplied with w;,, the long-run fractions of decision epochs at which the system is
in a state ¢ and action a is chosen. Constraint (3.2) states that the transitions from state j have
to be equal to the transitions into state j for all j € J. Additionally, the sum of all fractions has
to be equal to one, which is reflected in the normalization constraint (3.3).

The value iteration algorithm for the semi-Markov decision process is as follows:

1. Choose a function Vj(i) with 0 < V(i) < mina{c"(ag }Vi € I. Choose a number 7 with

7i(a

0 <7 <min;, 7;(a) and a stopping condition € > 0. Let n := 1.

2. Compute the value function V,,(i),7 € I from

N_ocia) T 3 ; _
i) = i e T @ j;pm@)vnl(j) e

Let R(n) be a stationary policy whose actions minimize the right-hand side of (3.4).

3. Compute the bounds m,, = minje;{V,(j) — Vo=1(j)} and M,, = max;c j{Vn(j) — Va-1(j)}
and stop with policy R(n) when 0 < (M,, — my,) < em,,. Otherwise go to step 4.

4. n:=n+ 1 and go to step 2.

The value iteration algorithm stops after finitely many iterations where the average cost function
C(R(n)) of the policy R(n) satisfies 0 < (C(R(n)) — C*)/C* < € and C* = limy,_yo0 M,, =
lim,, o0 M.

The third method, the policy-iteration, is not discussed here as we did not apply it to the
formulated problem. A detailed description of this method is given in Tijms (2003).

3.3.2 Application to the formulated problem

State of the system and possible decisions

The state of the system is described by the buyer’s net inventory s the number ny of outstanding
orders with each supplier, and the status vy of the respective supplier. Thus, the state space of

the semi-Markov decision process (SMDP) is defined as

I={(s,n1,...,;nE,V1,..., VK )}, (3.5)

where vy = 1 indicates that supplier £ is ON and v, = 0 that supplier k is OFF.
The states of the system are reviewed at random epochs when either a demand arrives or the

availability status of a supplier changes. At these random epochs, decisions have to be made.
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The buyer decides whether to place a new order, the order quantity, and which suppliers to
assign the order to. Thus, the action a at a certain decision epoch is defined as a = (ay, ..., ax),
where ay, is the order quantity assigned to supplier k. Depending on the status of each supplier,
only certain actions are feasible in a state. For each state i = (s%,n!, ...,n%,vi, ...,v%) the set
of all possible actions is defined as A(i) = {ax,k € K : ap = 0,k € KOFF:q), > 0,k € KON},
For states i = (s*,n¢,...,n%,0,...,0) where all suppliers are OFF, the buyer cannot place a new

order, and A(i) is a K-dimensional vector of zeros.

State-transition probability

The state dynamics of the inventory system are specified by the state transition probabilities
from state i = (s’,nt,...,n%,vi, ..., v ) to state j = (sj,n{,...,n%(,v{,...,v}(), pij(a) choosing
action a in state ¢ and the expected time until the next decision epoch in a state i, 7;(a) choosing
action a in state ¢ for each state-action combination. Thus, when in state i action a € A(7) is

chosen, the expected time until a new state is entered is
1

At Yperan + i) + Yper (L= v pr + Xrek Vhlion
In the above expression the denominator represents the probability of a demand arrival, of

(3.6)

7i(a)

a delivery of an item including new ordered items and of a status change in the current state,
thus 7;(a) stands for the mean time that the system remains unchanged. The probability that
the state of the system switches from ¢ to j at the next decision epoch if action a is chosen in

the present state ¢ is

A7i(a), st —1=s7, nZ; +ap = ni, ke KON (a customer arrives)

(nt +ap)phri(a), s+1=s/ (nl+ay)—1= ni:, k€ K (item from k arrives)
pij(a) = (1 — vk ppri(a), vh+1=0] (k: OFF — ON)

vl ud vi(a), vi —1= vi (k: ON — OFF)

0, otherwise

Cost

The total cost of the buyer consists of the holding cost per time unit, the procurement cost per
unit, and backorder cost per unit per time unit or lost sale penalty costs per unit, respectively.
We define st = max{s, 0}, s~ = max{—s,0} and s° = &0, where the function &;; = 1 if i is
equal to j and J; ; = 0 otherwise. For the backorder model the cost incurred in each state ¢ until
the next decision epoch if action a is chosen in state i is

ci(a) = Z apck + hri(a)s™ + bri(a)s™. (3.7)
keK
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Inventory levels do not change between decision epochs. Therefore, the holding cost until the
next decision epoch is h7;(a)s™ and backorder cost is br;(a)s™

In the lost sales model, cost in state i for decision a is

ci(a) = Z apci + hri(a)s™ 4+ \pri(a)s?, (3.8)

where A7;(a)s® is the probability that the next event is a demand, in all states where the buyer

is out of stock (s = 0).

Method for the optimal policy

We applied linear programming and value iteration to derive the optimal long-run average cost
of the semi-Markov decision process. However, as we found that linear programming is a very
efficient method for small problems in terms of computation time we kept on linear programming

for our numerical study.

3.4 Numerical results and discussion

We illustrate various effects on the optimal policy for the special case of a dual sourcing inventory
model under supply disruptions. First, we give an example and analyze the optimal policy in
detail when the suppliers differ in cost, lead time and availability and show the benefit of dual
sourcing over single sourcing. Furthermore, we study the effects of incomplete information, where
the decision maker has no information about a supplier becoming available or unavailable. We
compare the performance of the optimal policy with a simpler policy, the order-up-to-S policy
and develop a simple heuristic. Finally, we discuss the sensitivity of our model to more generally
distributed lead times and ON and OFF times using simulation and compare our model to a
more dramatic supply breakdown scenario.

To keep the state space finite, we assume that the inventory position cannot exceed a storage
capacity S and that backorders are bounded by B. Customers arriving after the backorder
capacity B is reached are lost and subject to a penalty cost p. However, if the bounds on the
state space are chosen sufficiently large, there are no limitations on the optimal decisions. Under
these assumptions, the state space is given by

I={(s,n1,...,ni,v1,....,05) | =B < s+ Z ng < S}.
keK

The semi-Markov decision model is solved according to the linear programming formulation using
the solver XPRESS-IVE. For computational tractability, the maximum bound on the state space
is B=S5=30.
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3.4.1 Example

Consider the following example with a set of potential suppliers K = 2, a demand rate A = 2,
and holding cost h = 0.6. Penalty cost p and backorder cost b, respectively are either low p = 4
and b = 2 or high p = 8 and b = 4. The buyer’s supply base consists of one fast, reliable, and
expensive supplier S1 and one slow, unreliable, but cheaper supplier S2. The cost of S1 is ¢; = 2
and the expected lead time 1/ ,ui = 0.5. Supplier 2 is 15% cheaper than S1 but also 50% slower
than S1 on average, thus the cost of S2 are co = 1.7 and the expected lead time l/u% = 1. Mean
ON and OFF times of the reliable supplier S1 are 1/u}-p = 0.3 and 1/u})y = 3. Mean ON and
OFF times of the unreliable supplier S2 are 1/u2 - = 1/u2 = 1. The overall availabilities of
the suppliers are A1 = 90%, Ay = 50%.

Table 3.2 summarizes the cost of the optimal dual sourcing policy for each option. Further,
it shows the savings of the optimal dual sourcing policy when compared to the optimal single

sourcing policy defined by

Avg.cost,; — Avg.cost
Sav. (%) _ g single g dual % 100
Avg.costyyal

and the split of total demands that are lost, or assigned to S1 and S2, respectively. The savings
of dual sourcing over single sourcing with S1 decrease when penalty costs are high (p = 8) as S1
has a high reliability of 90%. Savings over single sourcing with S2, however, increase for high
penalty cost because S2 has a low reliability of only 50%. The results for the split of demands
show that the percentage of demands triggering an order with the expensive but reliable supplier
S1 is higher when penalty costs are high (p = 8) compared to the case when penalty cost are low
(p = 4). To understand the behavior of the optimal policy, Figure 3.4.1 depicts the partition of
the total cost as penalty costs and backorder cost, respectively change. The optimal policy in
this case allocates more than 20% of the cost to holding cost in the lost sales model and less than
20% in the backorder model. The allocation of total procurement cost, in contrast, is less in the
lost sales model than in the backorder model. This also explains the difference in the savings
of dual sourcing compared to single sourcing. Due to the relatively long durations of the OFF
periods of S2 (1/u2 - = 1 compared to 1/u},pp = 0.3), more emergency orders are placed with
the expensive supplier S1.

To analyze the structure of the optimal dual sourcing policy, Table 3.3 illustrates the optimal
order quantities assigned to respective suppliers for the lost sales option and the backorder option
(p =4 and b = 2). For a given inventory level s outstanding orders with S1 and S2 nj, ng, and
the status of the suppliers vy, vo, where vy is either ON or OFF for k = 1,2, the optimal order

quantities assigned to supplier 1 (af > 0) and supplier 2 (a5 > 0) are summarized. For reasons of
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clarity and readability, only order decisions for s > —2 are presented in the backorder case. From
the results we observe that the optimal policy is rather complex and not of a base-stock-type,

even in states where there is only a single supplier available.

Savings of dual Split of demands (%)

sourcing (%)

Avg. Supplier  Supplier Lost Supplier Supplier

Cost 1 2 1 2
Lost sales p=4 5.2 4.6 3.9 9.6 26.3 64.1
p=8 5.6 3.9 11.7 3.3 326 64.1
Backorder b=2 4.5 5.8 12.1 - 30.5 69.5
b=4 4.8 5.3 19.3 - 34.5 65.5

Table 3.2: Avg. cost, savings of dual sourcing and split of demands of base case.

0
100% Proc. cost S2
Proc. cost S1
s0% | | || [ | a I Backorder cost
0 I Penalty cost
I Holding Cost
60% |- — — — .
40% |- — — ] -
20%
0%
lost sales lost sales backorder backorder
p=4 p=38 b=2 b=4

Figure 3.3: Cost partition base case p = 4,8 (lost sales) and b = 2,4 (backorder).

In general, three events trigger an order: i) a demand occurs, where a single unit is replen-
ished, ii) if a supplier becomes unavailable, then it will be attractive to immediately replenish
multiple units with the other remaining supplier to increase inventory and secure availability, iii)
as soon as a supplier becomes available again, it will be wise to use this opportunity and improve
the supply state (e.g. order cheap items or refill the pipeline for fast delivery). Further, the

optimal order quantities depend not only on the current inventory level but also on the orders
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outstanding from the fast supplier and those outstanding from the slow supplier.

Lost sales a* > 0 Backorder a* > 0 and s > —2

s mnp Ny U1 V9 a; ab s mnp Ny U1 V9 ay a3
0 0 4 ON/OFF ON - 1 -1 0 4 ON/OFF ON - 1
0 1 3 ON/OFF ON - 1 -1 1 2 ON/OFF ON - 1
0 2 1 ON/OFF ON - 1 -1 2 1 ON/OFF ON - 1
0 3 0 ON/OFF ON - 1 -1 3 0 ON/OFF ON - 1
1 0 2 ON/OFF ON - 1 0 0 2 ON/OFF ON - 1
1 1 0 ON/OFF ON - 1 0 1 0 ON/OFF ON - 1
2 0 0 ON/OFF ON - 1 1 0 0 OFF ON - 1
0 0 3 ON/OFF ON - 2 -1 0 3 ON/OFF ON - 2
0 1 2 ON/OFF ON - 2 -1 1 1 ON/OFF ON - 2
0 2 0 ON/OFF ON - 2 -1 2 0 ON/OFF ON - 2
1 0 1 ON/OFF ON - 2 0 0 1 ON/OFF ON - 2
0 0 2 OFF ON - 3 -1 0 2 OFF ON - 3
0 1 1 ON/OFF ON - 3 -1 01 0 OFF ON - 3
1 0 0 OFF ON - 3 0 0 0 ON/OFF ON - 3
0 0 1 OFF ON - 4 -1 0 1 OFF ON - 4
0O 1 o0 OFF ON - 4 -1 0 0 OFF ON - 5
0O 0 O OFF ON - 5 -1 0 2 ON OFF 1 -
0O 0 3 ON OFF 1 - -1 0 3 ON OFF 1 -
0 1 1 ON OFF 1 - -1 1 1 ON OFF 1 -
0o 1 2 ON OFF 1 - -1 2 0 ON OFF 1 -
0o 2 0 ON OFF 1 - -1 0 1 ON OFF 2 -
1 0 0 ON OFF 1 - -1 1 0 ON OFF 2 -
0 0 1 ON OFF 2 - -1 0 0 ON OFF 3 -
0O 0 2 ON OFF 2 -

0O 1 0 ON OFF 2 -

0O 0 O ON OFF 3 -

Table 3.3: Optimal order policy base case (lost sales case p = 4 and backorder case b =2).

3.4.2 Numerical design

The following experiment is designed to observe the effects of the impact of supplier characteris-
tics (cost, speed and availability). We fix the unit procurement cost and the expected lead time
of supplier 1 and vary supplier 2’s unit procurement cost co = ¢; — Ac and its expected lead time
with 1/ u% =1/ ,ui + Apr to have a cheaper but slower second supplier. For supplier 1 ¢; = 2 and
1/u} = 0.5, and for supplier 2 Ac € {0%, 10%,25%} and Apy, € {0%,50%}. The availability
for supplier 1 is either high or low A; € {90%,50%} and Az € 50%. The mean OFF periods are
either both short, short and long, or both long (1/pbpp, /e er) € (1/3,1/3),(1/3,1),(1,1)}.
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The inventory holding cost are fixed at h = 0.6, penalty costs are either low p = 4 or high p = 8§,
and backorder cost are b = 2 or b = 4. Demand is either low A =4 or high A = 10.

The results of all parameter combinations are presented in Tables 3.7-3.10 at the end of this
Chapter. The average cost of dual sourcing is compared to the average cost of single sourcing,
the cost of dual sourcing under incomplete information and to the cost of an order-up-to-S policy
and expressed in the percentage savings of dual sourcing compared to the other policies. The

average results of the lost sales model and the backorder model are summarized in Table 3.4.

p=4,b=2 p=8b=4

= [ 5~ &
2 o NI 3 2 o ¥ I 5
1) bl N=} -~ ) 2} = N ~ O

o N o N
S R A &5 »n »n T S R A &5 wn »n =
20 5 5 5 5 5 5 £ 5 5 5 5 5 3
Model A << o3 ©w v » @B w\ < o3 W v » @By

Lost sales 4 944 90 49 12 35 19 1.0 10.04 11.8 12821 4.2 2.8 28
10 2166 11.1 7.0 0.7 39 19 1.7 2264 152 17111 44 27 20
Backorder 4 853 123 10. 1.7 49 27 14 8.89 143 16522 51 33 1.5
10 20.19 13.7 99 08 45 25 1.8 20.78 164 1871.1 50 28 1.9

Table 3.4: Average results of lost sales model and backorder model.

3.4.3 Dual sourcing vs. single sourcing

In Tables 3.7-3.10 we observe that there are significant savings of dual sourcing compared to single
sourcing. The savings of a dual sourcing policy increase as supplier availability decreases because
penalty cost and backorder cost increase. The results indicate that, apart from a difference in
speed and cost of the suppliers, the availability and the length of the disruption of the supplier
also influence the optimal dual sourcing policy. Thus when the disruption periods of supplier 2
are short and thus the mean ON periods are long (1/u2 - = 1/3), almost all demands trigger
orders with supplier 2 if he has a cost advantage. The average savings of dual sourcing compared
to single sourcing are higher in the backorder case than in the lost sales case.

To investigate the trade-off between dual sourcing and single sourcing when suppliers differ in
cost and availability, we analyze the extreme case where supplier 1 is fully available (A; = 100%)
and the costs of supplier 2 are varied with and its availability ranges from 50% to 100%. We look
at the percentage of demands that trigger an order with supplier 2 and are not lost. Figure 3.4
shows the share of S2 for various cost differences and availabilities. The results indicate that the
share of S2 rises fast, even with a small cost difference and a low availability of S2. Comparing

the result to the case where S2 has a long mean OFF time (left) with the results where S2 has
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short mean OFF times (right), we see that even with a low availability of S2 (e.g.: A2 = 50%)
the share of S2 is 100% when the cost difference is 50% and disruption periods are short, but

only around 80% when disruption periods are long.

ey
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Figure 3.4: Share of supplier 2 (Ap = 0%) for cost differences and availabilities of supplier 2
cr =2,1/ul = 05,p = 04,\ = 4, A; = 100%, where (1/ubpp, 1/uépr) = (1/3,1)(left) and
(Y ubpr Y uprr) = (1/3,1/3) (right).

3.4.4 The value of full information

So far we assumed that the buyer has full information about the supplier status. The buyer is
informed when a supplier becomes unavailable or again available. He is also able to reorder from
an available supplier when the other supplier becomes unavailable to build up inventory before
this supplier becomes unavailable as well or to reorder from a cheap supplier if he switches from
the OFF to the ON status again. If the buyer has no information about a supplier becoming
available or unavailable the model has to be modified as no orders can be placed when there is
a change in the status of a supplier. As a consequence, the buyer’s order will only be triggered
by an incoming demand. In terms of the model formulation, we have to reduce the action space.
Therefore, in the modified SMDP, no decision can be made whenever there is a change in the
status of a supplier and decisions are only made whenever a demand arrives. Tables 3.7-3.10
show the savings of full information compared to incomplete information. The savings increase
with penalty cost and average disruption lengths and decrease as supplier availability increases.
The value of full information is high if supplier availabilities are low and ON and OFF periods

change frequently.
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3.4.5 Comparison with simple policies and a heuristic

The optimal policy as shown in Section 3.4.1 has a complex form. Therefore, we compare the
optimal policy with an optimized order-up-to-S policy. This means that the buyer reorders a
single unit with every incoming demand with the optimal decision rule to minimize the cost, given
that a supplier is available and orders up to S whenever both suppliers have been unavailable,
and one supplier became available again. First, the optimal policy is compared to an order-up-
to-S policy where the order-up-to level S is identical for all supplier status combinations meaning
that S = Sonvon = Sonorr = Sorron, Where S; ; is the order-up-to level where supplier
1 has status ¢ and supplier 2 status j. Secondly, as a fixed S may not be favorable when the
suppliers differ in speed, cost and availability, the optimal policy is compared to an order-up-to-S
policy with an individual S for each supply base for each supplier status combination - meaning
that Son,on, Son,oFF and Sorron are optimized individually. The results in Tables 3.7-3.10
indicate that the difference between an order-up-to-S policy with a fixed S and an order-up-to-S
policy with individual S is noticeable especially when the suppliers are not identical.

For practical purposes, a simple heuristic to easily calculate the base-dependent order-up-to-
levels is desired. We follow an idea in Kiesmiiller and Minner (2003) and compute the order-up-to
levels S for each supply base according to the critical ratio of the newsvendor model. S satisfies

Cu

Fcrt(S) - (3'9)

Cy + co’
where Fi4(S) in (3.9) is the demand distribution over the critical (uncertain) replenishment lead
time crt. To calculate the base-dependent order-up-to levels Son,on, Son,orr and Sorron
we first discuss how we set overage and underage cost, and secondly, how we set the critical
replenishment time, depending on the actual supply base.

If only the fast but expensive supplier S1 is available, the underage cost are the penalty cost
and backorder cost ¢, = p and b, respectively and the overage cost consist of two parts, the
inventory holding cost and the extra cost for using the fast supplier ¢, = h + (¢; — ¢2). For
the order-up-to level of the cheap but slow supplier S2, the underage cost are again ¢, = p
and b, respectively and the overage cost are the per unit holding cost ¢, = h. We present two
options for setting the critical replenishment time, one for the lost sales case and the other
for the backorder case. In the lost sales case, we set the critical replenishment time equal to
the sum of the mean lead time of the respective supplier and the mean OFF time if he is
unavailable. This is for S1: ert! = 1/u} + (1 — A1) X 1/ubpp, and for S2: crt? = 1/p? + (1 —
Ag)x 1/ M20 rr- When OFF periods of S2 are long, or S2 has a lead time disadvantage, the critical
replenishment time of S2, crt? gets very long according to our formula, as the probability that S2

is unavailable is 50%. Hence, the resulting order-up-to level of the heuristic is high and indicates
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a small overestimation compared to the order-up-to level of the optimal order-up-to policy. Our
numerical results show that an overestimation is more favorable than an underestimation in
the lost sales case, especially when penalty costs are high and thus we choose this option. In
the backorder case, however, the order-up-to levels generally are lower and this overestimation
becomes unfavorable. To counteract this overestimation, we present a second option which we
apply in the backorder case, where we extend the formulation of the critical replenishment time
of S2 to crt? = 1/p? x Ay + (1 — A9) x min{1/u} + 1/pubpp, 1/03 + 1/u pp}. Hence, if S2
is not available, we consider the time until S1 gets available again and supplies and the time
until S2 gets available again and supplies, and take the minimum of these times. The intuition
is that if S2 is not available, there exist situations in our numerical design where the time
until S1 returns and supplies is shorter than the time until S2 returns and supplies. Therefore,
considering the minimum of the respective times reduces the critical replenishment time for
that supply base, which improves the overall performance of the heuristic in the backorder case.
Substituting overage and underage cost, and the critical replenishment times obtained above into
the newsvendor formula leads to the following determination of the order up-to-levels for the lost

sales case: Son.orF = F_

p —_ 1l p o
crtl(p+h+c1—cg) and SorroN = Fcrtg(p+h), and for the backorder case:

SON,OFF = FC;#(M) and SorroN = Fc;tlg(bJth). If both suppliers are available, we use
a simple structure: the order-up-to level is calculated according to the rule where only S2 is
available, given that S2 is cheaper than S1 (Ac > 0) and according to the rule where only S1 is
available, if S2 has no cost advantage (Ac = 0). As we can choose between two suppliers, the
decision rule in this situation is to order from the cheap but slow supplier when the inventory
position (IP = s+nj+nz2) is at least So ~N,0rF and to order from the expensive but fast supplier
if the inventory position is below Son,0orr. The performance of the heuristic is compared to the

order-up-to-S policy with base-dependent levels and expressed in percentage cost difference

Avg.costpeuristic — AVg'COStUPtOS"ar % 100

Sav. Heur =
av. Heur Avg.cost

uptoSvar

(see Table 3.7-3.10). The results show moderate cost increases and therefore a reasonable per-
formance. The average deviation in the lost sales case is less than 1.9% and less than 1.7% in

the backorder case.

3.4.6 More general distributions

As the assumptions of exponential ON and OFF times and exponential lead times are limiting, we
test the performance of the model by simulating deterministic and gamma distributed lead times

and ON and OFF times, respectively. In our analysis, we keep the mean lead times and ON and
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OFF times fixed while changing the value of the shape parameter k of the gamma distribution.
The values of the coefficient of variation considered are cv = 1/vk = {0,0.2,0.5,2}. The results
presented were obtained by simulating the inventory system with the different shape parameters
k using the optimal policy obtained from the model with exponential ON and OFF and lead
times with a relative precision of at least 0.05 at the 0.95 confidence interval (see (Law 2006)).
The simulation results are summarized in Table 3.5 showing the cost difference in percentage of

our model compared to the simulation result of more general distributions

Avg.cost™  — Avg.cost
A = g gamma g dual,exp % 100’
AVg'COStdual,exp

AONOFF (cost difference of the model compared to simulation result with gamma dis-

where
tributed ON and OFF times), Aleadtime (cost difference of our model compared to simulation
result with gamma distributed lead times) and AP°" (cost difference of our model compared

to simulation result with both, gamma distributed lead times and ON and OFF times). The

AONOFF Aleadtime Aboth

cv
LS 0 -0.7 15.6 15.2
0.2 -1.5 9.7 7.9

0.5 -1.2 3.8 24

2 3.5 -1.6 2.0

BO 0 -0.9 10.5 9.9
0.2 -1.7 8.4 6.3

0.5 -1.3 3.6 2.0

2 15.0 -1.7 12.0

Table 3.5: Average cost difference (%) of our model compared to simulation results with gamma

distributed lead times, and ON and OFF times for different coefficient of variations.

results indicate a significant sensitivity with respect to changes in the variability of the lead
times and ON and OFF times. Changing the shape of the lead time and the ON and OFF
time distributions has mixed impacts on the average cost. While the performance of the policy
is not very sensitive with regard to the distribution of the ON and OFF times when these are
deterministic (cv = 0) or the coefficient of variation is low, it is sensitive when lead times are
deterministic or the coefficient of variations is low. A high variability in ON and OFF times
leads to situations where the time during which both suppliers are unavailable are very long,
especially when the mean OFF times are long. This leads to higher total backorder cost and

penalty cost, respectively. A high variability in lead times, on the other hand, reduces backorder
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cost and penalty cost, respectively (see Thomas and Tyworth (2006)).

3.4.7 Comparison to a more dramatic supplier breakdown scenario

Finally, we analyze a model where a supply breakdown is not only affecting the buyer’s order
decision (he only can order from an available supplier), but also the orders outstanding. There-
fore, if a supplier status changes from ON to OFF, the outstanding orders are lost. In terms
of the model formulation, for states i = (s, n%,nb, v}, v}) where the status vy, is OFF it implies
that ny = 0, k = 1,2, and the probability that a supplier k£ switches from ON to OFF in state ¢
and taking decision a is p;;(a) affecting the status of supplier k in state j, vi and reducing the
outstanding orders of supplier k in state j to zero. Thus, in a more dramatic supplier breakdown
scenario the probability that the state of the system switches from ¢ to j at the next decision

epoch if action a is chosen in the present state ¢ is

¢

A7i(a), st—1=s, ’nz + ay = ni, ke KON (a customer arrives)

(nt +ap)phri(a), s+1=s/ (nl+ax)—1= nZ:, ke KON (item from k arrives)
pij(a) = (1 — vk ppmi(a), vi+1= vi (k: OFF — ON)

vl yi(a), v —1= vi,ni + ai =0 (k: ON — OFF)

0, otherwise

The performance of this dramatic supplier breakdown scenario for the parameter values of the

base example in Section 3.4.1 is shown in Table 3.6 and Figure 3.5. As the availability of supplier

Savings of dual Split of demands (%)
sourcing (%)
Avg. Supplier  Supplier Lost Supplier Supplier
Cost 1 2 1 2
Lost sales p=4 6.04 0.0 29.9 129 87.1 0.0
p=8 6.6 0.0 52.7 3.1  95.6 1.3
Backorder b=2 5.53 0.0 70.0 - 100.0 0.0
b=4 5.8 0.0 78.2 - 100.0 0.0

Table 3.6: Avg. cost, savings of dual sourcing and split of demands of a dramatic breakdown

scenario, parameter values of base case.

2 is only 50%, the OFF times are rather long, and the lead time is short, it is too risky to place
an order with the unreliable and slow supplier. In the lost sales case with high penalty cost
(p = 8), it is optimal in a single state to reorder a single unit with S2 when S1 is unavailable,

the buyer is out of stock and no orders are outstanding.
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Figure 3.5: Cost partition of a dramatic breakdown scenario, parameter values of base case.

3.5 Conclusion

This Chapter analyzed an inventory system where a buyer orders from multiple suppliers with
different cost and reliabilities which are subject to temporary failures. A semi-Markov decision
process was formulated to optimize the order decisions of the buyer depending on the supplier’s
availabilities for a lost sales model and a backorder model, assuming Poisson demand, exponen-
tially distributed lead times, and exponentially distributed ON and OFF periods. The solution
of the semi-Markov decision process provides the optimal sourcing strategy depending on the
actual inventory, the outstanding orders and the supplier status for both models. The numerical
examples show that the optimal policy is rather complex and illustrate the benefit of dual sourc-
ing compared to single sourcing when supply is subject to failure. In an illustrative example we
analyzed the optimal policy for the lost sales and backorder setting. Computational experiments
show that the benefit of dual sourcing over single sourcing is high especially when penalty costs
are high and disruption periods are long. We analyze the value of having full information about
the suppliers becoming available and unavailable, which is very important when the supplier
availabilities are low and disruption periods are frequent. Further, we compared the optimal
policy with a simple order-up-to-S policy where S may not be equal for all supply bases and

depends on the supplier characteristics of the actual supply base. A simple heuristic is developed
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providing good results compared to the optimal order-up-to-S policy with individual S. Simula-
tion results indicate that our model is sensitive with respect to more general ON and OFF and
lead time distributions. Further, our model is compared to a more dramatic supply breakdown
scenario.

Possible extensions to the current model would be to generalize to more general distributions
and to relax the assumption of independent lead times and allow for batch ordering. Future
research should include the investigation of the impact of different shapes of distribution for the
demand, lead time and ON and OFF times.
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3.6 Appendix: Tables

p=4,b=2 p=28b=4
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0 0 09051/3 1/3 9.91 0.7 3.3 03 1.8 1.7 0.1 10.39 1.5 6.2 0.5 3.1 28 8.3
1 1 9.96 1.8 10.1 04 1.8 1.7 0.1 10.52 54 23.3 0.9 2.8 2.6 0.6
1/3 1 9.93 05 105 03 18 1.7 0.1 10.42 1.3 244 0.6 29 2.7 7.6
05051/3 1/3 9.98 2.6 26 14 17 1.5 0.2 10.52 5.0 50 2.6 2.2 22 1.6
1 1 10.19 7.6 76 19 12 1.1 2.3 11.06 17.2 17.2 40 1.7 1.7 0.8
1/3 1 10.03 2.1 94 18 16 13 1.1 10.62 3.9 22 3.6 20 2.0 1.5
10 0.9 0.5 1/3 1/3 9.40 6.2 1.2 0.8 34 1.8 0.0 9.87 6.9 4.0 1.0 4.3 2.9 4.1
1 1 9.54 6.4 81 04 24 15 09 10.09 99 21.3 0.9 3.1 25 0.7
1/3 1 9.51 4.9 84 04 24 15 1.0 10.01 5.5 223 0.6 3.2 26 2.1
05051/3 1/3 9.42 8.6 09 18 27 14 0.0 9.95 11.0 3.2 3.1 3.1 2.3 2.6
1 1 9.73 12.7 60 19 13 11 23 10.58 22.5 15.6 4.2 1.8 14 1.0
1/3 1 9.60 6.6 74 1.7 16 1.2 0.9 10.20 83 20.0 3.6 1.9 1.9 0.9
2509051/3 1/3 838 19.2 02 25 90 32 0.7 8.89 18.7 23 2.2 8.8 3.6 6.4
1 1 8.79 154 59 08 43 20 0.1 9.35 185 19.1 1.2 46 2.8 0.7
1/3 1 8.78 13.7 6.2 07 44 20 0.0 9.28 13.7 20.0 0.9 4.7 2.9 0.7
05051/3 1/3 838 222 01 34 69 24 1.3 8.94 23.6 1.8 4.3 6.6 2.8 5.9
1 1 8.92 229 44 24 27 14 1.0 9.79 324 13.8 4.6 27 1.6 0.1
1/3 1 8.84 15.8 54 2.1 3.1 1.5 0.1 946 16.7 17.7 4.0 29 20 0.0
500 09051/3 1/3 9.94 0.4 45 02 19 18 0.7 10.43 1.1 72 04 3.0 3.0 10.1
1 1 9.98 1.6 91 03 20 18 04 10.54 5.2 19.1 0.8 3.3 28 1.1
1/3 1 9.95 0.3 95 02 19 19 038 10.45 09 20.1 0.5 29 29 9.1
0.50.51/3 1/3 10.08 1.6 30 1.1 21 19 038 10.66 3.6 50 2.1 3.2 3.2 4.1
1 1 10.26 6.8 6.1 14 18 16 26 11.10 16.8 13.1 3.1 29 23 1.0
1/3 1 10.11 1.3 78 1.5 19 1.7 28 10.73 29 17.0 2.9 2.8 2.8 3.6
100905 1/3 1/3 9.55 4.5 1.1 04 37 23 0.1 10.08 4.7 3.3 0.5 46 34 4.4
1 1 9.64 5.3 60 03 34 22 22 10.22 85 156 0.7 44 3.1 2.2
1/3 1 9.62 3.8 62 03 33 23 22 10.15 39 163 0.5 4.3 3.2 3.9
0.5051/3 1/3 9.57 6.9 08 1.1 33 21 0.1 10.16 8.7 25 1.9 44 34 1.8
1 1 9.78 12.1 44 14 2.7 1.7 29 10.60 223 114 3.1 3.5 2.3 1.3
1/3 1 9.69 5.7 5.5 1.3 2.8 19 26 10.31 7.1 146 2.6 3.6 3.0 2.2
2509051/3 1/3 853 17.0 02 15 95 31 09 9.08 16.2 1.9 1.3 10.0 4.6 3.8
1 1 8.81 15.1 42 06 69 23 1.1 9.39 18.1 14.0 1.0 79 3.9 1.8
1/3 1 8.80 13.4 44 06 69 24 14 9.33 13.1 146 0.7 7.8 4.0 1.9
0.5051/3 1/3 854 199 01 21 78 26 0.3 9.12 21.1 1.5 2.7 89 4.0 1.7
1 1 891 23.1 3.1 1.8 54 19 14 9.71 33.5 10.2 3.5 5.7 2.7 0.2
1/3 1 8.85 15.7 3.8 16 56 20 1.2 947 16.6 129 3.0 6.6 3.1 1.0

Table 3.7: Results of optimal dual sourcing policy and the savings compared to single sourcing,
incomplete information, and order-up-to-S policy lost sales case A = 4.
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ApAcAy Ay ~ ~ < 73 o3 o3 o3 w v < o3 @3 o3 o3 wn
0 0 09051/3 1/3 22.88 1.0 44 0.1 1.8 1.8 0.6 23.50 2.4 85 0.3 29 28 26
1 1 23.03 26 14.1 0.2 1.8 1.8 0.3 23.92 7.7 30.8 0.5 28 26 04
1/3 1 22.92 0.8 14.7 0.2 1.8 1.8 0.9 23.61 1.9 325 04 277 277 2.7
0.50.51/3 1/3 23.06 3.6 3.6 0.8 1.6 1.6 0.2 23.85 6.9 6.9 1.5 22 22 0.0
1 1 23.81 104 104 1.0 1.3 1.2 5.0 25.69 21.8 21.8 23 1.8 1.2 22
1/3 1 23.23 2.8 13.1 1.0 1.6 14 26 24.21 53 29.2 2.1 21 1.8 1.8
10 0.9 0.5 1/3 1/3 21.56 7.1 21 04 34 19 0.2 22.19 8.4 6.1 0.5 42 2.8 0.6
1 1 21.97 75 122 0.2 22 1.8 29 22.85 12.7 289 0.6 3.1 26 23
1/3 1 21.87 5.6 12.6 0.2 22 19 3.0 22.57 6.6 30.5 04 29 27 25
05051/3 1/3 21.65 10.3 1.7 1.0 28 1.5 0.5 22.46 13.6 4.9 1.7 3.0 2.1 06
1 1 22.64 16.1 8.8 1.1 14 1.2 4.1 24.54 275 200 24 1.6 1.1 1.5
1/3 1 22.16 7.8 11.2 1.0 1.5 14 29 23.18 10.0 27.1 2.1 1.9 1.8 23
2509051/3 1/3 19.05 21.2 0.7 1.3 90 25 14 19.77  21.8 44 1.2 91 32 24
1 1 20.17 17.1 9.8 04 39 18 1.7 21.07 222 26.7 0.7 44 27 09
1/3 1 20.10 149 10.2 0.3 39 19 15 20.83 155 28.2 0.5 42 28 1.6
0.5051/3 1/3 19.08 25.2 0.5 1.8 7.1 19 3.1 19.94 27.9 3.5 24 6.8 2.3 3.0
1 1 20.69 27.0 70 1.3 25 1.2 36 22.63 382 18.0 2.6 21 1.0 1.7
1/3 1 20.33 174 89 1.2 26 14 18 21.44 19.0 246 2.3 23 1.7 038
500 0.9051/3 1/3 22.92 0.8 4.3 0.1 21 2.1 1.5 23.56 2.2 7.1 0.3 3.3 32 49
1 1 23.05 2.5 11.0 0.2 23 2.0 0.3 23.93 7.6 23.6 04 3.8 28 0.7
1/3 1 22.95 06 11.5 0.1 20 2.0 1.5 23.66 1.7 25.0 0.3 3.0 3.0 4.2
0.50.51/3 1/3 23.21 2.9 29 0.6 21 2.1 0.9 24.03 6.1 5.1 1.1 3.2 3.1 25
1 1 23.80 10.4 7.5 0.8 21 1.7 3.6 2546 229 16.2 1.7 27 2.1 15
1/3 1 23.33 2.4 9.7 0.8 20 19 23 24.31 49 21.7 1.6 27 26 28
10 0.9 0.5 1/3 1/3 21.70 6.4 1.4 0.3 4.7 25 02 22.39 7.5 4.0 0.3 5.5 3.6 24
1 1 22.00 7.4 8.5 0.2 43 25 21 22.90 124 21.1 0.3 5.3 34 29
1/3 1 21.93 5.3 8.8 0.1 42 25 2.2 22.71 6.0 22.1 0.1 4.7 33 3.3
0.50.51/3 1/3 21.77 9.7 1.1 0.6 41 22 0.1 22.58 13.0 3.1 1.0 50 33 15
1 1 22.49 16.8 6.1 0.8 34 1.8 2.6 24.12 29.7 149 1.8 3.6 22 1.1
1/3 1 22.15 7.8 7.8 0.7 34 21 21 23.14 102 199 1.5 3.8 2.8 28
2509051/3 1/3 19.08 21.1 04 08 114 29 0.2 19.81 21.5 27 08 121 44 2.9
1 1 19.92 18.6 6.8 0.3 82 25 09 20.86 234 19.5 0.2 90 34 14
1/3 1 19.88 16.2 7.0 0.3 80 25 1.2 20.63 16.6 20.9 0.3 89 38 26
0.50.51/3 1/3 19.10 25.1 0.3 1.1 94 25 0.1 19.92  28.0 21 1.5 101 3.7 14
1 1 20.28 29.6 4.8 1.0 6.1 19 1.8 21.90 428 139 2.0 59 2.2 08
1/3 1 20.04 19.2 6.1 09 64 21 1.0 21.05 21.2 185 1.7 6.6 28 14

Table 3.8: Results of optimal dual sourcing policy and the savings compared to single sourcing,
incomplete information, and order-up-to-S policy lost sales case A = 10.
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0 0 09051/3 1/3 9.01 0.9 4.1 0.3 26 2.1 0.0 9.29 1.4 5.8 0.4 3.1 3.0 0.2
1 1 9.08 4.3 194 0.6 2.7 2.0 0.0 9.40 77 296 1.0 3.3 29 0.1
1/3 1 9.03 0.7 20.1 04 26 2.1 0.0 9.31 1.1 309 0.5 3.1 29 0.1
0.50.51/3 1/3 9.08 3.3 3.3 1.8 27 22 12 9.38 4.8 4.8 2.5 27 27 25
1 1 939 154 155 3.1 24 20 32 9.88 234 233 4.7 34 2.7 34
1/3 1 9.13 2.7 187 25 3.0 2.1 0.9 9.47 3.8 28.7 3.6 2.8 2.8 1.7
10 0.9 0.5 1/3 1/3 8.46 7.4 1.4 0.9 44 24 0.8 8.75 7.6 3.1 1.0 46 3.0 1.8
1 1 8.63 9.8 16.4 0.7 3.3 24 19 895 13.1 271 1.1 3.7 2.8 34
1/3 1 8.59 59 17.0 04 3.1 25 0.2 8.88 6.1 28.3 0.6 3.5 28 14
0.5051/3 1/3 8.48 10.6 1.1 23 41 23 0.5 8.80 11.6 2.5 3.0 3.7 26 14
1 1 889 219 13.1 3.2 2.7 22 33 939 299 21.3 4.9 3.5 2.8 36
1/3 1 8.68 81 157 25 3.2 22 0.1 9.03 8.8 26.2 3.7 2.8 2.7 0.5
250905 1/3 1/3 7.38 23.2 0.0 33 11.3 44 2.9 774 21.7 1.1 25 10.2 4.1 0.9
1 1 787 204 125 1.1 54 2.2 20 821 233 241 1.3 55 3.0 3.1
1/3 1 784 16.0 13.0 0.8 53 2.2 12 815 15,5 251 0.9 52 29 0.0
05051/3 1/3 738 271 00 43 9.7 34 23 775 268 09 45 81 33 3.0
1 1 8.05 34.6 10.1 3.7 42 24 438 856 424 19.0 5.4 4.8 3.0 2.1
1/3 1 791 18.6 12.0 2.8 49 23 0.2 827 18.8 23.2 4.0 40 26 0.6
500 09051/3 1/3 904 06 59 03 30 26 0.0 932 10 76 04 34 32 0.2
1 1 9.11 4.0 174 0.5 3.2 22 0.1 9.43 74 254 09 44 29 0.2
/31 905 05 181 03 30 24 0.0 934 08 266 05 33 31 0.1
0.50.5 1/3 1/3 9.19 2.1 42 1.5 3.2 18 15 9.52 3.2 54 2.0 3.8 3.6 0.6
1 1 947 144 129 2.6 3.0 26 1.8 9.95 225 188 3.8 3.8 3.1 20
1/3 1 9.22 1.7 159 2.2 3.0 23 0.7 9.57 26 23.5 3.1 3.5 33 04
1009051/3 1/3 863 53 1.7 05 46 30 1.6 895 52 31 06 50 36 1.6
1 1 8.74 84 13.2 0.5 45 29 1.2 9.08 11.5 214 0.8 51 34 21
1/3 1 8.70 4.5 13.7 0.3 42 29 1.0 9.02 44 223 0.5 4.7 34 1.1
0.50.51/3 1/3 8.66 8.3 14 15 4.8 21 2.7 9.00 9.1 25 2.0 53 4.0 14
1 1 895 21.0 10.5 2.6 40 28 1.6 944 29.2 16.8 3.8 46 3.3 1.8
1/3 1 8.78 6.8 12.7 2.0 42 29 14 9.14 7.5 206 2.8 46 3.6 1.2
2509051/3 1/3 7.56 20.2 02 1.8 122 4.7 2.5 7.92 18.9 1.4 16 116 5.3 3.1
1 1 7.88 20.2 104 0.9 91 34 0.3 823 23.0 194 1.2 93 43 0.8
1/3 1 7.86 15.7 10.7 0.7 88 34 16 8.18 15.0 20.1 0.8 89 44 24
0.50.51/3 1/3 7.56 24.0 0.2 27 102 41 2.5 793 238 1.2 29 10.7 48 1.9
1 1 8.03 34.9 83 3.0 70 3.0 22 852 43.1 154 4.3 74 3.6 0.7
1/3 1 791 185 9.9 23 74 3.1 20 829 18.6 186 3.2 81 38 16

Table 3.9: Results of optimal dual sourcing policy and the savings compared to single sourcing,
incomplete information, and order-up-to-S policy backorder case A\ = 4.
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0 0 09051/3 1/3 21.47 1.0 4.2 0.1 20 19 0.1 21.85 1.6 6.3 0.2 25 24 0.2
1 1 21.65 4.7 21.6 0.3 21 1.9 1.2 22.17 9.3 33.8 0.5 3.0 25 1.3
1/3 1 21.51 0.8 4.0 0.2 20 1.9 0.0 21.91 1.3 353 0.2 25 24 0.1
0.5051/3 1/3 21.62 3.5 3.5 0.7 1.8 1.8 0.5 22.06 5.3 53 1.1 22 21 2.0
1 1 2246 172 172 14 21 1.8 5.2 23.48 26.3 26.3 2.3 32 16 6.3
1/3 1 21.76 2.8 2.8 1.0 20 1.7 04 22.30 4.1 33.0 1.6 25 19 1.6
10 0.9 0.5 1/3 1/3 20.10 7.9 1.4 0.5 3.7 24 0.9 20.51 8.2 3.5 0.5 41 24 1.6
1 1 20.55 10.3 184 0.3 25 2.0 4.1 21.08 149 31.1 0.5 3.3 2.6 5.5
1/3 1 20.44 6.1 19.1 0.2 23 19 04 20.86 6.4 32.6 0.3 28 24 1.0
0.5051/3 1/3 20.14 11.1 1.2 1.0 3.1 2.0 1.6 20.62 12.6 29 1.3 3.3 21 19
1 1 21.22 24.0 147 1.5 23 2.0 54 2227 33.1 241 24 3.2 2.6 4.7
1/3 1 20.66 83 178 1.0 20 1.8 0.3 21.22 94 303 1.6 24 2.3 0.6
250905 1/3 1/3 1737 24.8 0.0 2.2 109 59 0.6 17.99 234 1.3 14 99 3.8 1.3
1 1 18.70 21.2 14.4 0.5 4.2 24 3.1 19.26 25.8 28.0 0.7 49 26 4.5
1/3 1 18.62 164 14.9 0.3 4.0 2.3 0.0 19.08 164 29.2 0.4 4.3 2.5 0.3
05051/3 1/3 17.37 28.8 0.0 24 87 4.6 2.1 18.02 28.8 1.1 2.1 7.8 3.0 4.3
1 1 19.18 37.3 115 1.7 3.5 2.0 5.5 20.27 46.3 216 2.6 4.2 2.6 4.2
1/3 1 18.79 19.1 139 1.1 3.2 1.8 0.6 19.41 19.7 270 1.8 3.3 22 1.0
500 09051/3 1/3 21.51 0.8 46 0.1 22 22 0.2 21.90 1.3 6.1 0.2 29 2.8 0.3
1 1 21.68 4.5 179 0.3 2.8 2.1 0.8 22.19 9.2 276 0.5 4.0 2.7 0.8
1/3 1 21.54 0.6 187 0.1 22 2.1 0.2 21.95 1.1 289 0.2 2.8 2.8 0.2
0.50.5 1/3 1/3 21.77 2.8 3.3 0.6 26 25 1.2 22.24 4.4 4.5 0.8 3.3 3.1 0.6
1 1 2249 17.0 13.6 1.2 3.0 24 26 23.42 26.6 20.8 1.8 3.7 2.8 3.2
1/3 1 21.88 2.3 16.8 0.9 25 23 1.0 22.42 3.6 26.2 1.3 3.0 29 0.5
10 0.9 0.5 1/3 1/3 20.23 7.2 1.3 0.3 52 2.8 21 20.68 7.3 2.7 0.3 55 3.3 20
1 1 20.57 10.2 145 0.3 4.9 2.8 0.7 21.10 148 24.7 04 58 3.4 1.5
1/3 1 20.48 59 15.0 0.2 4.5 2.8 1.2 20.92 6.1 25.7 0.2 49 34 1.1
0.50.5 1/3 1/3 20.27 10.4 1.1 0.7 49 2.8 1.9 20.77 11.8 2.3 0.9 53 3.4 1.5
1 1 21.11 247 116 1.2 4.3 2.6 1.8 22.05 34.5 19.3 1.9 4.8 3.0 1.5
1/3 1 20.66 83 14.0 0.8 4.0 2.7 1.2 21.22 94 24.0 1.3 44 3.1 1.2
2509051/3 1/3 1748 24.0 0.1 1.2 132 3.7 4.5 18.02 23.2 1.3 09 131 4.3 3.3
1 1 18.44 229 11.6 04 9.1 2.8 0.3 1899 276 227 06 10.0 3.6 0.5
1/3 1 18.37 180 12.0 0.3 88 2.8 3.0 18.84 178 23.7 0.4 94 3.6 2.3
0505 1/3 1/3 17.48 28.0 0.1 14 111 3.4 4.2 18.05 28.6 1.1 14 11.1 4.0 2.5
1 1 18.81 39.9 94 14 72 2.7 1.9 19.77 50.0 179 2.1 76 3.1 1.3
1/3 1 18.50 209 11.2 1.0 7.3 2.5 3.1 19.10 21.6 22.0 1.5 75 3.2 1.7

Table 3.10: Results of optimal dual sourcing policy and the savings compared to single sourcing,
incomplete information, and order-up-to-S policy backorder case A = 10.






Chapter 4

Dual Sourcing under Disruption Risk
and Cost Improvements through

Learning

This Chapter investigates a finite time dynamic supplier selection and allocation problem of a

buyer that can source from two suppliers subject to supply disruptions.

4.1 Introduction

When analyzing an optimal sourcing strategy, a buyer has to consider ineffectiveness of the
supply chain resulting from supply disruptions. Disruptions may be caused by different forces
from inside and outside the organization, e.g. supplier bankruptcy or natural disasters, and
can have a strong impact on the supply performance and, in particular, increase sourcing costs
considerably.

To operate efficiently despite potential disruptions, dual sourcing is a prevailing strategy for
mitigating against the supply risk. However, dual sourcing forfeits some potential economies of
scale from single sourcing. The challenge for the buying firm is to deal with supply disruptions
and integrate long-term learning effects of the suppliers based on production experience into the
optimal sourcing decision. Existing literature mostly focuses on ways how to manage supply
disruptions, assuming constant costs of the suppliers over the entire planning horizon. In long-
term planning, however, the phenomenon that suppliers learn how to reduce cost over time
through production has to be included into the buyer’s procurement decision (see Figure 4.1).

Paying attention to both managing supply disruptions and quantifying supplier relationships

o3
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@

Supplier
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Learnin'g effects

Suppliers reduce production - Suppliers face the risk of
cost through learning permanent disruptions

Figure 4.1: Framework for dual sourcing and illustration of key trade-off.

when supply cost follows a learning curve requires a general supply cost function, where costs
decrease with cumulative production. When accounting for supplier cost improvements through
learning alone, the buyer will clearly favor a single sourcing strategy to benefit the most from
future cost reductions. However, the risk of a disruption is generally higher when ordering
from a single supplier than when ordering from two suppliers. Under dual sourcing, in case of a
disruption at least the other supplier survives and accumulates experience which decreases future
supply cost. Therefore, a diversification between two suppliers to reduce the risk of higher future
purchasing cost can result in overall lower total cost for the buyer.

The objective of this Chapter is to provide managerial insights into how a buyer should
optimally allocate demand volume between two suppliers under given supplier reliability, pro-
curement cost and cost improvement potentials through learning. We develop a discrete time
stochastic dynamic program with a single buyer purchasing from two potential suppliers who face
the risk of permanent supply disruptions. We analyze the optimal policy for the buyer sourcing
from two potential suppliers, that either are identical or differ in their reliability, learning ability,
or cost structure (e.g. the supply base may consist of one unreliable but low cost supplier and one
reliable but high cost supplier) and compare it to a single sourcing policy. The central research

questions in this Chapter are:

e What is the interaction of supplier characteristics, reliability, cost, and learning ability on

the optimal policy?

e What is the influence of the relevant parameters on the sourcing strategy and on the optimal

volume allocation between the suppliers?
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e What is the benefit from dual sourcing compared to single sourcing, equal split or 75:25

split dual sourcing?

The model under investigation is mostly related to Tomlin (2009b) who also studies a discrete
time finite horizon problem with two unreliable suppliers. However, our work differs as follows:
Tomlin (2009b) assumes that supply costs do not change over time, whereas we assume that costs
decline with experience. Further, Tomlin (2009b) focuses on supply disruption where an order
placed with a supplier might succeed or fail. Our work assumes that a supplier might survive and
gain experience, which reduces future supply cost or else fails and gets permanently disrupted
and needs to be replaced by a supplier without experience. In Tomlin (2009b), total expected
cost depends on past events only through the reliability forecast and the optimal decision only
influences the current period’s expected cost. The optimal decision in our model depends on
past allocation decisions and influences both, the current period’s and expected future cost.

The remainder of this Chapter is organized as follows. In Sections 4.2, we present the problem
description, in Section 4.3 the dynamic model formulation. Section 4.4 and 4.5 derive structural
properties of the buyer’s optimal policy analytically and through numerical examples. In Section

4.6, we give concluding remarks. The proofs of the results are provided in 4.7.

4.2 Problem description

Consider a buyer with a T-period planning horizon with 7" > 2. In every period ¢, the buyer can
use dual sourcing to purchase from two potential suppliers to satisfy a constant deterministic
demand d. The buyer decides on the order allocation q¢ = {q1,4, ¢2+} between suppliers 1 and 2 to
minimize the total expected cost over the planning horizon and thereby implicitly on the sourcing
strategy (single sourcing or dual sourcing). For reasons of simplicity, we assume that the buyer
does not store inventory strategically and shortages are not allowed, therefore g1+ + g2 = d for
t =1,...,T. Further, the lead times of the suppliers are negligible compared to the strategic time
bucket of the sourcing allocation problem and both potential suppliers have ample capacities.
The suppliers’ per unit costs change dynamically based on past cumulative production (learn-
ing effect), i.e., the suppliers realize a quantity-based learning benefit. Hence, the per unit pur-
chase costs associated with each supplier ¢ = 1,2 in period t, ¢;(x;+) are functions of experience
defined as cumulative production z;; = Z’;Zl ¢i.~- The cost function of supplier 4, ¢;(.), is de-
creasing and convex in experience, ¢;(z) < 0 and ¢/(z) > 0. An example of such a cost function
is the power learning function c(z) = cox ™, where ¢y is the initial cost, x the experience and
b the learning factor. To obtain further insights when necessary we will use the power learning

function to specify the cost function. Supplier experience at the beginning of the first period is
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normalized to zero, z; 1 = 0 and initial supply costs are given by ¢;(0) = ¢; 0. We define supplier
1’s reliability by the survival probability p;, and assume that the supplier survival probabilities
are known and independent between the suppliers and across periods. A supplier ¢ who does not
survive to the next period ¢ + 1 loses gained experience and faces a permanent disruption, but a
new supplier can start production at initial cost c; g, i.e. the replacement is by a supplier of iden-
tical type. In case of a supplier disruption, however, a new supplier with the same qualification
gets available and replaces the disrupted supplier. The preselected suppliers are of certain types
i =1,2, i.e. atype one supplier may differ e.g. geographically, politically or in the infrastructure

installations from a type 2 supplier. Then, supplier i’s experience in period ¢t + 1 is given by

Z;t +qir with probability p;,
X ,tJr]. = ) -
' 0 with probability 1 — p;

The suppliers may have different characteristics: initial cost, learning ability and reliability and
will not necessarily have the same ability to learn, i.e. one supplier may learn faster than the

other.

The sequence of events is as follows: (1) at the beginning of each period ¢, the buyer knows
the supplier experiences x¢ = (21,4, x2,) before production, hence the actual within period supply
cost, (2) the buyer decides on order quantities q¢ = (q1,¢, g2,+) to satisfy demand d = ¢1 ¢ + ¢2.
The production decision affects the future supply cost with probability p;, where the experience
of supplier ¢ = 1,2 at the beginning of the next period accumulates to x; 41 = x;; + ¢; ;- With
probability 1 — p;, the supplier gets disrupted and a new inexperienced supplier with identical

initial characteristics can start production (see Figure 4.2).

Period t Period t+1
e . _ N ) . Jalx, +q,)g withprob. p,
Supplier 1's cost for g units : ¢,(x,,)g Supplier 1's cost for ¢ units : c.q with prob. 1- p,

Supplier 2's cost for g units : ¢, (x,,)g
- ey(x,, +d—q,,)g with prob. p,
Supplier 2's cost for ¢ units :{ (% )4 prov. p,

504 with prob. 1- p,
Buyer observes Buyer determines Buyer observes Buyer determines
X, =(x,,x,,) q,, =d-q,, Xp = (X0 X0 00) 4,0 =4-q,,,

Figure 4.2: Sequence of events.
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4.3 Dynamic programming formulation

In order to analyze this sequential decision problem with a probabilistic law of motion and a
finite planning horizon, we first discuss the method for solving these types of problems to apply
it to the formulated problem afterwards. Further details on stochastic dynamic programming
models and its applications can be found in e.g. Heyman and Sobel (2003), Bertsekas (2005),
Bertsekas (2007), and Puterman (2009).

4.3.1 General stochastic dynamic programming formulation - The finite hori-

zon problem

Dynamic programming is a computational approach for analyzing sequential decision problems
over a finite time horizon T based on states, the principle of optimality, and functional equations.
It is a recursive procedure for calculating optimal value functions from functional equations.
These functional equations follow the principle of optimality which states that an optimal policy
behaves optimally for every state at each stage of the system. Hence, the optimal immediate
decision depends only on the current state and not on how you got there. The goal is to select
the sequence of decisions (policy) which minimizes the systems expected total cost.

The state of the system in period ¢ that summarizes past information that is relevant for
future optimization is denoted by x;. The decision to be selected at time ¢ out of the set of
possible decisions A;(x;) is denoted by ¢;. As a result of choosing decision ¢; € A;(xy) in state
xy at time ¢ immediate cost ¢;(zy, ¢;) occur. The system state of the stochastic dynamic problem

evolves according to

Tt+1 :ft(%,(.ltaft)a t207177T_1

where & is a stochastic variable. For a given state and decision at the actual stage the future
state of the system is uncertain and the expected value is used to deal with the uncertainty. The
value function Vj(x;) defines the optimal expected cost for all remaining periods if the system
is in state x; at time t. The functional equations, or Bellman equations, which relate V;(x;) to
Vit1(2e41) are given by

Vi(xy) = min {ci(ze, q) + EVigr(xe41)}, t=1,..,T (4.1)
qt€A(zy)

with the boundary condition Vpii(z7r41) = 0.
Vi(z;) is the value of an optimal balance of short-run and long-run cost. Equation (4.1) is
the basis for the backward induction algorithm. This algorithm decomposes the problem into a

sequence of minimization problems that proceeds as follows:
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1. Start in the last stage t = T', where the problem is static as Vpyj(xp41) = 0 and compute
Vr(zr) = ming,. ¢ Aler) cr(zr,qr) to obtain the optimal policy ¢j-(x7) for the last stage
that minimizes the right-hand side of the preceding equation for each of the possible states

7 in that stage.

2. Go one step back, set ¢t =t —1 and compute V;(z;) = ming,c sz, {ct(zt, at) + EVig1(we41)}

inserting the optimal value functions for stage ¢ + 1 to obtain ¢} (z;).
3. Stop if t = 1, otherwise go to step 2.

Returning to the problem formulated in Section 4.2 and applying this recursive procedure is

straight forward and will be discussed in the following.

4.3.2 Application to the formulated problem

Variables and parameters used for the stochastic dynamic model are summarized in Table 4.1.
The decision variable is g ¢, which is the order quantity assigned to supplier 1 and g2 ; = d —q1 4.
For t = 1,...,T, Vi(x¢) defines the optimal undiscounted cost for the remaining periods, given
that the actual supplier experience at the beginning of period t is x¢ = (21, #2,¢). The stochastic
dynamic programming recursion is formulated as

Vilxg) = 0<I;1in<d{cl($1,t)(h,t + co(z24)(d — qit) + P1ip2Vir (s + ques 2 +d — qie) +
<q1,:<

P1(L = p2) Vi1 (16 + q1,6,0) + (1 — p1)p2Vig1(0, 20 +d — que) +
(1 =p1)(1 = p2)Vi41(0,0)}, (4.2)

with terminal condition Vpiq(x141) = 0.

T Planning horizon

Index for periods in time horizon ¢t = 1,...,T

d Per period demand
Qit Order quantity assigned to supplier ¢ = 1,2 in period ¢
Tit Experience (cumulative production) of supplier i = 1,2 at the beginning of period ¢

¢i(xiy) Per unit purchase cost of supplier i = 1,2 in period ¢

Ci0 Initial per unit purchase cost of supplier ¢ = 1,2 if ;; =0

Di Probability that supplier ¢ = 1,2 will survive to the next period
Vi() Optimal cost for the t-period problem

Table 4.1: List of notation.
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4.4 Model analysis

4.4.1 Structural properties

In the last period T, the objective is to minimize total procurement cost for realized supplier

experiences Xt

Vr(xr) = min {c(z17)qr + ca(xer)(d—q17)}
0<q1,7<d

Clearly, in the absence of future supply disruption risk the buyer will only procure from the lower

cost supplier in the last period.

ci(z,r)d, if ci(x1r) < calwor)

.(4.3)
ca(xo,r)d, otherwise

. { d, if ci(z1,7) < calxar)
Q1=

. , Vr(xr) =
0, otherwise

This implies that the last period decision only depends on the realization of actual supplier
experiences (cumulative production) and as the buyer does not face the risk of losing experience

for a future cost reduction, the optimal decision does not depend on the reliabilities p;. Hence,

there is no benefit from dual sourcing. For periods ¢t < T, the optimal procurement decisions
av()
0q1,¢

Q" = (411,912, q; 7_1) are as follows. Unless otherwise stated, V’(.) and ¢/(.) denote

dc(. .
and 825,2, respectively.

Theorem 4.4.1. There are three possible candidate decisions for an optimal allocation in period
t < T': single sourcing with supplier 1 (g7, = d), single sourcing with supplier 2 (qi , = 0) and
dual sourcing (0 < qit < d). The optimal dual sourcing procurement quantity (0 < qit <d)

solves

caxor) —ci(z1e) = ppeVip (e + @i xoe+d—qi )+ pr(1—p2)Vi (@1 + ¢4, 0) +
(1= pu)p2Vii 1 (0, 22 +d — g7 ). (4.4)

The optimal order quantity from dual sourcing 0 < g7, < d trades off the actual marginal
supply cost difference ca(xg,) — ¢1(21,¢) of assigning an additional unit to supplier 2 rather than
to supplier 1 and the expected change of total cost (derivative of the future value function)
from all future periods with the currently obtained experiences x;; + ¢;; and weighted with the
probabilities of different supply bases containing all or one (of the two) current suppliers.

In the two-period case T' = 2, the optimality condition for sourcing volume allocation reduces

to

_ {PldC’l(Qil)—pz(l—pl)dC’z(d—fﬁ‘,l), if ci1(qi) <cald—qiy) (4.5)

20— C,0 = ' , * :
pr(1— p2)de; (i 1) — p2dey(d — qi 1), otherwise
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which offers a clearer economic interpretation. The optimal first-period allocation is chosen such
that the per unit extra cost of using supplier 2 becomes equal to the expected total loss if supplier
1 survives minus the savings if supplier 1 fails and supplier 2 survives. Equation (4.5) implies

the following.

Lemma 4.4.2. In a two-period problem for non-identical suppliers, the optimal first period pro-
curement quantity qi ; is increasing in p1 and decreasing in pa. For ¢;(z;) = civox;bi, (1=1,2),
the optimal first-period procurement quantity gj , is increasing in d, decreasing (increasing) in by

if biln (g7 1) > (<)1 and increasing (decreasing) in by if baIn (d — g7 1) > (<)1.

In the special case of two identical suppliers assuming g1, > d/2 (supplier 1 is awarded the
larger quantity of first period demand, however as the suppliers are symmetric this assumption

is just a technical one and will hold throughout this paper), (4.5) reduces to

d(q11) = (1 —p)d(d—qiy). (4.6)
This has the following implications:

Lemma 4.4.3. In a two-period problem for identical suppliers, (i) the optimal first-period order
quantity qil is increasing in p and d. For c(x;) = cox;b, the optimal first-period procurement
quantity qi s decreasing in b. (i1i) The optimal first-period order quantity qi 1 s independent

of the initial cost co. (iv) qi1 7 @1 5 € equal order splitting is not optimal.

The relationship between the optimal procurement quantities and survival probabilities are
intuitive: when the survival probability of supplier 1 increases, the risk of a disruption decreases
and more volume will be allocated to supplier 1. The last implication might appear counterintu-
itive at first sight, as one would expect a symmetric allocation when sourcing from two symmetric
suppliers. But due to the cost improvements in the second period, one supplier will always be

awarded a higher amount of demand than the other supplier as long as they are unreliable
(p<1).

4.4.2 Comparison of dual and single sourcing

Having characterized the optimal sourcing strategy, we compare the optimal sourcing strategy
with single sourcing from supplier 1 or 2 and analyze under which conditions dual sourcing is
preferred over single sourcing.

If the buyer chooses single sourcing with supplier ¢, he will procure the required quantity

d from this supplier in each period t, resulting in the decision qilf gle — g for all t, where the
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expected total cost is given by
VI (2 0) = ci(@ig)d + piViga (wig + d) + (1= pi) Vi1 (0) (4.7)

Thus, dual sourcing is preferred over single sourcing when Vfingle* — Vldual > 0, where
Vfingle* = min{Vfingle ! fingle ). With supplier 1 being the optimal supplier choice for sin-

gle sourcing, for notational convenience, dual sourcing is preferred over single sourcing if

p1Va(d) + (1 = p1)V2(0) = ((c10 — c2,0)(g11 — d) + (L = p1)(1 — p2)V2(0,0) +
P1p2Va(qi 1,d — qi 1) + pr(1 — p2)Va(qi1,0) + (1 — p1)p2V2(0,d — g5 1)) > 0 (4.8)

Therefore, there is a benefit from dual sourcing if the actual purchasing cost difference between
single and dual sourcing together with the future purchasing cost difference is positive. The
economic interpretation is that the expected future cost from single sourcing needs to compensate
the sum of the actual extra cost from dual sourcing and expected future cost from dual sourcing.

In the two-period model, (4.8) reduces to

p2(1 —p1)deio — ((e1,0 — 2,0)(¢11 — ) + prd(ci(qi) — c1(d)) + (1 — p1)padea(d — ¢71)) > 0
(4.9)
The first term of (4.9) is positive and the last three terms are negative. Thus, when the loss
resulting from a disruption of supplier 1 (pa(1 — p1)dey o) is sufficient, dual sourcing is preferred
over single sourcing with supplier 1. Note that for the case of identical suppliers, (4.9) can be
simplified to
(1 =p)eo = (elgry) — eld) + (1 —p)e(d —g71)) <O (4.10)

With (4.9) and (4.10) the sensitivity of the advantage of dual sourcing can be discussed. The

results are summarized below.

Lemma 4.4.4. In a two period problem for non-identical suppliers and Vlsmgle* = Vlsmgle I the
advantage of dual sourcing megle* — Vdual decreases (increases) in py if pa(c10 — ca(d — aq)) >

(<) e1(d) — c1(qi ) and increases (decreases) in pa if c2(d — qf 1) < (>) c10-

The advantage of dual sourcing decreases (increases) in p; if the extra cost of supplier 1 using
dual sourcing c;(d) — c1(qf ;) is smaller (greater) than the extra benefit/loss if supplier 2 survives
p2(c10 — c2(d — ¢ 1)). Further, the advantage of dual sourcing increases (decreases) in po, if
there is a benefit (loss) of dual sourcing in case that supplier 1 does not survive. For the other
parameters, there is a complex interaction and we discuss the resulting effects in the numerical
Section.

For identical suppliers, the sensitivity of the advantage of dual sourcing decreases is as follows.
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Lemma 4.4.5. In a two period problem for identical suppliers, the advantage of dual sourcing

ol ‘
Ve — vidual decreases in p.

For further illustration, we formulate indifference curves for ¢ = T — 1 between single and
dual sourcing of ¢} ,_, by setting ¢} ,_, to 0 or d, respectively in the first-order condition (4.4).
In the case of identical suppliers where py = ps = p, c1,0 = c20 = ¢o and ¢;(z) = c2(x) = c(z),

the indifference curves are

Ly = c(z1r-1) — c(wor-1) — p(1 — p)dd (zo,r—1) + pdd (z1,7-1 + d)

Ly = c(xir-1) — c(zer—1) — pdd (x9,r—1 + d) + p(1 — p)dc’ (z1,7-1)

OBSERVATION 4.1. The dual sourcing region increases with learning slope and decreases with
survival probability (see Figure 4.3).

The indifference curves L; and Lo that state the regions for dual and single sourcing with
supplier 1 and 2 are shown in Figure 4.3 for c(z) = coz™°. As the suppliers are identical, the

buyer is indifferent between supplier 1 and 2 on the diagonal line.

4.5 Numerical results and discussion

The following numerical studies complement our analytical findings. We analyze the impact of
supplier reliability, cost difference, and learning ability on the optimal volume allocation and
quantify the benefit of dual over single sourcing, equal split dual sourcing, and 75:25-split dual
sourcing. Buyer demand d is 100. Supplier 1 initial unit costs are defined by c1 0 = c20 — Ac
with ¢3¢ = 10. For example, supplier 1 is a foreign supplier offering a low initial per unit
cost, but is less reliable facing a higher risk of disruption due to less experienced workforce and
supplier 2 is a domestic supplier with high per unit cost but a high reliability. For the supplier
reliabilities, we use three scenarios: low, medium and high reliability with p € {0.7,0.8,0.9}.

We use the power learning function to specify the cost function. The learning rate expressed

—log(l)
log(2)

learning rate which means that for every doubling of cumulative production, costs go down by

as percentage is [, where b = and 0 < b < 1. A learning slope of b = 0.3 implies a 81%
29%. Depending on the industry, the learning rate typically ranges from 70% to 90% in most
industrial situations (see e.g. Yelle (1979), Jaber (2013)). Thus, we consider learning slopes
b € {0.1,0.3,0.5}, which implies a learning rate of I € {90%,81%,71%} with corresponding
improvement rates of {10%, 19%,29%}. We compare the optimal policy to other policies. Define
APS as the percentage savings of optimal compared to single sourcing

single _ 1/

APS = ITI x 100. (4.11)
1
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Figure 4.3: Optimal sourcing strategy ¢ = 7' — 1 in the (21, x2)-plane with ¢y = 10 and d = 100.

and A% as the percentage savings of optimal sourcing compared to dual sourcing with equal

split. Further, as proposed in Allon and Van Mieghem (2010), we also compare the optimal
policy to a policy with a 75%:25% allocation, A™* where 75* indicates the best 75:25 split

(75* = min{75 : 25 policy, 25 : 75 policy}), in the case of non-identical suppliers. In Allon and

Van Mieghem (2010) they consider a firm that can source from one low-cost offshore supplier and

one nearshore supplier. Simulations results indicated that, for the majority of parameter values,

total cost where minimal when around 75% (i.e., more than 50% but less than 100% given that

only five allocations were investigated) was sourced from the low-cost supplier.
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4.5.1 Two periods

For the case of two identical suppliers and 1" = 2, we obtain a closed form solution of the optimal

first-period order allocation for the power learning function c(z) = coz™".

*

Mg = W{l/fpu (4.12)

Le., the optimal order quantity ¢j ; in the first period is smaller than d for p < 1 and increases in
reliability p, as long as supplier 1 gets the larger part of the demand, and decreases with learning

ability b. The optimal order quantity (4.12) is shown in Figure 4.4.

100

70

5

=
i
i

S
-
e

60 S
1 S
S
%

Figure 4.4: Optimal order allocation qil for various b and p (identical suppliers d = 100).

For a two-period problem, Figure 4.5 plots the total expected cost as a function of the first-
period order allocation of supplier 1, ¢; (black curve) for Ac = 0% and 30%, and the expected
total cost of single sourcing, where ¢;1 = d and g2;1 = d, respectively (dashed lines). The
minimal expected costs for dual sourcing increase and the optimal order quantity assigned to
supplier 1 increases with the cost advantage of supplier 1 (Ac 1). Dual sourcing is preferred over
single sourcing for Ac = 0%, but as the cost advantage reaches a certain level, which is the case
in Figure 3 when Ac = 30%, the optimal dual sourcing strategy becomes single sourcing with
supplier 1.

In Figure 4.6, we illustrate the optimal sourcing strategy as a function of initial cost difference
Ac and supplier reliability p; when ps is fixed to 0.9. The white area is the region where supplier
1 gets more than 90% of demand and the black area is the region where supplier 2 gets more

than 90% of demand. The split-up of total demand are presented by their respective grey shades.
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Figure 4.5: Expected cost of dual sourcing as a function of ¢; 1 compared to single sourcing from

supplier 1 and 2 varying Ac (c2,0 = 10, d = 100,p; = p2 = 0.9,b; = by = 0.3).
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Figure 4.6: Buyer’s first period optimal order allocation to supplier 1 expressed as percentage of

demand varying Ac and p with ca 9 = 10,p2 = 0.9.

From Figure 4.6 we make the following observations: When the cheaper supplier 1 has a high
cost advantage and a moderate survival probability the buyer will never choose to work with the
expensive supplier and will always order from the cheap supplier. A high cost advantage of the
cheap supplier favors single souring when the reliability is moderate and the learning factor is
low.

Learning rates differ significantly across industry, but can even differ between firms in the
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same industry (see e.g. Li and Rajagopalan (1998), Hayes and Clark (1986)). The results
of a two-period problem where we assume that the second supplier may have an initial cost
disadvantage (Ac > 0) but a higher learning rate b; < by are summarized in Table 4.2. An
initial cost disadvantage accompanied by a learning ability advantage can lead to a volume
advantage for supplier 2 in the first period (¢f; < d/2), e.g. in the case Ac = 10% and
b1 = 0.1,b2 = 0.5. However, when the initial cost advantage of supplier 1 is large, the higher cost
improvements of supplier 2 do not pay off and supplier 1 will get the larger share of demand.
The buyer can significantly reduce total expected cost through the optimal dual sourcing policy
in the first period. The cost reduction through optimal dual sourcing is high, especially when
learning is high, even under a cost advantage of supplier 1 of 20%. Intuitively, the savings of the
optimal policy increase when learning increases and decrease when reliability decreases. Further,

a 75:25 policy performs better than a 50:50 policy, especially when the suppliers are significantly

heterogeneous.
Ac=0 Ac=10% Ac = 20%
(p17p2) bl b2 qf,l ADS’l ADSQ A50 A75* qil ADSl ADS’Q ASO A75* qf,l ADSl ADSQ A50 A75*
(0.9,09) 0.1 0.1 89 0.8 0.8 32 28 100 0.0 11.1 81 4.9 100 0.0 25.0 15.2 8.6
0.5 13 418 1.2 248 140 46 316 43 21.2 13.7 64 238 104 204 16.3
03 03 8 30 30 7.1 6.5 92 1.7 13.0 11.5 82 94 04 255 174 10.6
0.5 18 1566 3.7 136 10.1 7 74 71 11.0 10.5 93 1.9 14.3 119 84
05 05 8 53 53 86 8.2 90 3.7 152 129 9.7 93 23 279 187 12.0
(0.8,09) 0.1 0.1 10 29 06 41 3.1 90 03 90 70 45 100 0.0 223 13.7 7.8
0.5 12 447 1.0 260 144 45 342 4.1 22.2 14.0 64 263 102 21.3 16.5
03 03 13 84 26 93 72 8 4.8 103 11.5 9.6 90 2.6 214 16.1 11.0
0.5 17 215 3.2 16.0 10.9 46 12.8 6.5 13.2 11.1 64 6.1 12.6 129 10.9
0.5 0.5 17 12,5 4.6 11.6 9.2 84 89 125 139 12.7 89 6.7 239 186 14.1
(0.7,0.8) 0.1 0.1 17 3.7 15 46 3.7 87 0.8 96 72 47 100 0.0 224 134 7.5
0.5 19 39.0 2.1 23.1 134 51 304 6.5 21.0 144 67 23.7 13.6 21.2 18.1
03 03 21 10.8 5.2 11.3 9.3 81 7.0 129 133 115 87 43 238 175 123
0.5 26 224 6.2 17.3 129 52 149 10.7 15.8 14.3 67 8.8 18.0 164 13.8
05 05 24 16.1 84 149 12.6 81 123 16.6 17.1 158 8 9.5 279 216 16.8
(0.7,0.7) 0.1 0.1 75 2.6 2.6 4.5 4.2 89 0.5 11.7 80 4.9 100 0.0 25.0 14.5 8.0
0.5 27 316 3.6 19.9 124 57 247 9.0 19.1 14.7 70 19.1 17.1 20.5 194
03 03 72 84 84 11.4  10.9 8 5.8 176 148 114 88 3.4 293 19.5 12.7
0.5 34 182 9.7 167 14.3 58 119 154 164 15.2 88 7.1 242 184 13.8
05 05 69 13.0 13.0 154 152 82 103 22,5 189 156 87 7.8 348 239 16.9

Table 4.2: Optimal first period decision and savings (%) from dual sourcing, T = 2.
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4.5.2 Multiple periods

Table 4.3 shows how the optimal allocation decision and the savings from dual sourcing depend on
survival probability, learning rate, and the time horizon 7' > 2 for the case of identical suppliers,
where c19 = c20 = cp,b1 = by = b and p; = p2 = p and, as supplier are identical, ordered
experiences 1, > o4, Vt. Table 4.3 shows g7 ; for a zero initial experience level and omits g7 ,
for 1 < t < T, which depend on the supplier experience realizations in each stage. The initial
order allocation ¢ ; decreases in T' and as supplier costs decrease with experience, ¢ ; increases
with time ¢ if 21 ¢ > 22 and supplier 1 accumulates more experience than supplier 2. The total
savings from dual sourcing clearly increase with T'. Thus, we state the per period saving from
dual sourcing in Table 4.3 for a fair comparison, which decreases in T for a low learning rate and
increases or decreases in 1" for a high learning rate.

The optimal order allocation in period t depends on whether both suppliers survived, one
and which of the two suppliers survived, or no one survived. Thus, the optimal policy changes
with the realization of the supplier experience levels (see Table 4.4, where the complete policy for
T = 3 and the savings from dual sourcing conditioned on x3 = (212,22 2) for the remaining two
periods is shown). Further, it can be optimal for a buyer to return to dual after single sourcing
in previous periods. This case can be explained as follows: Assume the system has reached a
state where one of the two suppliers has accumulated enough experience so that it is optimal
for the buyer to single source in that period. If then both suppliers disrupt (x¢+1 = (0,0)) and
there are still £ > 1 periods to go, dual sourcing can be optimal and the optimal order quantity
coincides with ¢j ; of a k—period problem. Note that also reaching a state where only one of
the two suppliers survived can lead to dual after single sourcing, if the experience level of the

survived supplier is not sufficient for single sourcing in that stage (see Figure 4.3).

b=0.1 b=0.3 b=0.5

p T g A= AR AC i AP AE A2 g A A2 A7
0.9 2 89 04 16 1.0 8 15 35 21 82 26 43 25
3 8 04 15 09 82 17 37 22 78 31 48 27

4 84 03 14 08 79 16 36 20 75 32 48 26

5 81 03 12 07 77 15 33 18 73 31 47 24

07 2 75 13 23 12 72 42 57 31 69 65 7.7 4l
3 71 11 20 10 67 40 55 27 65 66 7.8 3.7

4 68 09 LT 08 65 35 49 22 63 61 T2 32

5 67 08 14 07 64 31 43 19 61 56 66 28

Table 4.3: Optimal order quantity allocation to supplier 1 depending on time horizon.
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b=0.1 b=0.3 b=05
D X2 . ADS A0 AT X2 at s ADS AB0 ATS X2 a0t ADS AP0 AT5
0.9 (86,14) 99 16 9.7 5.3 (82,18) 99  10.1 33.6 18.0 (78,22) 99 333 69.0 36.3
(86,0) 100 0.0 17.7 8.9 (82,00 97 04 765 36.6 (78,0) 97 40 181.7 84.7
(140) 97 01 110 5.6 (18,0) 97 0.9 476 229 (22,0) 97 35 1159 54.1
(000 8 08 32 20 (000 8 30 7.1 43 (00) 8 53 86 5.0
0.7 (71,29) 99 45 87 44 (67,33) 99  22.8 327 16.5 (65,35) 99  57.3 70.0 35.1
(71,00 95 09 163 7.2 (67,00 95 6.3 64.1 27.8 (65,00 95 17.5 131.9 56.8
(290) 94 11 133 5.9 (3300 94 60 53.6 232 (35,0) 95 161 113.2 48.7
(00) 75 26 45 25 (000 72 84 114 6.2 (00) 69 130 154 8.2

Table 4.4: Optimal order quantity allocation depending on realized experience in period 2, T' = 3.

The main results of the numerical experiments are summarized in the following observations.

OBSERVATION 4.2. Dual sourcing can lead to significant savings that increase with learning
ability and decrease with supplier reliability and the per period savings of dual sourcing decrease
with the time horizon for low learning rates and first increase and then decrease with time horizon
for high learning rates.

OBSERVATION 4.3.  The optimal order allocation qi , increases with time as supplier experience
increases due to learning. But qit changes in the time horizon as it depends on the actual supplier
experience, if no, one or both suppliers survived from the previous period. Thus, it can be optimal
for the buyer to return to dual sourcing in later periods, even if single sourcing has been optimal

i previous periods.

4.6 Conclusion

This Chapter analyzed the optimal allocation decisions that depend on the suppliers’ character-
istics - initial cost difference, learning slope and reliability.

We show that, if the future value gained by allocating the demand to both sources is sufficient,
dual sourcing is optimal. We find that, even though supplier cost declines with experience and
one would expect the decision maker to source the total required quantity from a single supplier,
the savings from dual sourcing can be significant if demand is allocated optimally between the two
suppliers. Interestingly, this optimal allocation is not symmetric even in the case of symmetric
suppliers. Moreover, we show cases where, even when a supplier has higher cost than the other
supplier, it is optimal for the buyer to use dual sourcing to compensate for the risk of supplier
disruptions. In addition, a supplier with a relatively fair initial cost disadvantage but a learning

ability advantage can get larger parts of demand in the actual period. Further, we find that the
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savings of dual sourcing compared to single sourcing or other policies can be significant and are
sensitive to the problem parameters.

As our model is limited to a supply base of two suppliers at most, future research should
analyze a model with more than two suppliers to study the effect of the size of the supply
base on the buyer’s decision. Further, we only focus on the learning phenomenon and do not
consider forgetting when e.g. disruption is only temporary, rather than permanent. Possible
extensions could also allow for order quantities that are greater than the per period demand, i.e.

an inventory carryover.
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4.7 Appendix: Mathematical proofs

Proof. of Theorem 4.4.1. First we show that the objective function is convex in its decision

variable for all t. The proof is by induction. Clearly, for ¢ = T" the function

Cr(xT,q,r) = c(x1,7)q1,7 + c(x27)(d — q1,7)

is convex in ¢ 7 as it is linear in ¢ 7. For ¢t =T — 1, the cost function is

Croa(xr-1,q1,7-1) = calzir—1)qr-1+ c2(z2r-1)(d—q1,7-1) + (1 — p1)(1 — p2)Vr(0,0) +
p1(1 —p2)Vr(x17—1 + q1,7-1,0) + (1 — p1)p2Vr (0, 22 7—1 +d — qi,7-1) +

pip2Vr(rir—1 + qur—1, 227—1 +d — qi,7-1)

Recalling that
c(rir)d if c(zir) < ca(war)
Vr(zyr,227) = ,
c(xer)d  otherwise

the first and the second derivatives are
ICT_1(xT-1,01,7-1) _
8q1,T—1
= c1(z1,7-1) — ca(wo,r—1) + p1(1 — p2)dc) (x1,7-1 + q1.7—1) — p2(1 — p1)dcy (war—1 +d — qr7-1)

dci(z1 71+ q1.7-1), if ci(zir) < ca(xor)
+p1p2 , .
—dcy(zo -1 +d—qi7-1), otherwise

O?Cr_1(xr_1,q1,7-1) _
8‘J%,T—1

B { pdc(z17—1 + q1,7—1) + (1 — p1)padcy (z17—1 +d — qir—1) >0 if ci(z,r) < ca(za7)

p1(1 — p2)dc{ (z1,0—1 + q1.7-1) + padcy(z17-1 +d — q1,7—1) > 0 otherwise

For t = T'— 1, the cost function Cp_1(xT—-1,¢1,7—1) is convex in ¢; p7—; due to the convexity
of the supplier cost functions. Assume, that for a general ¢ + 1 that Cy11(X¢+1,¢1,¢+1) is con-
vex in qi¢4+1. To complete the proof, it has to be shown that Cy(x¢,q1+) is convex in g4 As
Cty1(Xt+1,¢1,¢41) is convex (sum of convex cost function) it follows that 82C’t(xt,q1,t) /8qit =
p1p2Vii (w1 Hque 22 +d—que) +p1(1—p2) Vi (210 +q1,6,0) +(1—p1)p2 V)11 (0, 22 +d—q1¢) > 0

and Cy(x¢,q1+) is convex in ¢ which completes the proof.

The Lagrangian function for general ¢t < T" subject to the constraint 0 < ¢, < d is

L = c(zi)qis+cea(xe)(d—aqie) + EVipi(@ie + @i, 220 +d—qie)) — Mqie + Aa(qie — d)
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where A1 and Ao are the Lagrangian multipliers. The optimality condition is

oL
8ql,t

!
= ci(@1t) — ca(wor) + E(V/ (@1t 4+ qie,mor +d—qip) — A+ A2 =0
with the complementary slackness conditions

)\1 > 0 and )\1(_(]1,7&) == O,
)\2 Z 0 and )\g(qut — d) =0

leading to three feasible solutions:

(i) AT >0,A; =0and ¢i, =0

(ii) AT =0,A\5 >0 and ¢, = d

(iii) A} =0 and A5 = 0 and 0 < ¢f; < d the solution to

c1(@t) — ca(wor) + E(V/ (1t 4+ qup, wor +d—qiyp)) = 0=

ea(wre) —c1(way) = pipaViiq(@1e + qug wor +d—qig)) +p1(l — p2)Viiq (@14 + q14,0)) +
(1- pl)pQVt/Jrl(xl,t +q1,4,0))

Proof. of Lemma 4.4.2. We use the implicit function theorem on equation (4.5):
2,0 — 1,0 = p1dcy (g7 1) — p2(1 — p1)dey(d — i ) (ie. for the case c1(qy ;) < c2(d —qf 1), but for

c1(qi 1) > ca(d — g7 1) it is analogous).

% _ dc,l(cﬁ,l) + poddy(d — Qi1) >0
op1 p1dei (g5 1) + p2(1 — p1)dey(d — qf ¢)
a6116,1 _ (p1 — 1)dey(d — Qi1) <0
dp2 p1dey (qi 1) + p2(1 — p1)dcy(d — g7 ¢)

Using the power learning function ¢(x) = coz ™"

8%ca(d—q* 1)
g’ | i (ai 1) = pa(l = pr)(ch(d = a1 1) + —557)

od p1dc (g5 1) + p2(1 — pr)dey(d — 1)
—preiobi(af )" = pa(1 = pr)ezoba(d — af 1) 7?2 (gf 1 + bad)

p1de(qi 1) + p2(1 — p1)dcy(d — q1,1)
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9i, crodprgi 1™ (b1l (gf,) — 1)
dby p1dei(qi 1) + p2(1 — p1)dcy(d — gf ;)
oq; 4 *
= < (>)0< b ln(q],) > ()1
8b1 ’
Ogin  —czodpa(l—p)(d —giy) " (b2ln(d —giy) — 1)
Dby p1dey (g 1) +p2(1 — pr)dey(d — i y)
36116 1 *
ab7 > (<)0 < baln(d—qi ;) > ()1
2

O

Proof. of Lemma 4.4.3. We use the implicit function theorem on equation (4.6): ¢ (a11) =
(1—=p)d(d—qi,)

Oqgi, pdd(d —qi ) =0
dp (g1 1) + (1 —p)(d—qi ;)
d%e(d—qi 1)
dqi1 ~(1 =) g 0d =0
ad (qi1) + (L =p)"(d —qf,)
8%%1 < 0 can be directly seen from the explicit solution (4.12). (iii) and (iv) are straightforward.

O

Proof. of Lemma 4.4.4. We use equations (4.9) and (4.10) to show (i) and (ii), taking the partial

derivatives and using the results from Lemma 4.4.2.

(i) From (4.9) we define V™81 —y; = A by

A = pa(1 = p1)dero — ((e1,0 — c2,0) (g1 1 — d) + prd(ci(qi) — c1(d)) + (1 — p1)padea(d — qi 1))

A 94 4 e 910
— = —dpacig— ((c10—c = +d(c1(q 1) — c1(d)) + pidc (g} d
o P2€1,0 (( 1,0 2,0) a1 ( 1((11,1) 1(d)) +m (Q1,1) ap1
* / * aqil
—padca(d — Q1,1)) — (1 = p1)padey(d — Q1,1)8—pl)
= —d(p2((c1,0 — c2(d — 7)) + (c1(qi 1) — c1(d))
_afﬁ,l

. ((e1,0 = e2,0) +p1dc (g1 1) — (1 — p1)padcy(d — g7 1))

= —d(p2((c10 — ca(d = g7 1)) + (c1(qi 1) —c1(d)) =0

= apy < (>)0if pa(er0 — c2(d — g1 1)) > (<)er(d) — crlqi 1)
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0A
Opo

oq; oq;
(1= p1)dero — ((c1,0 — €20) = + prde (5 1) 5=
Op2 7 Opa
5’q1‘ 1

+(1 = p1)dea(d — g5 1)) — (1 — p1)padcy(d — ¢ 1) s )
(1= p1)d(cro — ca(d — q11))

aqil 1/ % / *
o ((c1,0 = c20) +p1dc’ (g1 1) — (1 — p1)padey(d — g7 1))
(1 =p1)d(ero —c2(d —qi1)) — 0

oA , )
= 8— > (<)0 if Cg(d — QI,I) < (>)6170
P2

ingle* ingle 2 S '
Analogous, when V8¢ = V&€ * then the advantage of dual sourcing increases (decreases) in

p1if c1(qf 1) < (>)c2,0 and decreases (increases) in py if p1(ca0 — c1(qf 1)) > (<)ea(d) — c2(d —

Cﬁ,l)-

O

Proof. of Lemma 4.4.5. From (4.10) define Vlsmgle —Vi=Aby

0A
Op

A= (1=p)eo = (clgi1) — e(d) + (1 = p)e(d = ¢1 1))

= eld=qia) =0 = —5 2(lain) = (1= p)d(d —ai))

= (d—qi1) —co <0







Chapter 5

Disruption Risk and Cost
Improvements through Learning:

Sensitivity Analysis and Implications

In this Chapter, the sensitivity of the model presented in Chapter 4 with regard to three limiting
assumptions is discussed: known reliability of suppliers, known demand, and a risk neutral

decision maker.

5.1 Introduction

We extend the model dealing with supply disruption risk and cost improvements trough learning
of Chapter 4 to the following assumptions.

First, we relax the assumption that the buyer knows the true reliability of the two suppliers.
When the buying firms do not know the true distributions of the supplier reliabilities they have
to make their sourcing decision based on the beliefs they have about the supply uncertainty.
However, they can learn about the true supplier reliabilities based on the experience gained with
the suppliers.

Second, we study the impact of demand uncertainty assuming that the buyer does not know
the exact demand at the point of time when the sourcing and volume allocation decision has to
be done.

Finally, we relax the assumption of a risk neutral decision maker by allowing for risk aversion
in the sourcing and volume allocation decision.

The central research questions in this Chapter are:

75
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e What are the implications of these model extensions on the optimal sourcing and volume

allocation policy?

e What are the implications of these model extensions on the benefit from dual sourcing

compared to single sourcing, equal split or 75:25 split dual sourcing?

In order to demonstrate the main effects, we limit the following analysis of the dynamic deci-
sion problem to the minimum number of periods, i.e. two or three periods planning horizons,
respectively.

This Chapter is organized as follows: In Section 5.2 we discuss the impact of unknown
survival probability on the optimal policy for a three period problem. Section 5.3 we incorporate
stochastic demand into the basic model assumptions for a two period problem. In Section 5.4
the impact of a risk averse decision maker on the optimal two period policy is analyzed. In 5.5

we summarize the results. The proofs of the results are provided in 5.6.

5.2 Unknown survival probability

This Section considers the case where the true supplier reliabilities are unknown for the buyer.
Thereby, we present a Bayesian analysis by describing the uncertainty about the unknown sup-

plier survival probability probabilistically.

5.2.1 Model formulation

We assume that the buyer has imperfect information of the supplier reliability using Bayesian
updating of the unknown parameter. For reasons of simplicity, we consider the case of identical
suppliers and T' = 3. The buyer has prior information about the supply disruption probability,
i.e., at the beginning of the planning horizon, the buyer has a certain belief on the unknown
suppliers’ survival probability p represented by the probability density function f(p) = prior(p)
- which will be updated after each period’s supply base observation. Specifically, assume that

the prior distribution for p in period one is Beta(ay, 1) with ag > 0, 81 > 0 and density

1
B(ay, p1)

where 1/B(ay, 1) = I'(a1 + 51)/T(a1)T'(51) and I'(.) is the gamma function. The expected

value E(p) and variance Var(p) of the prior are

fplai,pr)= pal*l(l—p)/gl*l, 0<p<1

a1 51
(a1 +B1)* (e +Br1+1)

Qaq
E(p) = and Var(p) =
() oY ()
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Based on this initial belief in the first period, the buyer makes an allocation decision for
meeting current demand. Thereby, the right choice of the prior is relevant: When oy < 1 the
density has more weight on the upper half, the opposite is true when a1 > 81. When a1 = 33
the density is symmetric. Note that when oy = $; = 1 then the prior becomes uniform, which
would be a non-informative prior (see Berger (2004)).

At the beginning of the next period the buyer observes the number of suppliers that survived
to the next period n = {0,1,2} and updates the belief about p according to the observation n.
The prior distribution, and the observed n lead to the posterior distribution at the beginning of
period 2

1
B(ag +n,2 —n+ f)

fp|a1,Bi,n) = portnTi (1 - p)r il 0 <p <,

which is Beta(aq +n, 81 +2 —n) and has a mean of (o +n)/(a1 + 1 +2). Thus, the resulting
posterior distribution with an update on the supplier reliability is again a beta distribution with
new parameters obtained by adding the number of survived suppliers to a1 to get ag = a1 +n
and the number of disrupted suppliers to 81 to get B2 = 51 + 2 —n at the beginning of period 2.

The dynamic recursion for t = 1,...,3 with V; denoting the optimal cost for the remaining

periods is

Vi(xg, o, Bt) =
1
min_ {c(x1,)q1e + c(x2,)(d —q1e) + / fo | a,B)[(1 = p)* Vi1 (0,0, au, By + 2)
0<q1,:<d 0
+p(1 = p)(Vigr (1 + q1,6, 0,00 + 1, 8¢ + 1) + Vi1 (0,20 +d — qug, 00 + 1, B + 1))
+p* Vi1 (T + que, T2g + d — qug, p + 2, B)]dpl, (5.1)
with terminal condition Vj(x4,ay, 84) = 0.

The right-hand side of (5.1) can be simplified (see Appendix) to

Vi(xs, on, Br) =

. (B +1)Be
m + d - + V 0’ O’ , + 2
Oéml,?ﬁd{c(xl’t)q“ c(x2,0)(d = q1.t) (o + B¢ + 1) (o + Br) 1+1(0,0, a, By +2)
By
" Vi T ’0’ + 17 +1
(at + 5t + 1)(0[]_ + /81) t+1(x17t q1.t Qi /Bt )
oSy
' Vig1 (0,22 +d = qre e+ 1, By + 1
(i + B+ 1)(ea + Br) t1(0, 22t Qe+ 1,8 +1)
(Oét + 1)Oét

Vi ; d—quy, 2,80}, 5.2
(ot Bt D By P+ dasmne t 4=t 2,50} 52

Note that if the buyer chooses a single sourcing strategy with supplier ¢ in period ¢, then

ot

supplier ¢ will survive to the next period with probability v

simply the expected value, and
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disrupt with probability aﬁ: e The value function based on that fact can be reduced to

o
o + By

Bt
ap + By

Vixe, ar, Br) = c(zig)d+ Vit1(0, ¢, B + 1) + Vig1 (i +d, o + 1, By).

5.2.2 Structural properties

Starting at 7' = 3, there is no risk of a future disruption. Thus, ¢j ; is independent from
the probability distribution of the unknown parameter p and single sourcing with the cheaper
supplier is optimal in accordance with the results in the previous Chapter and V3(x3) coincides
with (4.3). For the second and first period, the optimal (interior) procurement quantity for dual

sourcing (0 < g7, < d) solves

(s + 1)y ,

_ v . P 5
c(xQ,t) c(xl,t) (at + Bt + 1)(at + /Bt) t+1(‘r1,t + ql,ta T2t + QLta o + 7/8t) +
oS / «

V z + 707 (6% + 17 + 1 +
(ot + B + 1) (o + Br) r1(@Letaip 0, Bt 1)
o B

(o + B¢ + 1) (s + Br) VinO oz +d=gipai+ 1,5 +1) (5:3)

Interpreting (5.3), the marginal current supply cost difference has to equal the future value from
dual sourcing in consideration of the probability distribution of the unknown parameter p. At
period 2, g7 5 is obtained by solving (5.3) and is affected by the observation after the first period,
since the posterior distribution of the survival probability p depends on n.

For period T — 1, we plot the indifference curves L1 and Ls stating the regions for single and
dual sourcing for different values of « and § in the second period fixing the mean. Figure 5.1
indicates the following.

OBSERVATION 5.1.  The dual sourcing region is increasing with increasing information about

the supplier survival probability p.

5.2.3 Numerical example and discussion

To answer our research questions regarding the optimal order allocation and the value of dual
sourcing under unknown survival probability, we complement the above results numerically. We
consider the same parameter values as in Chapter 4 with identical suppliers (¢o = 10,d = 100) and
different parameters of the prior (aq, 1), with an expected value of the prior E(p) € {0.9,0.7}.
To indicate the value of Bayesian updating, we fix the mean and let the variance decrease as
e.g. (a1,B1) = (3,1/3),(6,2/3) and also state the results under perfect information, assuming
that p is known and equal to the mean of the prior ay/(aq + 51). Moreover, we state the results

of a non-informative prior, where oy = 81 = 1 and compare it to a; = 1 = 2 and the perfect
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Figure 5.1: Optimal sourcing strategy t = 7' — 1 in the (z1,x2)-plane with E(p) = 0.7,¢y =
10,d = 100 varying cv.

information case with p = 0.5. Table 5.1 shows the optimal decision under Bayesian updating,
total expected cost and savings of the optimal policy compared to single sourcing, an equal, and
a 75:25 split of a three period problem. The complete policy is listed: the optimal first period
allocation and the optimal second period allocations for the given supplier experience realizations

(both, one or no one survived: (x2 = (¢71,d—¢j 1), %2 = (¢ 1,0),x2 = (d —qf ;,0),x2 = (0,0)).

OBSERVATION 5.2. Knowledge about the supplier’s reliability balances the initial order quan-

tity allocation.

We observe decreasing initial allocations to the supplier with the largest volume when the
coeflicient of variation of the survival probability decreases. The second period allocation depends
on the prior distribution and the observation after the first period and we observe both, slightly

increasing or decreasing allocations to the main supplier.

OBSERVATION 6. The savings of the optimal policy compared to single sourcing, equal split,

and 75:25 split increase with reliability information.

Consequently, the savings of dual sourcing compared to single sourcing and an equal split
increase with information on p. Put the other way, with increasing uncertainty regarding supplier

reliability, the heuristic policies perform better.
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b=0.1 b=10.5

E(p) Var(p) (oa,p) @ qip(x2) APS AP0 AT @ qia(x2) APS AP0 ATS
0.9 002  (31/3) 90  (99,9697,95) 0.7 41 27 82  (99,969566) 6.5 11.6 6.5
0.9 0.01 (6,2/3) 88 (99,97,95,76) 0.9 43 27 80 (99,96,96,70) 7.6 12.7 7.1
0.9 0 perfect inf. 86 (99,100,97,89) 1.1 4.6 238 78 (99,97,97,82) 9.3 145 8.0
0.7 0.04 (2.8,1.2) 76 (99,95,94,67) 26 5.1 27 69 (99,95,95,63) 15.0 18.5 9.0
0.7 0.02 (5.6,2.4) 74 (99,95,94,70) 29 55 28 67 (99,95,95,65) 17.1 20.7 10.0
0.7 0 perfect inf. 71 (99,95,94,75) 34 6.0 3.0 65 (99,95,95,69) 20.0 23.5 11.2
0.5 0.08 (1,1) 71 (99,95,95,61) 26 4.3 2.2 65 (99,95,95,58) 12.3 14.3 6.8
0.5 0.05 (2,2) 67 (99,95,94,62) 3.2 50 24 62 (99,95,95,59) 15.2 17.3 8.2
0.5 0 perfect inf. 62 (99,94,94,65) 4.2 59 28 58 (93,94,94,61) 19.8 22.0 10.2

Table 5.1: Results Bayesian updating vs. perfect information and savings of optimal policy.

5.3 Stochastic demand

This Section extends the basic model assuming that demand is a random variable defined by a

demand distribution.

5.3.1 Model formulation

We now assume stochastic demand for a two-period model. At the beginning of each period -
when the orders q¢ = (q1,4,42,t),t = 1,2 need to be placed - the actual demand is unknown.
However, the buyer knows the distribution of the demands Dy,t = 1,2, which are assumed to be
non-stationary and independent over successive periods. f;(d;) denotes the probability density
function and Fi(d;) the cumulative density function of the random demand in period ¢, p; its
mean, oy its standard deviation and di and dy are the realizations of the first and second period
demands. To simplify our analysis, we assume that the buyer does not carry strategic inventory
into future periods. Therefore, supplier experiences x¢ are still the only required state variables.
Unsatisfied demand is lost and subject to a penalty cost m and any leftover units are discarded.

Let L(q) denote the expected penalty cost with g units ordered. This can be written as

La) =7 [ (= a)f@)3d = nlu—q)+7 [ Fdya

The dynamic recursion for ¢t = 1,2 is

Vi(x¢) = , H;in>0{cl($1,t)(h,t +ca(z24)qo + L(qie + g2,6) + p1p2Vig1 (@10 + que, k2 + q4)+
1,t,92,t =
P1(1 = p2)Vigr(x1e + 91,6, 0) + (1 — p1)p2Vig1 (0, 224 + g2,¢) + (1 — p1)(1 — p2)Vi41(0,0)},

(5.4)

with terminal condition V3(x3) = 0.
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5.3.2 Structural properties

In the second period, the problem reduces to the standard newsvendor problem selecting the
order quantity that minimizes total cost. The buyer’s optimization problem in period two for

realized supplier experiences X2 is given by

Va(x2) = min_{c(z12)q12 + c2(222)q22 + L(q12 + q2.2) }-
q1,2,92,2>0

The optimal decision and optimal cost in the second period are

(G5 ardls) = (FH =22y 0), i ei(@10) < ea(w22) (5.5)
b2 (O,F_l(%(xm)))a otherwise, '
* L * 'f <
Va(xa) — a(z2)ais + L(gio), i 01(9-01,2) < co(wa2) (5.6)
ca(z22)¢5 5 + L(g35),  otherwise.

In the first period, the buyer needs to solve (5.4) for ¢t = 1. The Karush-Kuhn-Tucker

conditions are g7 ; > 0, ¢35, > 0, and

qialero — (1= F(giq +¢51))+

9q; OL(q7 ) Oqf .
(Cll(Qil)QiQ + Cl(qil)aq%’f + aqflf aq%’j )| =0,if Cl(QT,l) < 02((1;,1) 5
o . \Oais | OLlaly) ddia\y I R
(1- p2)(01(Q1,1)Q1,2 + 01(Q1,1)<9q; B + g, 0q, )] = 0, otherwise

@Galezo — (1= F(giq +¢51))+

g3 0L(q5 ) 9q5 .
(ca(g51)852 + c2(651) 552> + gz 520 = Osif er(ai ) > ca(g3 1) g
" (1 —p1)(ch(a31)q22 + c2(g3 )aqg’2 OLa3.2) 8q;’2)] = 0,otherwise (5:8)
P1)(C2(q2,1)42,2 2\42,1 945, 945, 0d3 ,

This leads to three possible solutions in period 1: i) single sourcing with supplier 1: 411>0,g31 =
0, ii) single sourcing with supplier 2: qil = O,qé‘,l > 0 or iii) dual sourcing: qil > O,q;l > 0.
Thus, the optimal decisions in the first period can be obtained by solving equations (5.7) and

(5.8), which need to be evaluated numerically.

5.3.3 Numerical example and discussion

We start with the following illustrative example assuming normally distributed demand with
w1 = e = 100 and o1 = oo = 10 to investigate the value of the total expected cost by
simultaneously changing the order quantities assigned to the suppliers in the first period ¢; 1 and
g2,1 with m = 30, c20 = 10, ¢10 = c2,0 — Ac and p; = p2 = 0.9. The results are shown in Figure

5.2 changing the learning slope b and the initial cost advantage of supplier 1 Ac while keeping
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all other parameters fixed. When supplier 1 has a cost advantage, it is optimal to use manly
supplier 1 to achieve low total cost. When there is no initial cost difference, the expected cost is
very flat in terms of splitting the order or single sourcing. Further, a high learning rate increases

the allocation balances.

20 40 60 80
ql,l

(a) b=0.1,Ac = 0% (b) b=10.1, Ac =20%

60 80 140
ql,l

(c) b=10.5,Ac = 0% (d) b= 0.5, Ac = 20%

Figure 5.2: Expected total cost as a function of ¢1,1 and ¢o 1.

To study the impact of demand uncertainty on the optimal order allocation and the value of
dual sourcing, we fix the mean demand in period one and two (u1,u2) and vary the standard
deviation with a coefficient of variation cv = o/ € {0.1,0.3}. Further, we discuss the impact of
different second period mean demands. We consider three cases: the normal product case where

p1 = pe = 100, a new product case, where the mean demand increases in the second period
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@1 = 100 < po = 200, and a final phase product case, where the mean demand decreases in the

second period p1 = 100 > ps = 50. We fix the coefficient of variation cv in both periods to 0.1

and 0.3, respectively. The results for p; = ps = 0.9 and m = 30 are summarized in Table 5.2.

cv=0.1 cv=0.3
Ac by by (@l 1, a50) ADS1 ADS2 A50  ATSx (@i, @) ADSL ADS2 A50  AT5x
p1 = 100, 2 = 100
0 0.1 0.1 (94, 11) 0.7 07 31 27 (103,12) 0.7 0.7 29 25
0.5 (12, 93) 419 1.1 272 144 (12, 103) 42.0 1.0 27.7 15.0
0.3 03 (90, 15) 29 29 70 64 (100, 16) 2.7 27 7.0 6.3
0.5 (19, 86) 158 3.6 144 103 (20, 95) 16.1 34 14.8 10.5
0.5 0.5 (87, 18) 51 5.1 87 82 (95, 20) 49 49 88 83
20 0.1 0.1 (107, 0) 0.0 236 14.7 8.2 (120, 0) 00 216 136 7.6
0.5 (66, 40) 243 94 228 16.0 (72, 47) 25.1 81 23.0 15.7
0.3 0.3 (101, 6) 04 242 174 104 (114, 7) 0.6 224 16.7 10.1
0.5 (100, 7) 2.0 128 127 8.1 (72, 47) 2.3 108 121 8.0
0.5 0.5 (99, 8) 23 264 191 119 (112, 8) 24 245 185 11.8
p1 = 100, pu2 = 200
0 0.1 0.1 (95, 11) 1.0 10 44 38 (105,12) 1.0 1.0 42 3.6
0.5 (12, 93) 724 1.9 471 249 (13, 104) 723 1.7 477 25.8
0.3 03 (91, 15) 4.7 47 114 104 (102, 16) 4.4 44 112 10.2
0.5 (19, 87) 278 6.3 254 181 (20, 97) 28.1 59 258 184
0.5 0.5 (88, 18) 91 9.1 154 147 (97, 20) 8.7 87 157 14.8
20 0.1 0.1 (107, 0) 0.0 237 159 9.1 (122, 0) 0.0 21.7 148 8.5
0.5 (45, 61) 479 81 381 229 (47, 72) 489 7.0 386 23.1
0.3 03 (99, 9) 1.8 259 221 14.2 (113,10) 1.8 243 21.4 13.9
0.5 (48, 59) 9.5 127 20.1 16.2 (51, 69) 10.5 11.5 204 16.9
0.5 0.5 (96, 11) 5.6 306 264 18.1 (110, 12) 5.7 287 26.0 18.2
p1 =100, po = 50
0 0.1 0.1 (94, 11) 05 05 19 17 (102,12) 04 04 1.8 1.6
0.5 (12, 93) 227 06 147 78 (12, 102) 229 0.5 151 8.2
0.3 03 (90, 15) 16 16 40 36 (98, 16) 1.5 1.5 40 3.6
0.5 (19, 86) 85 1.9 77 55 (19, 95) 87 1.8 80 5.7
0.5 0.5 (87, 18) 2.7 27 46 44 (95, 19) 26 26 4.7 45
20 0.1 0.1 (106, 0) 0.0 235 136 7.3 (119, 0) 0.0 214 125 6.8
0.5 (81, 25) 10.7 121 14.7 128 (89, 30) 11.2 10.5 145 126
0.3 03 (107, 0) 0.0 235 14.7 8.2 (120, 0) 0.0 215 138 7.7
0.5 (102, 5) 0.5 16.7 11.6 6.6 (115, 5) 0.6 145 10.8 6.2
0.5 0.5 (101, 5) 0.6 243 15.0 8.5 (113, 6) 0.7 222 143 8.2

Table 5.2: Optimal first period decision, stochastic demand (p1,p2) = (0.9,0.9), 7 = 30 and

CU1 = CUy = CV.
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OBSERVATION 5.3.  The total order quantity increases with uncertainty when penalty costs
are high (volume effect). The savings gained by the optimal policy compared to the heuristics of
single sourcing and equal or 75:25-split decreases with uncertainty of demand (see Table 5.2).

No general conclusion about the balance of the optimal order allocation can be found, as
the optimal order quantities depend on the interaction of initial cost, learning slope, reliability
and demand uncertainty. Thus, the balance of the first-period order allocations may increase or
decrease with demand uncertainty. As single sourcing is optimal in the second period, the equal
split and 75:25 split policies perform poorly because both suppliers are used in both periods.

OBSERVATION 5.4. The total order quantity increases when the mean demand of the second
period increases. The value of dual sourcing increases in the new product scenario and decreases
in the final phase product scenario (see Table 5.2).

An increase in second period demand affects the first-period order quantity and increases the
savings gained from dual sourcing. Ordering more in the first period decreases the second period
cost, hence the total expected cost as uo increases.

As m = 30 accounts for a newsvendor-ratio higher than 0.5, we also investigated the case
of m = 15, for a newsvendor-ratio lower than 0.5. The structure of the results do not change
when 7 = 15, the only difference that was found is that the total order quantity decreases with

demand uncertainty (see Tables 5.4 to 5.9 in the Appendix Section 5.7).

5.4 Risk aversion

So far we have focused on characterizing the optimal policy so as to minimize the expected total
cost, which is appropriate for a risk neutral decision maker. This Section extends the two period

model discussed in Chapter 4 by assuming a risk averse decision maker.

5.4.1 Model formulation

Consider a risk-averse buyer who minimizes cost and sources from two identical suppliers over
a two period planning horizon. u(.) denotes the disutility function which is assumed to be non-
decreasing and convex u/(.) > 0 and u”(.) < 0, e.g. higher cost implies a higher disutility level.
In the multi-period context, we assume additive utility, i.e., the objective is the summation of
the disutility from the cost in each period (see e.g. Chen et al. (2007), Raiffa and Keeney (1993))

and use an exponential disutility function of the form
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with r > 0 denoting the degree of risk-aversion. Period cost C; is a random variable with
certainty equivalent

R(C) = =In(Ee"®),

i.e. the inverse of the expected disutility R(C) = u~'(Eu(C)) (see Eisenfiihr et al. (2010)).

In the two-period problem, C = C]+Cs, where the second-period cost (s is a random variable
as the realization of supplier experience levels and hence supplier cost is uncertain. Hence the
problem is to solve

1
= i d— ~In (p2e V2 (@r1dma) 5.9
1 Ogrqrﬁ?gd{cwm +eo(d—qua) + —In(pe + (5.9)

p(L = p)(e" 2B ) o (VO ) (1 = p)2nVa00) ),

where the value function V; is the sum of first period cost plus the certainty equivalent of the
second period. The order allocation gi,1 = d — ¢1,2 has to be chosen to minimize the first-period
cost and the uncertain second period cost with risk aversion parameter r. Note that a risk-averse

policy yields larger expected total cost but a smaller risk than the risk-neutral policy.

5.4.2 Structural properties

Starting in the last period, there is no risk for a future disruption and the total demand is
allocated to the cheapest supplier with ¢ = d and Va(x2) = de(z;2) for @0 < 22,7 # J.
In the first period the first-order condition from problem (5.9) is

eTC(QI,l)dC'(qil) =(1- p)eer(d—qi‘,l)dc/(d —qt ). (5.10)

)

The optimal order quantity in the risk-averse case solves the trade-off of the derivative of the
future value function if supplier 1 survives or if only supplier 2 survives weighted with the expo-

nential disutility under risk-aversion parameter r. Equation (5.10) has the following implication.

Lemma 5.4.1. The optimal order quantity qi ; decreases with risk-aversion r and increases with

relvability p.

This implies that the balance of the order in the first period increases with increasing risk
aversion.
5.4.3 Numerical example and discussion

Table 5.3 shows the influence of risk-aversion on the optimal order allocation and the value of

dual sourcing with r € {0.005,0.01,0.025} for the case of identical suppliers and ¢y = 10,d = 100.
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For small degrees of risk aversion, the initial order quantity ¢j; decreases in the learning rate
whereas for larger risk-aversion, it first decreases and then slightly increases in the learning rate
as the cost function gets very flat for a dual sourcing order allocation (d/2 < ¢11 < d).

OBSERVATION 5.5. The savings of dual sourcing compared to single sourcing and equal volume
split first increase with r and then decrease. The savings of dual sourcing compared to a 75:25
split decrease with r (see Table 5.3).

Slight risk-aversion therefore leads to more balanced supply allocations and increasing benefits
of dual sourcing. The savings of dual sourcing compared to single sourcing peak first and then
decrease due to the exponential function of the disutility function putting a non-linear weight on

high costs with increasing r.

b=0.1 b=0.3 b=0.5
D r i ADS  AB0 ATS i ADS  AB0 ATS i ADS  AB0 ATS
0.9 0 89 0.8 32 20 85 3.0 71 4.3 82 5.3 86 5.0
0.005 83 3.1 3.5 20 78 17.3 8.6 3.9 7 25.6 10.1 3.9
0.01 78 6.3 3.5 1.8 73 144 2.7 0.7 73 148 14 0.2
0.025 69 50 06 0.1 65 5.1 0.0 0.0 67 5.1 0.0 0.0
0.7 0 75 26 45 25 72 8.4 114 6.2 69 13.0 154 8.2
0.005 70 51 40 20 66 126 54 2.1 66 143 4.6 1.5
0.01 66 5.3 25 1.1 63 6.8 0.8 0.2 63 6.8 0.3 0.0
0.025 61 25 02 00 58 25 00 0.0 59 25 00 0.0

Table 5.3: Optimal first period decision for different values of the risk aversion parameter r,
T=2.

5.5 Conclusion

This Chapter investigated the sensitivity and its implications of the analysis presented in Chapter
4 with respect to limiting model assumptions. The basic analysis of Chapter 4 is extended by
studying the impact of incomplete information of supplier reliability, stochastic demand and a
risk-averse buyer on the optimal sourcing and order policy and the benefit from the optimal
policy compared to single sourcing and heuristic dual sourcing policies.

Using Bayesian updating, when the true survival probability is not known for the buyer,
in a three period problem we find that increasing uncertainty about reliability leads to a less
balanced initial volume allocation. The savings of the optimal policy decrease with uncertainty
about reliability. We find that demand uncertainty affects the total order quantity and the

balance between the supplier and the savings of dual sourcing decreases with uncertainty in a
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two period problem. Moreover, higher risk-aversion leads to a more balanced allocation decision
between the suppliers.

This analysis is an important first step in understanding the implication of the basic model
extensions discussed. Future work should further explore the multi-period problem and general

number of suppliers.
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5.6 Appendix: Mathematical proofs

Deviation of equation (5.2).
AsT(a+n)=(a+n—1)(a+n—-2)..(a+1)al'(a),e > 0,n € N and fol p* (1 —p)Pldp =

Flfai(ﬁﬁ)) we have

[rorar = [ ((O‘)+(?)p a-p = [ Lt P) a1y pyitgy
r

I(a)l(B)

Do+ ) M@+ 208 _ T+ (a+1al()
NI Tt 5+2) (@) (@tp+DatHadi)
___(atua
(a4 B+ 1)(a+p)
[ rwp-pap = [ L OB 00— pdo = [ O —pa

Ila+B) Fla+ DI'(B+1)  Dla+p) (a)BT(B)

L(@)l(B) T(a+p8+2) L()L(B) (o + B+ 1)(a + B)T(a + B)
af

(a+B+1)(a+p)

/f(p)(l—p)de = / (a+6)pa‘1(1—p)ﬁ_l(1—p)dez/F(Wrﬁ)pa‘l(l—p)ﬂ“dp

L(a)T'(8) L(e)I'(B)
Lla+B) T(@)I'(B+2) Tla+pB) L(a)(B+1)BL(B)
D(@U(B) T(a+p+2)  T(a)(B) (a+ B+ 1)(a+ B (a+p)
(B+1)8
(a+B+1)(a+B)

Proof. of Lemma 5.4.1. The optimal order quantity ¢7 ; is the solution to
U1 (g 1) — (1= p)e I (d — g 1) = 0

assuming g < q11 < d . Using implicit function theorem we get

aQT,l B
or

- e i le(gy 1)de (g7 1) — (1 = p)e™™ " 0e(d — g )dd (d — g )
e B (e (g )2 + B (gr ) + (1= p) (DD d(e(d — g )2 + DD (d — g )

The denominator of dqj,/0r clearly is positive. The numerator is the first-order condition

multiplied with ¢(q} ;)d and ¢(d—gj ;)d, respectively. As the first term of the first order condition



5.7. APPENDIX: TABLES 89

is < 0 and the second term positive and by assumption ¢;; > 4= c(qiy) < c(d—gj,), the

. .. . oq;
numerator is positive and it follows that gjl < 0.

aQT,l
op
eI (d — g )

(0 (g7 )%+ I (g )+ (1 p) (@ TG Td((d - g ,))? + T (d — gp )

As el ai)d (g — q71) < 0 and the denominator of dqj ; /0r is positive it follows that
9q31/0p >0 O

5.7 Appendix: Tables

The complete results of the numerical study from Section 5.3 (stochastic demand) for low penalty

cost (m = 15) and high penalty cost (7 = 30) are summarized in Tables 5.4 to 5.9.
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Chapter 6
Summary and Outlook

This dissertation provides dual sourcing models under supply disruption risk. The key contribu-

tions of this work can be summarized as follows:

e We build a semi-Markov decision model that we use to find the optimal sourcing and
ordering policy of a buyer that sources from two (or multiple) suppliers under Poisson
demand, exponentially distributed lead times, and exponentially distributed ON and OFF
times of the suppliers (Chapter 3).

e We develop a finite horizon dynamic programming model to find the optimal dual sourc-
ing allocation policy with disruption risk and supply cost improvements through learning
(Chapter 4).

e We discuss the sensitivity of the model of Chapter 4 to the following limiting model as-
sumptions: complete information about supplier reliability, known demand and risk neutral

decision maker (Chapter 5).

Chapter 3 focused on an inventory problem of a buyer facing stochastic demand who can
source from multiple potential suppliers subject to disruption risk and with uncertain lead times.
Each supplier is fully available for a certain amount of time (ON periods) and then breaks down
for a certain amount of time during which it can supply nothing at all (OFF periods). A semi-
Markov decision process formulation is presented assuming Poisson demand and exponentially
distributed lead times and ON and OFF times. Solution methods are discussed to compute
the buyer’s optimal sourcing policy that minimizes the buyer’s long run average cost, including
purchasing, holding and penalty costs. In an illustrative example the optimal policy is found to
be rather complex and not of a base stock type. An extensive numerical study that focuses on the

dual sourcing case is conducted. The results illustrate the benefit from dual souring compared to
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single sourcing and show the influence of the suppliers’ characteristics cost, speed, and availability
on the optimal policy. The value of full information about the supplier status switching events
is analyzed and found to be very important especially when supplier availabilities are low and
disruption periods are long. The performance of the optimal policy is compared to an order-up-
to-S policy with fixed S and variable S for each supply base combination. The later outperforms
the fixed S case in consideration of nonidentical suppliers. A simple heuristic providing good
results compared to the optimal solution is developed. Finally, due to simulation results we find
that the optimal policy is very sensitive with respect to more general ON and OFF and lead
time distributions. A comparison to a more dramatic supplier break down scenario shows that
the optimal policy is also sensitive to the definition of the impact of a disruption.

Chapter 4 focused on a supplier selection and demand allocation problem of a buyer that can
source from two potential suppliers. To optimize the buyer’s allocation problem two facts are
considered. First, the suppliers reduce future cost through learning based on past production
which favors single sourcing to benefit the most from learning. Second, the suppliers face the risk
of a permanent disruption where dual sourcing is a prevailing strategy to diversify the supply
risk. Hence, we analyze the trade-off between risk reduction via dual sourcing under disruption
risk and learning benefits on sourcing costs induced by long-term relationships with a single
supplier. The buyer’s optimal volume allocation strategy over a finite dynamic planning horizon
is identified and we find that a symmetric demand allocation is not optimal even if suppliers are
symmetric. We obtain insights on how reliability, cost and learning ability of potential suppliers
impact the buyer’s sourcing decision and find that the allocation balance increases with learning
rate and decreases with both reliability and demand level. Moreover, we show cases where, even
if a supplier has higher cost than the other supplier, it is optimal for the buyer to use dual
sourcing to compensate the risk of supply disruptions when the future value gained by dual
sourcing is sufficient. In addition, a supplier with a relatively fair actual cost disadvantage but a
future learning ability advantage can get larger parts of demand in the actual period. Further,
we quantify the benefit of dual sourcing compared to single sourcing, which increases with the
learning rate and decreases with the reliability. We find that the benefit of the optimal dual
sourcing policy can be significant, especially compared to single sourcing.

Chapter 5 extended the basic model assumption of Chapter 4 to analyze the sensitivity
of the model to limited assumptions. The basic analysis is extended by the assumptions of
incomplete information about supplier reliabilities, stochastic demand and a risk-averse decision
maker. We find that increasing uncertainty about reliability leads to a less balanced initial
volume allocation. Assuming stochastic demand we find that demand uncertainty affects both,

the total order quantity and the balance between the suppliers. The savings of dual sourcing
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decrease with demand uncertainty. Moreover, the assumption of a risk-averse buyer leads to a
more balanced order allocation between the suppliers.

Our results provide important implications for purchasing organizations that have to deal
with supply disruption risk. We show that relying on a single supplier, in most of the cases,
has serious impacts for the supply chain in the presence of supply disruption risk and that dual
sourcing is an effective countermeasure. Considering supply uncertainty in supply chain models
in order to derive optimal policies is essential for choosing the right purchase strategy and for
improving a firm’s performance.

Based on the results of this thesis, future work could extend the dual sourcing models by
allowing an arbitrary number of suppliers. This could answer the following questions: "How
many suppliers are best when dealing with the supply disruption risk?" and "What is the value
added by extending the supply base from two to multiple suppliers?". The answer to the latter
question would provide insights on the efficiency of the dual sourcing policy compared to the
multiple (more than two) sourcing policy.

Another interesting extension would allow for correlation of supply disruptions between the
suppliers. The assumption of supply risk dependency may be reasonable for certain supplier
portfolios and could further shed light on successful disruption risk management.

A further possible direction for future research would be to establish a framework for supplier
qualification before choosing effective sourcing strategies. We assume that suppliers in the supply
base are already qualified. Integrating the qualification process, associated with cost, into the
decision process could provide further insights into the effectiveness of the particular strategies.
Hence, establishing a structured supplier evaluation process could enrich the appropriate supply

risk management.
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