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Introduction

• This work investigates the impact of dual sourcing 
strategies on quality of fresh fruit traded in 
international food supply chains. 

• Dual sourcing is an established practice in supply 
chain management – see (Veeraraghavan and 
Scheller-Wolf, 2008; Schimpel, 2010; Klosterhalfen 
et al., 2011). 
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Dual sourcing

• When a company adopts dual sourcing, it typically ships a 
large volume of products via a cheap, but usually slow 
shipping mode, which we will call “regular”. 

• However, the company also has the flexibility to ship more 
products when needed via an expedited shipping mode, 
which is more expensive. 

• Companies adopt dual sourcing to enhance flexibility of 
their sourcing strategy. 
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Dual sourcing

• An issue that, to the best of our knowledge, has not been 
investigated yet in the literature, is the impact of dual 
sourcing on fresh produce quality. 

• Most of existing literature on dual sourcing focuses on 
products such as electronic components, spare parts 
management, car manufacturing, etc (Schimpel, 2010). 

• Clearly, a longer transportation time does not affect the 
quality of these products. 
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Dual sourcing

• However, little research exists on dual sourcing applied to 
fresh food produce. 

• For fresh produce, a lean and fast chain is key to product 
quality on retail shelves. 

• An interesting issue then is to study if dual sourcing, which 
is a common strategy among firms to reduce costs, may 
jeopardize product quality in food supply chains.
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Research questions

1. Does a dual sourcing inventory control policy, whilst 
reducing costs, guarantee a sufficient quality at 
consumption and reasonable waste?

2. How sensitive is a dual sourcing policy to variations of 
initial quality and temperatures along the chain?

3. What is the impact of fuel cost variation on final product 
quality and on waste?

2/7/17 6



Case: fresh strawberries

• Industrial partner
– Special Fruit, Meer, Belgium

• Import areas
– Egypt
– Spain
– Netherlands

• Quality
– growth of Botrytis cinerea

• Safety
– no safety threats
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Strawberry supply chain 
sourcing areas and distribution center
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Strawberry supply chain 
sourcing areas and distribution center
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Strawberry supply chain 
sourcing areas and distribution center
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General Chain (Strawberries)
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General Chain (Strawberries)
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General Chain (Strawberries)
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Egypt - Netherlands Supply Chain 
(Strawberries)
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Costs

• Transportation costs per ton of products
– Boat
– Plane
– Truck

• Holding costs at producer, DC, retailers

• Boat is typically cheaper than plane but it is slower!
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Problem parameters

• Costs (see previous slide)
• Transportation time (lead-time)

– Boat
– Plane
– Truck

• Service level (non-stockout probability)
– Retailers
– Producer

• Backordering cost 
– Distributor
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Quality (Strawberries)
• Botrytis cinerea in strawberries (Hertog et al 1999)

• Model includes the effect of temperature (ks) and
storage atmosphere (RelMR).
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Egypt - Netherlands Supply Chain 
(Strawberries)
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The dual-index policy
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Now or Later: A Simple Policy for Effective
Dual Sourcing in Capacitated Systems
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We examine a possibly capacitated, periodically reviewed, single-stage inventory system where replenishment can be
obtained either through a regular fixed lead time channel, or, for a premium, via a channel with a smaller fixed lead
time. We consider the case when the unsatisfied demands are backordered over an infinite horizon, introducing the easily
implementable, yet informationally rich dual-index policy. We show very general separability results for the optimal param-
eter values, providing a simulation-based optimization procedure that exploits these separability properties to calculate
the optimal inventory parameters within seconds. We explore the performance of the dual-index policy under stationary
demands as well as capacitated production environments, demonstrating when the dual-sourcing option is most valuable.
We find that the optimal dual-index policy mimics the behavior of the complex, globally optimal state-dependent policy
found via dynamic programming: the dual-index policy is nearly optimal (within 1% or 2%) for the majority of cases, and
significantly outperforms single sourcing (up to 50% better). Our results on optimal dual-index parameters are generic,
extending to a variety of complex and realistic scenarios such as nonstationary demand, random yields, demand spikes,
and supply disruptions.

Subject classifications : inventory/production; infinite horizon; policies: review/lead times; dual index; dual supply;
uncertainty: stochastic.

Area of review : Manufacturing, Service, and Supply Chain Operations.
History : Received January 2005; revision received January 2006; accepted May 2006.

1. Introduction
Many firms are trying to construct supply chains that
reduce costs while maintaining customer service, often by
incorporating alternatives with respect to sourcing (either
by using different suppliers or different modes of delivery
with a single supplier). Usually, a supplier who provides
material faster has a higher associated cost; thus, to pro-
cure materials solely from this premium supplying agent is
an expensive and often nonoptimal strategy. On the other
hand, due to demand spikes or supply delays, relying exclu-
sively on the slower supplier can likewise prove costly.
Thus, companies such as Caterpillar (Rao et al. 2000)
often use dual sourcing: they get the bulk of their mate-
rials from a cheaper regular supplier at a lower cost (and
longer lead time) but turn to premium expedited channels
when needed. Along the same lines, in summer 2003 when
Amazon promised fast delivery of Harry Potter books, they
used FedEx to deliver 400,000 copies on release while also
continuing to regularly ship through UPS (Kelleher 2003).
Similarly, Nintendo was able to restock shelves in time
for the critical pre-Christmas rush using expedited delivery
from UPS, selling more than 900,000 games in the United
States by the end of the year (Souder 2004). Our problem

is also manifested in several ways, in manufacturing, retail,
and service industries. A manufacturer receiving raw mate-
rials from suppliers operating with limited capacity may
have the option to receive the raw materials faster than the
quoted lead time by paying a higher price to the supplier.
Likewise, in Internet retail, invariably there exists an option
to get materials delivered faster at a premium price.

Firms might use multiple sourcing choices for a variety
of strategic reasons, including safeguarding against preda-
tory monopolistic practices and hedging against uncertain-
ties in international markets, such as supply disruptions or
exchange rate shifts. Davis (1992) reports that lower price
ranks as the most important factor that motivates firms
to outsource to external suppliers, but Carter and Vickery
(1988) show that under volatile exchange rate movements
firms can end up paying substantially more than their con-
tracted price. Gottfredson et al. (2005) argue that a firm’s
skill in quickly remolding its sourcing arrangements in
response to market conditions may be its strongest com-
petitive advantage. Thus, while low production costs and
promising future growth (e.g., the cellular phone market)
has led firms such as Nokia to locate production plants in
Asia, they have also maintained extant production plants in
Finland (see Bellman 2005).

850
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The constant-order policy

A comparison of the constant-order and dual-index policy for dual sourcing
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a b s t r a c t

We analyze a single-product, periodic-review, stochastic demand inventory model with backorders and
two supply options, a regular and a more expensive expedited one, with deterministic, offsetting lead
times. Since the optimal policy for such a problem is generally unknown, several simpler policies have
been proposed in the literature, e.g., the single-index (SIP), dual-index (DIP), or constant-order policy
(COP). In previous research the DIP has been found to perform closely to the optimal policy in specific
numerical settings. The COP, on the other hand, is very appealing from a practical point of view. We
explore the relative cost performance of these two policies in a numerical study to gain insights into
appropriate policy choices. We find that in settings, where dual sourcing is most valuable, the simpler
COP delivers satisfactory results, sometimes even better ones than the DIP, and therefore represents a
legitimate policy alternative for practical situations.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

In practice, it can be frequently encountered that companies
rely on multiple suppliers for their material procurement. Such
sourcing strategies enable them to serve demand at low costs
without compromising on service. Having two suppliers available,
the majority of materials can be replenished from the cheaper
one, which usually has a longer procurement lead time (regular
supplier). In case of demand peaks, replenishment orders can be
placed with the more expensive, but faster supplier (expedited
supplier) in order to avoid future stockouts. Examples for such
dual-sourcing practices are reported in the literature for Cater-
pillar or Hewlett Packard, amongst others, see, e.g., Beyer and
Ward (2000) or Rao et al. (2000) for details. Although companies
already employ dual sourcing, they are still asking for simple, yet
effective policies to support their replenishment decisions.

In contrast to many single-sourcing models, where cost-
optimal inventory control policies are readily available, results
for dual-sourcing models are limited to a few special cases. For a
lead-time difference of one period between both suppliers the
optimal policy is the dual-index policy that we consider in this
paper (see Daniel, 1962; Fukuda, 1964). For larger differences,
Whittemore and Saunders (1977) find that it has a highly complex
structure. Ordering decisions need to be based not only on a single
state variable like the inventory position, but the system needs to
keep track of all orders of the lead-time difference horizon

individually. Due to this complexity, several simpler policies have
been proposed in the literature for such cases (see, e.g., Sheopuri
et al., 2007, for several dual-sourcing heuristics). For an overview
of multiple-supplier models, see Minner (2003).

We focus on two of these simpler dual-sourcing policies, the
constant-order (COP) and the dual-index policy (DIP). As men-
tioned above, the DIP reduces to the optimal policy for a lead-time
difference of one period. Moreover, for larger lead-time differ-
ences it has been found to perform closely to the optimal policy
by Veeraraghavan and Scheller-Wolf (2008) in their numerical
settings. The DIP specifies two order-up-to levels, one for regular
and one for expedited ordering. For the execution of replenish-
ment orders, it keeps track of two inventory positions.
Veeraraghavan and Scheller-Wolf (2008) provide a simulation-
based optimization procedure for the computation of the optimal
policy parameters.

The COP, on the other hand, is simpler and very appealing from
a practical viewpoint, because a fixed quantity is ordered from the
regular supplier each period. This facilitates the supply negotia-
tions since the supplier does not suffer from the bullwhip effect,
for instance. The expedited order is determined according to a
simple order-up-to logic. A constant/standing-order system was
first introduced by Rosenshine and Obee (1976). They further
incorporate possible sell-offs, if a maximum inventory is ex-
ceeded. Optimal parameters for their control policy are found by
modeling the system as a Markov Chain. For a predetermined
standing-order size, Chiang (2007) derives the optimal policy
structure for this setting. Later works by Zhang and Hausman
(1994) and Janssen and de Kok (1999) address this policy without
a sell-off option. The latter also consider a fixed cost per order for
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Genetic Algorithms for Policy Parameter 
Computation

• JGAP (Java Genetic Algorithm Package)

• A policy can be encoded as a chromosome:
– COP -> [Q,Sm,St,Sw,St,Sf]
– DIP -> [Se,Sm,St,Sw,St,Sf]

• JGAP automatically computes “good” policy 
parameters by mutation and recombination.
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Egypt - Netherlands Supply Chain 
(Strawberries)
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Stock positioning along supply chains

Chapter 3

Supply Chain Design: Safety Stock Placement
and Supply Chain Configuration

Stephen C. Graves
Leaders for Manufacturing Program and A. P. Sloan School of Management,
Massachusetts Institute of Technology, Cambridge MA 02139-4307, USA
E-mail: sgraves@mit.edu

Sean P. Willems
Boston University School of Management, 595 Commonwealth Avenue,
Boston MA 02215, USA; E-mail: willems@bu.edu

1 Introduction

The focus of this chapter is on safety stock placement in the design of a
supply chain, as well as on the optimal configuration of the supply chain to
minimize total supply chain cost. As our intent is not to cover all of supply
chain design, we first need to position this chapter relative to the other work in
this handbook on supply chain design. We also need to position our treatment
of the safety stock placement problem relative to other chapters that address
multi-echelon inventory systems.

There is a great range of decisions associated with the design of a supply
chain. One might group the design decisions into three broad categories.

First, there are the traditional decisions of network design as applied to the
design of a supply chain. The choice of nodes corresponds to questions about
the number, location and sizing of facilities. The choice of arcs corresponds
to setting the general logistics strategy in terms of who serves whom and by
what transportation or production mode. Muriel and Simchi-Levi cover these
models in Chapter 2 of this book.

Second, we mention the decisions that are made in product design that
determine the topology, as well as the key economics, of the supply chain.
Ideally, one would like to concurrently design the product and its supply chain
so as to meet the market objectives for the product with the best performance
of the supply chain. Lee and Swaminathan look at the impact of product
design decisions on the supply chain, with a particular focus on understanding
the tactic of postponement as a way to achieve product proliferation with a
well performing supply chain.

A.G. de Kok and S.C. Graves, Eds., Handbooks in OR & MS, Vol. 11
! 2003 Elsevier B.V. All rights reserved.
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Stock positioning along supply chains
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Safety Stock Positioning in Supply Chains with
Stochastic Lead Times
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We study the safety stock positioning problem in single-product multistage supply chains with tree network
structures, where each stage controls its inventory using an installation continuous-time base-stock policy.

External demands follow independent Poisson processes, and unsatisfied demands at each stage are fully back-
ordered. The processing (e.g., production) cycle times and transportation lead times are assumed to be stochastic,
sequential, and exogenously determined. We derive recursive equations for the backorder delays (because of
stockout) at all stages in the supply chain. Based on the recursive equations, we characterize the dependencies
of the backorder delays across different stages in the network, and develop insights into the impact of safety
stock positioning in various supply chain topologies. We present approximations and algorithms to coordinate
the base-stock levels in these supply chains, so as to minimize systemwide inventory cost subject to meeting
certain service-level requirements of the external customers.

Key words : stock positioning; stochastic sequential lead time; recursive equation; backorder delay; tree network
structure

History : Received: December 29, 2003; accepted: July 15, 2005. This paper was with the authors 8 months for
3 revisions.

1. Introduction
Many real-world supply chains have complex net-
work structures, which consist of multiple layers of
production and distribution facilities. To cope with
uncertainties in demand and supply, these supply
chains often have many millions of dollars of capital
tied up in inventories (Feigin 1999). One important
question, of course, is how to best manage inven-
tories in complex multistage supply chains, so as
to meet customer expectations with minimum sys-
temwide inventory holding cost.

One way to answer this question is to char-
acterize the optimal inventory policies, which has
been discussed extensively in the inventory con-
trol literature. We refer the reader to Zipkin (2000),
Federgruen (1993), and Porteus (2002) for excellent
reviews. Unfortunately, the optimal policy is not
known for supply chains with general (e.g., tree) net-
work structures.

In practice, many companies employ simple heuris-
tic policies, such as the installation base-stock poli-
cies, to control inventory at each facility (e.g., Lee
and Billington 1993, Graves and Willems 2000, and
Lin et al. 2000). In an installation policy, each facil-
ity only needs the inputs from immediate upstream
and downstream facilities, and makes ordering deci-
sions based on its local order and inventory status.
An important and challenging question for these com-
panies is how to optimally coordinate the installation
policies at all facilities, so as to minimize systemwide
inventory holding cost while meeting the end cus-
tomers’ service requirements. In other words, given
that each facility is managed autonomously by an
installation policy, how can a central planner deter-
mine the policy parameters for all facilities in the best
possible way?

In this paper, we attempt to address this ques-
tion for a class of supply chains with tree structure,
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Open issues

• Previous works deal with stock positioning w.r.t. 
costs and service levels

• There is no work that deals with the impact of 
stock positioning on product quality
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Scenarios
• Scenario 1 (base case COP): This scenario constitutes the base case of our simulation 

analysis under a constant-order policy. The holding cost is set to 10 cents per punnet per 
day, the backordering cost is 50 cents per punnet per day, the cost of shipping 1 punnet 
by boat is 10 cents, the cost for shipping 1 punnet by plane is 30 cents. The solution 
obtained with GA sets the constant order quantity to Q=24410, and the order-up-to-levels 
for the expedite orders placed from Monday to Friday to Se=[4065, 36471, 24434, 36626, 
36632, 6800], respectively. This policy, when implemented at the distributor, has an 
expected total cost of 1405$ per day. 

• Scenario 2 (base case DIP): This scenario constitutes the base case of our simulation 
analysis under a dual-index policy. The holding cost is set to 10 cents per punnet per day, 
the backordering cost is 50 cents per punnet per day, the cost of shipping 1 punnet by 
boat is 10 cents, the cost for shipping 1 punnet by plane is 30 cents. The solution obtained 
with GA sets the order-up-to-level for the regular order on Monday to Sr=49625, and the 
order-up-to-levels for the expedite orders placed from Monday to Friday to Se=[24661, 
17009, 25976, 36985, 36964, 17252], respectively. This policy, when implemented at the 
distributor, has an expected total cost of 1421.3$ per day.
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Scenarios
• Scenario 3 (climate change COP) & Scenario 4 (climate change DIP): In these 

scenarios we assume that open-air temperature at the producer is impacted by 
climate change. We therefore consider an open-air temperature that is normally 
distributed with mean 16 C and standard deviation of 3 C (vs 15 C and 2 C in the 
base case). Scenario 3 implements a constant order policy, while scenario 4 
implements a dual-index policy under these modified temperature conditions.

• Scenario 5 (repacking COP) & Scenario 6 (repacking DIP): In these scenarios we 
assume that repacking activities impact mean and standard deviation of storage 
temperature at the distributor. Repacking is carried out at a temperature of 10 
C. We therefore consider an overall storage temperature at the distributor that 
is Normally distributed with mean 3 C and standard deviation of 0.75 C (vs 1 C 
and 0.25 C in the base case). This modified temperature distribution accounts 
for the additional variation introduced by repacking activities. Scenario 5 
implements a constant order policy, while scenario 6 implements a dual-index 
policy under these modified temperature conditions. 
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Scenarios
• Scenario 7 (higher quality punnets COP) & Scenario 8 (higher quality 

punnets DIP): In these scenarios we assume that the initial quality of a 
batch at t=0 is uniformly distributed in 0.3±0.250 (vs 0.798±0.709). 
That is we consider punnets in which 0.05 up to 0.55 percent of the 
strawberries are affected by Botrytis cinerea. We aim to assess the 
impact of higher quality products that enter the chain. Scenario 7 
implements a constant order policy, while scenario 8 implements a 
dual-index policy under these modified initial quality conditions.

• Scenario 9 (higher fuel costs COP) & Scenario 10 (higher fuel costs 
DIP): In these scenarios, we assume that the expedite shipping cost per 
punnet rises to 50 cents, while the cost for regular transport is not 
affected. Scenario 9 implements a constant order policy, while scenario 
10 implements a dual-index policy under these modified shipping costs. 
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Scenarios
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Scenario 1
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Scenario 2

2/7/17 34

Product quality at consumption
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Scenario 1
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Product age at consumption
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Scenario 2
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Quality at consumption

2/7/17 37

0.
1

0.
5

5.
0

50
.0

Scenario

Q
ua

lity
 s

co
re

1 2 3 4 5 6 7 8 9 10

Scenarios
1 & 2  : Base
3 & 4  : Climate change
5 & 6  : Repacking
7 & 8  : Higher quality
9 & 10: Higher fuel costs



Age at consumption
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Retailer waste
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Conclusions
• a dual-index policy performs poorly compared to a constant order policy.
• an increase of the mean and of the standard deviation of the open-air 

temperature at the producer has only a marginal effect on the KPIs considered 
in this work. 

• Repacking activities do impact product quality at consumption and retailer 
waste as demonstrated in scenario 5 and 6. 

• Improved quality at the source significantly impacts product quality at 
consumption and retailer waste

• an increase in transportation costs for expedited shipments has a detrimental 
effect on quality and waste. 

– The management should be aware that in such a situation, a mere optimization of the expected 
total cost of running the chain represents a poor strategy. 

– Any optimization model employed should carefully strike a balance between cost reduction and 
quality loss due to the increase of products shipped via regular orders. 
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Future work
• Impact of controlled atmosphere in the warehouse is not taken into account.

– Products are typically stored under modified CO2 concentrations that tend to reduce 
or even stop mold growth. 

– Advanced model for strawberry quality include the effect of CO2 concentration. In 
this sense, results presented may be seen as worst-case scenarios, since in a 
modified atmosphere, mold growth will be significantly slower. 

• the optimization algorithms adopted for computing near-optimal inventory 
control policy parameters are heuristics. 

– Future works may investigate difference observed when an optimal control policy is 
implemented. 

– a challenging area for further research is the development of optimization models 
for dual sourcing that include service level constraints involving product quality. 

• a thorough validation of the results here presented should be carried out to 
validate the model and to calibrate its parameters against the actual operating 
conditions of the chain. 
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