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ABSTRACT
In addition to the financial measures used in supply chain structure decisions,
there is a need to integrate customer service, disruption risk and other strategic criteria
into supply chain planning and control. This research deals with the development of
methods for designing a resilient and responsive global supply chain network considering
manufacturing and distribution facilities that service multiple international markets. The
emphasis is on developing global multi-criteria optimization models to help determining
optimal supply chain designs to support specific competitive strategies along multiple
time periods. Linear and integer mathematical programming models considering
uncertainty of key parameters have been developed to aid in a multiple echelon supply
chain design process, including manufacturing and distribution facilities
location/allocation selection, capacity and expansion requirements, production and
distribution network variables, international issues, exchange rates, lead-times, and
transfer prices.

The model also includes the definition of a set of supply chain design

selection criteria that integrates financial, customer service, risk and strategic factors
based on multi-criteria selection techniques. The models are applied to a real-world and
large-scale supply chain network of a global leading multi-national company in the health
and hygiene industry.
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Chapter 1
Introduction
“In this world, a smart and fast global supply chain is becoming one of
the most important ways for a company to distinguish itself from its
competitors” – Thomas Friedman (2005).

With increased globalization, global supply chain management has become an
important process for many companies. As traditionally, the objectives of every supply
chain continue to be the maximization of the overall value generated by reducing the
costs of procurement, increasing the responsiveness to customers, and decreasing the
risks related to purchasing, manufacturing, and distribution activities. The big change
now is that global supply chain management involves a company’s worldwide interests,
customers and suppliers rather than just a domestic perspective. Today, global supply
chains involve a myriad of countries that are usually accompanied by innumerable new
challenges. Besides the conventional financial aspects, companies are now required to
deal with a plethora of other factors related with doing business abroad such as: tariffs,
multiple exchange rates, different levels of risk exposure, and strategic factors, among
others. Within this environment, as part of the company’s strategy to manage its global
supply chain, it must make decisions concerning its overall outsourcing plan, supplier
selection, the number of production plants and distribution centers that are needed, as
well as the locations for those facilities, modes of transportation, customers allocation to
warehouses, among others. In essence, as stated by Drucker (1998), the ultimate success

2
of a firm will depend on its managerial ability to integrate and coordinate the intricate
network of business relationships among supply chain members.

1.1

Supply Chain Network Design
Min and Zhou (2002) define a supply chain as an integrated system which

synchronizes a series of inter-related business processes in order to: (1) acquire raw
materials and parts; (2) transform them into finished products; (3) add value to these
products; (4) distribute and promote these products to customers; (5) facilitate
information exchange among business entities. The authors state that the overall
objective of using the supply chain is to enhance the operational efficiency, profitability
and competitive position of a firm and its supply chain partners.
Chopra and Mendl (2001) noted that there is a close connection between the
design and management of the supply chain and the success or failure of a firm. They
mention that during a supply chain design phase, given the marketing and pricing plans
for a product, companies make long term decisions on how to structure the supply chain,
how resources will be allocated, and what processes each stage will perform. During this
process, the firm must ensure that the supply chain configuration is totally aligned with
its competitive strategy.
The problem of designing a supply chain network is that it is very broad and
means different things to different people within the supply chain as well as other supply
chain enterprises. Supply chain network design models are intended to support business
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strategic and tactical decisions from sourcing to distribution to markets. It generally
refers to activities that will provide one or more of the following decisions:
•

Where to locate new facilities for production, storage, and logistic activities.

•

Sourcing decisions as what suppliers and supply base to use for each facility.

•

Allocation decisions as what products to be produced at each facility.

•

Allocation decisions as which warehouses serve which markets.

•

Evaluation of opening, expanding or closing new facilities

•

Relocation of machines.

•

Determination of optimal distribution network flows and sourcing strategy.

•

Estimation of production and shipping additional capacity requirements.

•

Identification of non-profitable customers or products.

All of these decisions have a long-term impact on a firm’s financial and
operational performance. Moreover, these decisions determine a company’s ability to
generate value by balancing the efficiency and responsiveness of a supply chain. See
Warsing (2008) for a more detailed presentation on supply chain management
optimization.

1.2

Scope of this Dissertation
Along with financial measures used in supply chain structure decisions, there is a

need to integrate customer service and disruption risk into the design criteria. This
research deals with the development of methods for designing a resilient and responsive
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supply chain network considering manufacturing and distribution facilities sourcing
multiple international markets.
The emphasis of this research is on developing global multi-criteria optimization
models to help determine optimal supply chain designs to support specific competitive
strategies. Deterministic and stochastic multi-criteria mixed integer linear programming
models will be developed to aid in a multiple echelon supply chain design, including
manufacturing and distribution facilities location/allocation selection, capacity and
expansion requirements, inventory and distribution network variables, international
issues, exchange rates, lead-times, and transfer prices. This work also includes a variety
of semi-finished and finished products as well as multiple time periods. Moreover, it
includes the definition of a set of supply chain design selection criteria that integrates
financial, customer service and risk factors in the process.
A key element of this work is the inclusion of the stochastic aspects of customer
demand, production costs, and exchange rates, for which probabilistic analysis and
scenario simulation will be combined with the multi-criteria optimization models to
enhance the supply chain design analysis.

1.3

Case Study in a Health and Hygiene Company
This research deals with the development of methods for designing a resilient and

responsive supply chain, and will be illustrated with an example for a leading global
health and hygiene company listed in the Fortune 500. More specifically, the project is
focused on developing analysis tools for a market driven supply chain structure so that
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the global manufacturing and distribution network for the largest international division of
the company can be redesigned. This requires integrating local structures, as well as
distribution and manufacturing networks, into a unique global optimization model. This
should result in reducing supply chain cost and increasing supply chain market
responsiveness to customers, enabling a more robust supply chain strategy and operation
including the global manufacturing, external sourcing and distribution activities.
The company employs approximately 55,000 people worldwide and sells close to
$20 billion a year. With operations in 37 countries, the company’s global brands are sold
in more than 150 countries and used by approximately 1.3 billion people, holding first or
second market positions in the majority of its markets.
This case study focuses on the company’s largest international division that
represents almost 20% of the worldwide operations in terms of financial measures, assets,
and employees. The division sells products across a continent with several offices,
distribution centers and manufacturing facilities in 20 countries. To support its
competitive strategy, its supply chain is formed by different types of customers from
multi-national chains and large distributors to thousands of small “mom and pop” stores.
After a series of mergers and acquisitions in the last 15 years across the continent, a
highly complex supply chain internal structure has been developed, currently conformed
by approximately 45 distribution locations spread out the continent that are supplied for
most of the products sold in the region by 21 manufacturing facilities located in 10 of
these countries (Figure 1-1). A portion of the products are imported from other company
facilities located all around the world. In addition, cross sourcing activity within the
continent has increased significantly in the last years, today more than 60% of the

6
production facilities manufacture finished and semi-finished products that are distributed
among different countries besides its local market. At least three facilities are continent
wide facilities sourcing all markets within the division. Moreover, these facilities export
products to other company divisions worldwide.
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Figure 1-1: Multi-national Supply Chain Network
Until now, asset rationalization and streamlining efforts have focused on
distribution supply chain designs for specific business units or division wide designs
considering manufacturing facilities for particular products only. In order to better
support and enhance the division’s competitive strategy, a robust, flexible and efficient
global supply chain structure will be designed to assure exceptional achievement of
customer service levels and financial goals while considering related risk factors.
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For a complete strategic and tactical optimization of the manufacturing and
distribution network, the model needs to manage more than a hundred customer zones or
markets located in more than 20 countries, as well as dozens of product categories that
are manufactured in more than 250 production lines. Because of the diverse international
nature of the problem many international factors need to be considered, such as more
than 16 different currencies, domestic and international freights, transfer prices, taxes and
duties, among others.
Regarding the production process, some of the product categories have a twostage production process for which two different echelons are considered in the
optimization models: semi-finished goods manufacturing and finished goods converting
processes (Figure 1-2).
Another key consideration is that for the appropriate inclusion of the costs in the
optimization process, they need to be classified as facility overheads, production line
fixed and variable costs, and raw materials consumption costs. In addition, multiple
productivity rates are considered for multi-product machines as well as for products
manufactured in different production lines.
The optimization models developed in this dissertation are applied to this realworld large-scale problem. The results of the implementation of the deterministic singlecriterion and multi-criteria models as well as their enhanced multi-period and stochastic
versions are presented in Chapters 3 – 6 respectively.
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Chapter 2
Literature Review
This chapter overviews some of the most important research contributions made
to the Supply Chain Modeling field using deterministic models. Over 30 years ago,
researchers recognized that systematic optimization approaches should be used, instead
of common sense. Early models tended to treat only the logistics aspects, while most of
the approaches developed thus far have focus primarily on the optimization of singlecriterion financial measures. A vast majority of the models have addressed portions of
the supply chain, focusing either on the supply or the demand side, and some of them
have developed integrated solutions that encompass the manufacturing and distribution
aspects of a supply chain. Moreover, only a few have incorporated multi-national and
global criteria factors as part of the analysis.
The articles that have been reviewed can be classified as follows:
1.

Deterministic Single-criterion Models

2.

Deterministic Multi-criteria Models

3.

Stochastic Supply Chain Optimization Models
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2.1

Single-Objective Deterministic Models
Research for supply chain design and optimization started very early on, with

location and allocation problems formulated by Geoffrion and Graves (1974) who
considered the problem of distribution system layout and sizing as well as distribution
center customer allocation for Hunt-Wesson Foods. They designed a multi-commodity
and multi-echelon mixed integer linear programming model with the objective of
minimizing total transportation cost which considered fixed and variable warehouse costs
as well as inbound and outbound transportation costs. They used a solution technique
based on Bender’s decomposition. Immediately after, Wesolowsky and Truscott (1975)
presented a mathematical formulation for the multi-period location and allocation
problem with relocation of facilities. They modeled a small distribution network
comprising a set of facilities aiming to serve the demand at given points.
After more than a decade, Brown, Graves, and Honczarenko (1987) designed and
implemented a multi-product manufacturing and distribution system using primal goal
decomposition. This model was developed for the biscuit division of Nabisco Foods, Inc.
focusing on operational aspects such as: where each product should be manufactured as
well as how much should be produced and allocated to different customers. In addition,
some strategic issues were considered such as the number and location of facilities and
the assignment of equipment to plants. The authors developed a mixed integer linear
programming model and used a “goal decomposition” heuristic approach for providing
very close to optimal solutions to large scale problem instances efficiently. This provided
a significant improvement over traditional decomposition methods.
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Two years later, Cohen and Lee (1989) addressed global supply chain design and
distribution decisions by introducing a deterministic non-linear programming model to
minimize a cost objective function that considers profitability before and after tax. The
decisions addressed by this model are vendor assignment to plants and distribution
centers as well as distribution centers assignment to several markets in different
countries. The authors also introduced trade balance constraints to model minimum
levels of production required in some countries in order to gain entry into their
corresponding markets. In their paper, a successful application of the model for a firm in
the personal computer industry was described. In the same year Cohen, Fisher, and
Jaikumar (1989) took the previously cited work by Cohen and Lee (1988) to a dynamic
scenario introducing a multi-period model that considers the impacts of fixed costs for
vendor contracts and transfer prices between supply chain stages. Although the authors
highlighted the importance of currency exchange rate, they did not incorporate this factor
in the mixed integer programming model.
Several applications in different industries followed during the next few years,
and the most relevant are mentioned next.

First, Van Roy (1989) developed an

optimization model for the manufacturing and distribution network for a petrochemical
company.

They modeled a large scale network to evaluate the consolidation or

decentralization of bottling facilities with the objective of reducing production costs
while considering transportation and holding costs. The authors used a branch-and-cut
method for solving the problem.

Then, Martin et al. (1993) developed a linear

programming model for the flat glass product subdivision of Libbey-Owens-Ford. The
LP model was originally designed to be used as a tactical or operational model, but was
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used later for strategic decisions as supply chain design and introduction of new products.
Another application was presented by Pooley (1994) describing the results of a mixed
integer linear programming model used by the Auli Foods company to redesign their
supply chain. The objective was to minimize the total operating cost of a production and
distribution facilities network considering location and allocation variables for production
plants and customers.
An important extension to more complex models was developed by Arntzen,
Brown, Harrison and Trafton (1995), who developed a comprehensive multi-period and
multi-product Global Supply Chain Model (GSCM) and applied it to a real-life supply
chain design problem at Digital Equipment Corporation. Although they included in their
model a single objective function that incorporated weighted terms for operating costs
and the number of days required to deliver a customer order, this approach was along the
same line of single-objective optimization. Besides considering location and allocation
decisions, the major contribution of this work was considering offset trade, local content,
and duty constraints in an international supply chain environment. Also, the GSCM
model allows for multiple time periods and associated inventory costs.

The authors

presented the model in the form of a large scale mixed integer programming formulation.
Based on these models, Lee and Billington (1995) presented an application with
measurable outcomes to analyze the global manufacturing strategies at Hewlett-Packard.
In a later work, Camm et al. (1997) developed an integer programming model
implemented by Procter & Gamble in North America to determine the location of
distribution centers and respective assignment of customer zones. The objective of this
work was to support a major supply chain restructuring initiative to reduce the
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complexity of a large structure of manufacturing facilities and reduce transportation
costs, as well as increasing market responsiveness by speeding up the introduction of new
products. Two models were developed: the first one was a mixed integer programming
model designed to solve an uncapacitated facility location problem, and the second one
consisted of a linear programming formulation focused on the transportation problem.
After this work, with the objective of locating several production plants and
distribution centers, as well as allocating customers to these facilities, Pirkul and
Jayaraman (1998) presented the PLANWAR model to minimize the total operating cost
for the distribution network. One year later, the authors presented an integrated mixed
integer programming formulation for locating production and distribution facilities in a
multi-echelon and multi-product environment. They also presented a heuristic approach
based on Lagrangian relaxation to solve the problem. The authors did an experimental
application to a health-care products manufacturing company.
Dogan and Goetschalckx (1999) developed a comprehensive model for a multiproduct, multi-facility, and multi-echelon distribution system. An arc-based model is
solved by a general purpose mixed integer linear programming solver. In the same year,
a model for the multi-period single-sourcing problem was introduced later by Morales,
van Nunen, and Romeijn (1999). Their objective was to develop a model for the design
of real-world supply chain networks, more specifically to assign customers to warehouses
that are sourced from capacitated plants. The authors provided several extensions of the
base model to consider warehouse shipping capacities, cyclic demand patterns, perishable
goods, and limits on switching customer to warehouse assignments. They also modeled
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opening and closure of warehouses and modeled the effects of multiple products on the
system. The authors used heuristic solution methods to obtain near optimal solutions.
A successful real-world large scale implementation of a supply chain network
design model was performed by Rao, Scheller-Wolf and Tayur (2000) at Caterpillar. The
authors considered capacity constraints, lead times, and multi-echelon safety stock costs
for multiple-products.

In addition to combining these factors, the model considers

demand as a function of service levels. The objective was to design an optimal network
by determining what dealers should be served by which distribution points for each
product minimizing the associated distribution cost, which is determined through a
network routing model. The network routing problem is formulated as a standard
minimum cost network flow problem and then converted to an equivalent shortest path
problem. The network routing model was also used to determine the shortest lead-time
distribution point source to be used for expedited deliveries. Another relevant application
that year was performed by Jack et al. (2000), who modeled and simulated a multiechelon food supply chain and applied their models to evaluate alternatives in design the
supply chain of chilled food products. Their simulation model is based on timed color
Petri-nets. A similar hybrid analytic and simulation approach was followed by Lee and
Kim (2000, 2002) who developed an integrated multi-product and multi-period model for
production and distribution supply chain problems to support strategic decisions. The
authors combined an analytic model and a simulation tool to solve the problem.
Also focused on long term supply chain decisions, Tsiakis et al (2001) proposed a
strategic planning model for multi-product and multi-echelon supply chain networks,
providing a single model that integrates production, facility location, product
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transportation, and distribution aspects of the supply chain.

They aimed to obtain an

optimal design of the network by evaluating a number of potential warehouses and
distribution centers considering the manufacturing sites and customer zones locations
fixed. This problem was formulated mathematically as a mixed integer linear
optimization program and was solved using branch-and-bound techniques. The authors
claimed that the most important contribution of this work, compared to the other models
presented in the literature to that date, was the integration of three distinct echelons of the
supply chain within a single mathematical programming formulation. Moreover, taking
into account the complexity introduced by the multi-product nature of the production
facilities, the economies of scale in transportation, and the uncertainty inherent in the
product demands. In the same year, Papageorgiou et al. (2001) studied supply chain
designs for the pharmaceutical industry. More recently, Levis and Papageorgiou (2004)
extended the model to study the long term capacity planning problem under uncertainty.
The authors developed a large scale mixed integer programming model to optimize the
product portfolio and plant capacities considering an uncertainty factor related with
clinical trials required to develop a new product. To solve the problem, Levis and
Papageorgiou used a two-stage multi-scenario hierarchical algorithm.
A year later Ambrosino and Scutella (2005) studied some complex distribution
network design problems involving production facility, warehousing, transportation, and
inventory decisions. The authors developed two kinds of mathematical formulations
where they included the analysis of dynamic versions of the problem over a specific time
horizon rather than in a fixed period of time. Amiri (2006) addressed the distribution
network design problem in a supply chain system involving location and allocation
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decisions for production plants and distribution centers, and consequently determining
the best distribution strategy from plants to distribution centers and then to customers.
The objective is to satisfy all customer demand at the minimum distribution network total
cost.

One of the main contributions of this paper was the ability to include multiple

levels of capacities at warehouses and plants. The authors developed a mixed integer
programming model and provided a heuristic procedure to solve the problem.
An industrial case study was presented by Sousa, Shah and Papageorgiou (2007)
for a real agrochemicals supply chain. The authors presented two mixed integer linear
programming models, the first to address strategic decisions and long term investments to
redesign a global supply chain network, and the second to support short term operational
model to test the accuracy of the supply chain design and detailed production and
distribution plan involving customer service levels. Also, an analytical methodology was
developed to use the output results from the second model to improve the supply chain
design and plan by enforcing a more distributed allocation of products and customers to
the available resources in each time period.
Tsiakis and Papageorgiou (2008) presented a comprehensive model to determine
the optimal configuration of a production and distribution network subject to operational
and financial constraints and allowing for outsourcing decisions. In one side, operational
constraints included quality, production and supply restrictions related to the allocation of
the production and the workload balance. In the other side, financial constraints include
production and transportation costs as well as duties. The authors developed a mixed
integer linear programming model and then applied it to a case study for the coatings
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business unit of a global specialty chemicals manufacturer. The model was solved using
CPLEX and other different solvers obtaining similar results.

2.2

Multi-Objective Deterministic Models
All deterministic models, except for that of Arntzen et al. (1995), have been

established either for optimizing supply chain cost alone or maximizing profitability.
Other performance measures are not considered. This leads naturally to multi-objective
approaches and surprisingly enough, despite the multi-criteria nature of the problem, very
little work has been devoted to the study of location and allocation distribution network
models using multi-criteria techniques such as goal programming, multi-objective
programming, or other similar approaches.
An early multi-criteria approach was presented by Ashayeri and Rongen (1997),
who described the development and implementation of a large scale mixed integer
program at Netherlands Car BV who produces cars for Volvo and Mitsubishi among
others. The authors developed new distribution structures taking into account
quantitative and qualitative factors. The authors simplified the model by using some
approximations and solved it using traditional branch and bound methods. They
developed a two-stage methodology to first determine an optimal allocation of
distribution centers to minimize transportation and location costs and then determine the
location of a distribution center. This analysis was confined to a single period.
A bi-criteria approach was presented later by Jayaraman (1999) who used a
weight based multiple objective programming model to analyze a capacitated facility
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location and allocation problem to evaluate the tradeoff between the number of facilities
and coverage of demand.
Another multiple objective approach was presented by Min and Melachrinoudis
(1999) to solve the problem of relocating manufacturing and distribution facilities.
Different objectives were weighted using the Analytic Hierarchy Process and normal
ranking methods to compare a small number of discrete alternatives. One year later,
Melachrinoudis and Min (2000) extended their work and formulated the problem as a
multi-period mixed integer linear programming model. The model included two
objectives that were equally weighted and combined in a single objective non-preemptive
goal programming model. A real-world application involving the relocation and phaseout of a combined manufacturing plant and warehousing facility is presented in this
paper.
Sabri and Beamon (2000) developed a combined supply chain model to facilitate
strategic and operational planning, aiming to optimize the supply chain configuration and
material flow. The authors propose a multi-objective optimization procedure to analyze
first the strategic goals and then use these results in a stochastic operational model to
obtain minimum cost solutions for the network. The operational model includes
production, lead-time and demand parameters predetermined by considering uncertainty.
A multi-objective function is developed to take into account cost, customer service, and
delivery flexibility trade-offs.
Another bi-criteria model, developed by Chandra and Kumar (2001), proposed
two single objective linear models for supply chain network design: the first consisted of
a decomposition model by identifying common constraints, and the second on a dynamic
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process flow model by using flow of components in the network. One year later, Talluri
and Baker (2002) presented a multi-phase mathematical programming approach for
effective supply chain design. More specifically, the authors developed and applied a
combination of multi-criteria efficiency models, based on game theory concepts, and
linear and integer programming methods. Model application and insights were detailed
through numerical illustrations. On their side, Korpela et al. (2002) proposed an analytic
hierarchy process (AHP) model for supply chain network design. Their model solves
production allocation problem by maximizing the strategic importance and preference of
customers as well as minimizing customer related risks.
Other authors have used simulation to model the problem; others have used
genetic algorithms to solve a multi-objective optimization problem, computing the
efficient frontier. Arguably, most attention has been paid to methodologies that break the
problem into pieces, simplify the inherent complexity of the supply chain structure by
assuming a single product, single period scenario or defining a single objective function
trying to capture the different performance measures of the supply chain. Other authors
have used genetic algorithms to solve a multi-objective optimization problem, computing
the efficient frontier. Truong and Azadivar (2003) used genetic algorithms combined
with simulation and MIP models in a hybrid optimization technique for supply chain
network design. Zhou et al. (2003) proposed a bi-criteria model for allocation of
customers to distribution centers. The two objectives considered by the authors are the
minimization of costs and transit time between the distribution centers and customers.
Chan and Chung (2004) proposed a multi-objective genetic optimization procedure for
the order distribution problem in a demand driven supply chain network. Chen and Lee
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(2004) developed a multi-product, multi-stage, and multi-period scheduling model for a
multi-stage network with uncertain demand and prices for which they proposed a twophased fuzzy decision-making method. Erol and Ferrell (2004) proposed a model that
assigning suppliers to warehouses and warehouses to customers. They used a multiobjective optimization modeling framework for minimizing cost and maximizing
customer satisfaction. Pinto (2004) used the NSGA-II multi-objective evolutionary
algorithm to model a three stage supply chain problem. Sim, Jung, Kim and Park (2004)
presented a generic network design for a closed-loop supply chain using genetic
algorithms. Chan, Chung, and Wadhwa (2004) developed a hybrid approach based on
genetic algorithm and Analytic Hierarchy Process (AHP) for production and distribution
problems. Fulya, Gen, Lin, and Paksoy (2006) proposed a genetic algorithm approach
for multi-objective optimization of supply chain networks allowing decision makers for
evaluating a greater number of alternative solutions. The studies reviewed above have
found a Pareto-optimal solution or a restrictive set of Pareto-optimal solutions based on
their solution approaches for the problem.
Gaur and Ravindran (2006) presented a bi-criteria non-linear stochastic integer
programming model to determine the best supply chain distribution network, considering
inventory aggregation – risk pooling – to minimize costs in the supply chain while
balancing between efficiency and responsiveness to customers. The authors developed a
two-stage optimization algorithm to solve the problem with optimization techniques and
the used AHP to rank the alternatives.
A critical part of supply chain network optimization is the decision to outsource
production and consequently determine the best sourcing network. To address this
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problem, Wadhwa and Ravindran (2007) presented a vendor selection problem as a
multi-objective optimization problem, considering a variety of products and different
suppliers in a multiple sourcing network. The authors considered the minimization of
three decision criteria: price under quantity discounts, lead-time and quality rejects. They
used weighted objective, goal programming and compromise programming models to
solve the multi-criteria problem. On the same line, Mendoza, Santiago and Ravindran
(2007) introduced a three-phase multi-criteria method to the supplier selection problem.
The authors used different multi-criteria methods as the ideal solution approach, AHP
and Goal Programming. In the first two phases a supplier screening process and selection
are performed, as well as the definition of weights for multiple criteria. In the third
phase, the goal programming model is used to allocate orders to the selected suppliers.
More recently, back in line with mathematical programming, Pokharel (2008)
presented a bi-criteria model for strategic decisions related with supply chain network
design of a single product. The objective was to minimize total costs and maximize
customer service levels. Supplier, manufacturing facilities, and third party warehouses
capacity constraints were considered for the design optimization. A scenario analysis
was presented by the authors illustrating the changes in optimal solutions resulted from
different decision makers’ preferences.

2.3

Stochastic Models
Treatment of the stochastic nature of supply chains is a relatively recent aspect of

supply chain optimization. In one side, stochastic optimization has been mostly related
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with production planning and inventory management (Zipkin (1986), Modiano (1987),
Eppen et al. (1989), Sethi and Zhang (1994), Wagner and Beman (1995), Cheung and
Powell (1996), Baricelli et al. (1996), Mitra et al. (1997), Escudero et al. (1999b),
MirHassani et al. (1999), Albornoz and Contesse (1999), Ahmed et al. (2000a) and
Tommasgard and Hoeg (2001), among others). However, one of the most critical
drawbacks in stochastic optimization is the difficulty to determine the distribution of
variable parameters for large scale applications in real problems. On the other side, most
of the work on network design under uncertainty addresses it through scenario based
stochastic programming (Birge and Louveaux 1997). The drawbacks of scenario based
approaches are addressed via the Robust Optimization methodology (Ben-Tal and
Nemirovski 1998; El-Ghaoui et al. 1998), which aims for a solution that is robust to the
uncertainty considered. Also, there are extensions of robust optimization to integer
programming (Bertsimas and Sim 2003; Atamturk 2003) and in particular to the network
design problem (Atamturk and Zhang 2004; Ordonez and Zhao 2004). Most recently,
Mudchanatongsuk, Ordonez, and Liu extended the prior work on robust optimization for
network design problems (Atamturk and Zhang 2004; Ordonez and Zhao 2004).
It is important to highlight that most of the stochastic approaches for supply chain
management only consider tactical decisions modeled by continuous variables usually
related to supply, production and market shipment of raw materials and products. They
do not address the strategic planning in supply chain problems under uncertainty.
As a reference, the following researchers have published surveys regarding supply
chain network optimization models: Thomas (1996), Beamon (1998), Sabri and Beamon
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(2000), Geunes and Pardalos (2003), Bilgen and Ozkarahan (2004), Klose and Drexl
(2005), and the most recent by Snyder (2006).

2.4

Contribution of this Dissertation
The objective of this work is to develop a comprehensive optimization model that

encompasses the most relevant aspects of a global supply chain. Unlike most of the
research done in the supply chain network design field, this research will integrate in a
single model multiple echelons from suppliers to several customer zones located in a
wide variety of international markets. The decision variables will include: specific
manufacturing equipment location and allocation to multiple semi-finished and finished
products, to customer zones assignment to specific distribution centers, allowing for
international and corporate trade considerations as duties and transfer prices. In addition,
the ability to incorporate outsourcing decisions will be included in the model.
Also, different from the most comprehensive models known to date such as the
ones presented by Cohen and Lee (1989), Arntzen et al. (1995), Dogan and Goetschalckx
(1999), and Sousa, Shah and Papageorgiou (2007), this research will consider multiple
criteria to support strategic and tactical decisions related with the optimization of a global
supply chain network, mainly focusing on profit, speed to customers and demand
fulfillment, while also considering global risk and strategic factors.
Some other novel features included in this work are the ability to simultaneously
manage two different supply chains, with different numbers of echelons and
manufacturing technologies. Also, the detailed mathematical formulation considers the
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handling of different productivity rates from different products manufactured in different
machines. Moreover, the model enables the management of different units of measure
for the flows of goods between different echelons.
Similar to other important contributions done to this field, this research considers
a large scale real-life application in a global leading health care and hygiene company to
optimize a supply chain consisting on multiple businesses supported by several dozens of
facilities across more than twenty countries.
This research considers the development of multiple time period models to better
support not only strategic but tactical supply chain decisions. Also, to enhance the
robustness of the model results, the treatment of the stochasticity of demand, fixed
manufacturing costs, and multiple exchange rates is considered.
Table 2-1 summarizes the literature survey based on different aspects of the
models. More specifically, it considers the scope of the network structure, the kind of
decisions that are supported by the models such as tactical and strategic or if single or
multiple criterions are taken into account, the extent of business considerations for the
optimization, the type of decision variables enabled by the models, and the ability to
handle multiple periods. Also, other features are evaluated as the inclusion of
international aspects, large scale real-world applications, and the inclusion of the
stochastic costs, demand and exchange rates.
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Brown et al. (1987)
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Martin et al. (1993)
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Jack et al. (2000)
Min and Melachrinoudis (1999)
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Tsiakis et al (2001)
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Truoung and Azadivar (2003)
Zhou et al. (2003)
Levis and Papageorgiou (2001, 2004)
Ambrosino and Scutella (2005)
Amiri (2006)
Gaur and Ravindran (2006)
Wadhwa and Ravindran (2007)
Sousa, Shah and Papageorgiou (2007)
Tsiakis and Papageorgiou (2008)
Pokharel (2008)
This Research

Authors (Year)

Globlal
Supply Chain

Table 2-1: Comparison of Previous Work and this Research
x

x

x

x
x

x

Multiple
Echelons

x
x
x
x
x
x
x
x
x

x

x
x
x
x

x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x

Multiple
Criteria

x
x

x
x

x
x
x
x

x
x
x
x

x
x

Strategic (S)
Tactical (T)

S
S
S
S
S
S/T
S
S/T
S
S
S
S
S
S
S
S/T
S/T
S
S
S/T
S
S
S
S
T
S
T
S
S/T
S
S/T
S/T
S/T
S
S
S/T

Lead-time

x

x
x
x

x

x
x

x

x

x

Demand
Fulfilment

x
x

x

x

x

Risk

x

x

Strategic Factor

x

x

Location

x
x
x
x

x
x
x
x

x

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Allocation

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Production

x
x
x
x

x
x
x

x
x
x
x
x
x
x
x
x
x

x

x
x
x
x
x
x
x

x
x
x

Distribution

x
x
x
x

x
x
x

x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x

Multiple
Product

Equipment
Loc/Allocation

x

x
x

x

x
x

x

x

x

x
x

x

x

x

x

x

x

x

x

x
x
x

x

Out-sourcing

x

x

x

x

Multiple

x

x

x

Taxes & Duties

x

x
x

x
x

x

Transfer Prices

x

x

MILP
MILP
MILP
MILP
MILP
MILP
MILP
MILP
NLMIP
MILP
MILP
MILP
Dynamic
MILP
MILP
MILP
Hybrid
MILP
MILP
MILP
Dynamic
MILP
Hybrid
Hybrid
AHP
Hybrid
Genetic
MILP
MILP
MILP
NLMIP
MILP
MILP
MILP
MILP
MILP

Model Type

Time International TechPeriod Content
nique
Industry

Agrochemicals
Specialty Chemicals
Chemicals
Health Care

Case Study

Europe Case Study

Case study

Caterpillar
Food Industry

Netherlands Car BV

Nabisco Foods, Inc.
Computer Industry
Petrochemical
Libbey-Owens-Ford
Auli Foods
Digital Equipment
Hewlett-Packard
Procter & Gamble
Health Care

Hunt-Wesson Food

Large Scale
Application

Decision Variables

Stochastic
Parameters

x

Fixed Costs

Business Considerations

x

x

x

x

Customer
Demand

Decision
Type

x

Exchange Rate

Network
Structure

25

Chapter 3
Deterministic Single Criterion Model

3.1

Base Model Features
To address the problem of optimizing a global supply chain network design, a

single-criterion deterministic mixed integer linear program is developed first,
encompassing manufacturing and distribution processes for different supply chains. The
model focuses on maximizing gross profit, defined as net revenues from sales of multiple
products in several customer zones less total operating costs incurred in the
manufacturing, distribution, and international cross sourcing processes. The model
includes production and distribution capacities that constrain the ability to fulfill
profitable customer demand.
Among other features, the model allows the evaluation of outsourcing decisions,
as well as the consideration of different product mix and corresponding productivity rates
on different production lines and at different locations. Also, multi-national corporate
aspects as transfer for semi-finished or finished goods traded between affiliates are also
included.
The model supports both, strategic and tactical decisions. On the strategic side,
the most relevant outcomes focus on the design of the supply chain network, in which the
optimization model determines the facilities that need to be opened and their location as
well as the facilities that negatively affect profitability and therefore need to be closed. In
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the case when current network capacity is not sufficient to fulfill customer demand, the
model provides for manufacturing and distribution decisions evaluating where and how
much should capacity be expanded or outsourced. Also, the ability to perform analysis at
the production line level facilitates decisions associated with the transference of
equipment among facilities. Linked with the last, strategic decisions related with
technological changes are supported by the model, such as what technologies are more
convenient for the required expansions, or what specific equipment needs to be subject to
write-off consideration and replacement due to product major changes required to
respond to market dynamics. On the other side, the model assists on tactical decisions as
customer zones assignment to distribution centers or the development of high level
production and distribution plans such as: product allocation to specific equipment and
cross sourcing among facilities. A more detailed description of the model features are
presented in the following sections.

3.2

Mathematical Formulation

3.2.1

Notation

Index sets:
A specific index is given to each echelon of the supply chain from manufacturing
facilities to customer zones. The production process is split in two parts, manufacturing
and converting. One or both echelons can be part of the supply chain depending on the
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product type. Note that one or more distribution centers could exist in the supply chain in
order to serve a certain market; in this case the index l is used to represent a receiving
distribution center when supplied by another distribution center. Also, specific indexes
are used to represent different product categories and production lines within the
production facilities.
h = Manufacturing facility index where h = (1,...,nh)
i = Converting facility index where i = (1,...,ni)
j = Distribution center (DC) number where j = (1,…,nj)
k = Market or customer zone index where k = (1,…,nk)
p = Product category p = (1, …,np)
t = Production line t = (1, …,nt)

Sets:
Multiple sets are defined to allow feasible flows among manufacturing,
converting and distribution facilities as well as flows from these facilities at different
echelons to different markets, this based on geographic, infrastructure or business
considerations. In addition, several sets are defined linking product categories with
particular production lines and facilities where they can be produced based on
technological constraints. Similarly, sets are created based on marketing strategies to link
products with specific markets. The definition of sets is particularly valuable for the
database build-up process and for computational efficiency, since it is not necessary to
consider all mathematically possible combinations as a complete graph.
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MFS = manufacturing facilities, h = (1,...,nh)
CFS = converting facilities, i = (1,...,ni)
DCS = distribution centers, j, l = (1,…,nj)
MKS = markets, k = (1,…,nk)
PRS = product categories, p = (1, …,np)
CTS = production lines, t = (1, …,nt)
PRSS = semi-finished product categories
MKSTR = traditional trade markets
MKSMR = modern trade markets
CFSMh = converting facilities supplied by manufacturing facility h
MKSMh = markets served by manufacturing facility h
MFSCi = manufacturing facilities supplying converting facility i
DCSCi = distribution centers supplied by converting facility i
MKSCi = markets supplied by converting facility i
CFSDj = converting facilities supplying distribution center j
MKSDj = markets supplied by distribution center j
MFSKk = manufacturing facilities supplying market k
CFSKk = converting facilities supplying market k
DCSAj = distribution centers supplying distribution center j
DCSDj = distribution centers supplied by distribution center j
DCSKk = distribution centers supplying market k
CTSMh = production lines at manufacturing facility h
CTSCi = production lines at converting facility i
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CTSPp = production lines that produce product category p
PRSCi = product categories produced at conversion facility i
PRSTt = product categories produced by production line t
PRSMh = product categories produced at manufacturing facility h
PRSDj = product categories distributed by distribution facility j
PRSKk = product categories sold at market k
MSFPp = manufacturing plants producing product p
CFSPp = conversion plants producing product p
DCSPp = distribution centers dispatching product p
MFSTThtt’ = installed line t and corresponding extension within technology t’
CFSTTitt’ = installed line t and corresponding extension within technology t’
DCSINTERPLANTS = distribution centers shipping inter-company
DCSTOMARKETS = distribution centers shipping directly to markets

Parameters:
Dkp = customer demand volume in market k for category p defined in TON for
semi-finished products and in standard units for finished goods.
Pkp = sales price for category p in market k in $/standard unit for finished goods
and in $/TON for semi-finished products.
FMh = facility fixed costs of manufacturing plant h
FMMht = fixed costs of production line t at manufacturing plant h
MRChp = raw material variable cost in TON for category p in manufacturing site h
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MMCt = machine cost per hour for manufacturing line t
MPTpt = production time hours per TON for category p at production line t
MUChp = CIF unit cost for category p from manufacturing facility h, includes
inter-company mark-up
I(2)hip = cross sourcing cost percentage for category p from manufacturing facility
h to converting facility i, includes duties, taxes, export and import expenses, and
excludes freights
T(2)hip = freight in $/TON for category p from manufacturing facility h to
converting facility i
TI(2)hip = freight in $/TON for category p from manufacturing facility h to entry
port / customs when sending goods to converting facility i
T(3)hkp = freight in $/TON for category p from manufacturing facility h to market k
MCht = manufacturing capacity in hours for production line t at facility h
DF(1)ip = mass density factor for category p at conversion facility i (standard
units/TON)
DF(2)jkp = mass density factor for category p for arc j, k (cubic meters/standard
units)
DF(3)jlp = mass density factor for p for arc j, l (cubic meters/standard units)
FCi = facility fixed costs of converting plant i
FCMit = fixed costs of production line t at converting plant i
CRCip = raw material variable cost per TON for category p in converting plant i
CMCt = machine cost per hour for production line t
CPTpt = conversion time hours/TON for category p at production line t
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CUCip = CIF unit cost for category p in conversion facility i, includes intercompany mark-up
I(4)ijp = cross sourcing cost factor for category p from converting facility i to
distribution facility j, includes duties, taxes, export and import expenses, and
excludes freights
T(4)ijp = transportation cost for product p from converting facility i to distribution
facility j in $/standard unit
TI(4)ijp = transportation cost for product p from converting facility i to entry port /
customs when sending goods to distribution facility j in $/standard unit
T(5)ikp = transportation cost for product p from converting facility i to market k in
$/standard unit
CCit = converting capacity in hours for facility i and production line t
T(7)jkp = transportation cost for p from DC j to market k in $ per standard unit
T(6)jlp = transportation cost for product p from DC j to DC l in $ per standard unit
TI(6)jlp = transportation cost for product p from DC j to entry port / customs when
sending goods to DC l in $ per standard unit
DUCjl = CIF unit cost for category p at DC j, includes inter-company mark-up
I(6)jlp = cross sourcing cost percentage for category p from DC j to DC l, includes
duties, taxes, export and import expenses, and excludes freights
FDj = fixed operational cost of DC j
VOCj = variable operational cost of DC j in $/cubic meters
SCj = shipping capacity of DC j in cubic meters

33
3.2.2

Model Variables
Several real continuous variables are defined to represent the flow of goods

through the network, for both production and distribution volume considering different
units of measure depending on the echelon of the supply chain where the flows occur.
Binary variables are used for opening or closing decisions associated with manufacturing,
converting and distribution facilities, as well as for specific production lines.

Manufacturing
x(1)hipt = production of category p at production line t at manufacturing facility h
sent to conversion facility i in TON
x(2)hkpt = production of category p at production line t at manufacturing facility h
sent to market k in TON
(1)h = 1 if manufacturing facility h is opened, 0 otherwise
γ(1)ht = 1 if production line at manufacturing facility h is opened, 0 otherwise

Converting
y(1)ijpt = production of category p at facility i and line t to DC j in standard units
y(2)ikpt = distribution of category p at facility i and line t to attend market k in
standard units
(2)i = 1 if converting facility i is opened, 0 otherwise
γ (2)it = 1 if production line at converting facility i is opened, 0 otherwise
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Distribution
z(1)jlp = distribution of category p from DC j to DC l in standard units
z(2)jkp = distribution of category p from DC j to market k in standard units
(3)j = 1 if distribution facility i is opened, 0 otherwise

3.2.3

Objective Function
The mathematical model is designed to find optimal solutions to maximize the

gross profit, consisting on the margin resulted from the total net revenue less fixed and
variable operating costs, raw material costs, transportation costs, and cross sourcing
costs.

Revenue
The total revenue is giving by the demand volume and sales price of a particular
product category p in a specific customer zone k (Equation 1). The shipment of the
product to a customer zone can occur from three different sources: in the first case a
distribution center j ships products to customers where the flow is represented by zjkp, in
the second case direct shipments to customers occur from a converting facility i for which
the decision variable yikpt is used, and in the third case semi-finished goods are shipped
from a manufacturing facility h represented by xhkpt.


( 2)
( 2)

Pkp   z jkp    yikpt
 
x hkpt


kMKS pPRSKk
iCFSK k tCTSC i
hMFSKk tCTSM h
 jDCSK k
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Fixed Operating Costs
The fixed costs related with the manufacturing and distribution processes are
separated in facility overheads (Equation 2) and production line fixed costs (Equation 3).
The first consists on all the overheads related with the operation of a manufacturing,
converting or distribution facility, such as plant general management, quality,
maintenance, building leasing of depreciation, among others. The second one includes
machine specific fixed costs as equipment depreciation, labor required to operate a
particular production line, etc. In the objective function, these fixed cost parameters are
multiplied by their corresponding binary variables to be included or not in the total
operating costs depending on the activation status of a facility or a production line.
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3

Variable Operating Costs
The variable operating costs are given by raw materials consumed, costs incurred
for the operation of production lines such as utilities, operating supplies, spare parts, etc.,
and some expenses at the distribution centers like wrapping materials, non-reusable
pallets, etc.
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At a particular production facility h or i, the total raw material costs are
determined by the total units produced of each product category p and their
corresponding unit raw material costs MRChp and CRCip, then the raw material total costs
of the network are given by equations 4 and 5.
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Total production line operation costs are presented in equations 6 and 7. The
base of the calculation is performed according to the total hours of operation required by
the volume produced for a particular product category p in a production line t and its
corresponding productivity rate in hours per unit MPTpt and CPTpt. Then, each
production line t has a specific variable operating cost per hour of operation MMCpt and
CMCpt. Finally the total network costs are summarized by facility based on the
production lines operating at each facility.
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Regarding the distribution variable costs at the warehouse presented in equation 8,
the formulation coverts to cubic meters the volume in standard units shipped from a given
distribution center j for a specific product p. Then the total variable distribution cost is
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calculated for all the facilities and corresponding products handled at each DC multiplied
by a unit variable operating cost VOCj determined for each distribution center.
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Transportation Costs
Based on transportation costs determined for each arc of the network, the
formulation incorporates this costs into the objective function based on inbound
(Equation 9) and outbound (Equation 10) shipments. The last are associated with the
transportation of semi-finished and finished products directly to customers regardless of
the origin facility type, and the former corresponds to inter-plant transactions among
production and distribution facilities.
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Cross Sourcing Costs
The cross sourcing costs include any amount related with the shipment of goods
internationally with the exception of freights that are already considered in equations 9
and 10, such as import and export duties, imports agencies fees, among others. The
cross sourcing costs I(2)hip, I(4)ijp and I(6)jlp are considered in the model as a percentage
applied first to the total unit product cost accumulated at the manufacturing, converting
and distribution echelons represented by the parameters MUCkp, CUCip and DUCjp, as
shown in equations 11 and 12.
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In addition, the cross sourcing rates given by TI(2)hip, TI(4)ijp and TI(6)jlp are applied
over the cost of transportation from a sourcing facility to the customs office at a first
entry point to a country (Equation 13). Generally, in international trade the total duties
are determined by customs over the total cost of the product at the country first entry
point, considering not only the cost of production of the product but the expenses
incurred in its transportation.
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Set of Constraints
The objective function is subject to constraints related with distribution and

production capacity, mass and flow balance, and binary variables relationships.

Demand Fulfillment at Markets
Equation 14 presents a constraint for any product and market combination where
the total flow of semi-finished or finished goods shipped to customers from the
manufacturing, converting and distribution facilities should not exceed the predicted
customer demand. Note that the flows do not need to be equal since an optimal solution
may consider underachievement of demand in case not profitable product and market
combinations exist.
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Distribution Capacity Utilization
Equation 15 states that the total volume shipped from each distribution center j to
other distribution centers l and customer zones k cannot exceed its capacity SCj stated in
cubic meters. Specific mass factors are considered for each product category k and
specific arc (j, l) and (j, k)
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Balance at Semi-finished Manufacturing
Equation 16 states the balance required between flows in and out given by
production volumes at a manufacturing facility h, corresponding shipments to converting
facilities i and sales of semi-finished products to customer zones k, considering mass
conversion factors. These balance constraint is enforced only for the product categories k
defined as part of the set PRSS.
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 z
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Balance at Conversion
Similarly, equations 17 and 18 show the balance constraints required between
flows in and out given by production volumes at a converting facility i, any amount
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received from a manufacturing facility h when applicable, corresponding shipments to
distribution facilities j and sales of finished products to customer zones k. Note that
equation 17 states the balance for specific product categories p for which converting
facilities receive semi-finished goods from manufacturing facilities. In contrast, equation
18 applies only for product categories that have one-stage production process
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Balance at Distribution
At the distribution centers, the flow balance constraints are defined for facilities
that receive goods from both production facilities and other distribution centers
(Equation 19) or only from other distribution centers (Equation 20). These flows are
balanced with the shipments out to customer zones k or other distribution facilities. Note
than from one to several distribution echelons may be necessary to fulfill demand at some
markets.
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Manufacturing and Conversion Capacity
The production capacity at the manufacturing and converting facilities is given by
a total number of hours of operation available for each production line t represented by
MCht and CCit. The volumes produced for each product category p at each production
line t, have associated a specific productivity rate MPThpt and CPTipt, that give the total
required load for the machines. As stated by equations 21 and 22, the total required load
must be less than or equal to the total number of hours available for a machine t if the
machine is operating, which is determined by the value of the binary variables  ht(1)
and  it( 2 ) .
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22

Distribution Capacity
Similarly, equation 23 states a shipping capacity constraint in cubic meters for
the flows out of the distribution facility j considering if it is open or closed.
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Manufacturing and Conversion Decision Binary
Equations 24 and 25 make sure that a production line t is not active if the
associated manufacturing facility h or converting facility i is not open. However, when a
facility is open the production lines are not necessarily active, they may operate or not
depending on the optimization results.

 ht(1)   h(1) , h  MFS, t  CTSM h

24

 it( 2)   i( 2) , i  CFS, t  CTSCi

25

Production Expansions Binary
Equations 26 and 27 enforce that a new production line t’ proposed to be
installed at a production facility as capacity expansion is only activated when all the
existing machines of similar technology t are operating. If at least one production line of
type t is idle at a given plant, then no capacity expansions can be done. Note that these
constraints can be relaxed if the analyst wants to evaluate the replacement of equipment,
in this case new production lines could be opened even if it implies that existing
equipment stays idle.

 ht(1)'   ht(1) , (h, t , t ' )  MFSTThtt '

26

 it(1')   it(1) , (i, t , t ' )  CFSTTitt '

27
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These last two equations 28 and 29 make sure that at least one production line t is
active in order to open a manufacturing facility h or converting facility i.
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All decision variables are continuous and non-negative. Except for  h(1) ,  i( 2 )
and  (j 3) that are binary variables defined as 1 if facility is open, 0 otherwise, as well as

 ht(1) and  it( 2 ) that are defined as 1 if production line is in operation, 0 otherwise.
These deterministic single-criterion model is used as the base model for more
sophisticated formulations considering more than one decision criterion, multiple periods,
and the stochasticity of parameters as demand, fixed operation costs, and exchange rates.
These more advanced models are presented in the following chapters.

3.3

Case Study
The base model presented in this chapter was applied to perform an analysis of

the manufacturing and distribution network of the health care and hygiene leading
company based on its competitive strategy and corresponding customer demand
projections for a 5 year horizon. The analysis was executed with the objective of
maximizing profits and consisted of three stages: first to determine the ability to fulfill
current and projected sales levels based on status quo of the current supply chain design,
second to evaluate how this ability is improved considering the potential expansions
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already considered by management, and third to optimize the global supply chain design
that would deliver the best results for the entire time horizon.

Besides confirming taken

supply chain design decisions, important outcomes for strategic investment and business
tactical plans were obtained regarding optimal levels of demand fulfillment, location and
magnitude of required facility expansions, relocation of production lines, inter-company
cross sourcing and distribution to customers strategies. The mathematical formulation
was coded in ILOG and solved using a CPLEX solver. The optimization model consisted
of approximately 7,500 variables from which 300 were binary and around 7,000
constraints. The solver found an optimal solution in less than two minutes.
Before conducting the analysis, significant effort was required to collect a
considerable amount of data of both types, historical and planned. In one side, the
historical data was obtained from the company’s ERP (Enterprise Resource Planning)
system at very low levels of granularity to have the flexibility of aggregating it as
required by the optimization model. Sales volume and prices were obtained at stock
keeping unit (SKU) and customer level and then aggregated to the product category and
customer zone level. Production volume and the different types of unit costs were
extracted at the SKU and production line level to then aggregate them a product category
for each production line. Plant costs information was generated at financial account
level by cost center associated with each production line and then classified as plant
overheads, production line fixed and variable costs and raw material costs.
Transportation and cross sourcing costs information was defined for each arc of the
network at the product level and then aggregated to product categories. In order to
perform an accurate aggregation on the concepts above different criteria were used to
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define weighted averages. Also, it was required to determine mass factors to handle
different volume units of measure used at the different echelons of the supply chain. On
the other side, projected information was obtained from the company’s most recent
business plans including forecasted demand volume, price and costs projections, etc., for
which a similar approach as above was followed to organize the numbers as required by
the optimization model. Finally, an aggregated database consisting of approximately
75,000 data records including marketing, sales, production, distribution and purchasing
information was built.
In the first stage of the analysis, considering only the current supply chain design,
delivered important outcomes related with the ability of the supply chain to support the
given competitive strategy. When performing the analysis with current demand levels,
the overall results showed a very close to full capacity utilization of the current facilities.
Regarding structural changes, as expected from a high utilization of resources, the
network design did not have major changes except for the closure of a small facility and a
few inter-facility transfer production lines. However the model suggested to modify the
cross sourcing strategy. Also, when considering future demand, the overall results
showed that the current supply chain design could fulfill only approximately 70% of the
total projected demand primarily restricted by production and distribution capacity. The
model filled the production and distribution capacity with the most profitable
combinations of products and markets, clearly identifying potential outages in specific
product categories and markets.
The second stage of the analysis included capacity expansions in production and
distribution facilities already considered by management. Close to a dozen of new
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production lines were planned to be installed within a 2 year horizon to increase
production capacity of different product categories. Although management had already
decided the location of these machines, multiple options were allowed in the model to
confirm the right locations were chosen or to determine if they needed to be located at
different facilities. The results showed that the majority of the chosen locations for the
production lines were optimal; the others had no significant differences between the
chosen or alternative location. Although the locations were the best to maximize profit,
the supply chain structure was capable to cover only approximately 85% of the projected
demand. Again, the model showed precisely the product categories and the markets not
covered.
For the third stage, it was necessary to perform first an assessment of the physical
feasibility and strategic convenience of expansions at each of the current facilities.
Different levels of expansions were considered also, perhaps if to expand a facility would
require only incorporating a new machine to the existing infrastructure, or if it would
require acquiring additional support equipment, additional building construction, land,
etc. In addition, locations for potential new facilities were determined based on senior
leaders’ opinion. A similar evaluation was performed also for the distribution centers.
With this base, multiple expansion alternatives were incorporated to the database to
perform the optimization analysis.
The results of the third stage of the analysis provided answers determining the
optimal volume to be sold in order to maximize the profits, although the model suggested
not completely fulfilling sales volume. As a reference the optimal demand fulfillment
ratio was around 96% from which the model highlighted specific product-market
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combinations that were not profitable, which opens an opportunity to improve business
practices.
Another outcome, highly important for the definition of investment plans, was the
determination of specific location and magnitude of the required expansions or opening
of new facilities for different technologies and product categories. Perhaps, for some
product categories where economies of scale are more important due to large fixed costs
involved in the manufacturing process, the model suggested to centralize manufacturing
at key regional facilities and totally or partially close some smaller facilities in other
countries. A partial closure considered shutting down the manufacturing stage to produce
semi-finished goods and continue converting finished goods locally sourced from a
regional facility. In other product categories, where the operational and technological
advances had made economically feasible to operate local plants, the model suggested to
not continue expanding regional plants but adopt a local production strategy to save
freights and cross sourcing costs. Also, the model suggested not only new expansions but
also relocation of assets between facilities. In addition, the model was useful also to
determine the need of production lines with new technologies, as demand of new
technology products increase and old technology products decrease. Moreover, the
optimization considered the transformation of old assets to newer technologies.
In addition, based on the changes in the supply chain design, the model presented
the optimal distribution strategy including cross sourcing and distribution to customer
flows for each of the product categories. This is, the optimal flow of products through
the supply chain from manufacturing facilities to distribution centers. This involved
decisions as in which production lines to produce what products, sourcing strategy for
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converting facilities, allocation of distribution centers to production facilities, and the
allocation of customers zones to either distribution centers or production facilities. In
two groups of countries where favorable geographic conditions and trade agreements
exist, the model suggested to have a more centralized strategy for distribution to
customers, this implied closing the local warehouses and creating expanded regional
distribution centers. The above results are critical not only for the determination of
strategic actions but for the definition of tactical business plans. See figures 3-1 and 3-2
for a comparison of the status quo and proposed supply chain designs.
In summary, the base model demonstrated to be effective to perform a global
optimization of a real-world large-scale supply chain as presented in this case study,
resulting in relevant managerial implications. Important outcomes were provided by the
model for the definition of investment and business plans, representing a robust tool for
strategic decision support.
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Chapter 4
Deterministic Multiple Criteria Model

4.1

Multi-criteria Methods
Decision makers often need to consider multiple criteria in order to determine the

best course of action to solve a particular problem. The relationship among these
decision criteria can be conflicting, which implies that trade-offs need to be considered
and carefully evaluated. The search for an optimal solution for a multi-objective problem
becomes a simultaneous process of optimizing two or more conflicting objectives.
As described by Masud and Ravindran (2008), a multi-criteria decision making
problem in general can be represented as follows:
Maximize C1 ( x), C 2 ( x), ..., C k ( x)

x X
where
x is any specific alternative,
X is a set representing the feasible region or available alternatives, and
C1 is the lth evaluation criterion.

According to the authors, multi-criteria decision making problems can be
classified in two types: 1) the multi-criteria mathematical programming problems
(MCMP) with an infinite number of feasible alternatives implicitly determined by a finite
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number of explicitly stated constraints, and 2) the discrete multi-criteria selection
problems (MCSP) that consist of a finite number of alternatives stated explicitly.

4.1.1

Multi-criteria Mathematical Programming Problems

MCMP problems can be sub-classified in three main groups: the ones that do not
required prespecified information from the decision maker, the ones that require
predefined information, and interactive methods were the information from the decision
maker is obtained progressively.
Within the first group, a widely known method for solving these problems are the
multi-criteria simplex or parametric decomposition that determine the type of solution
based on Geoffrion (1967) theorems. Another method is the global criterion method that
looks for minimizing deviations from ideal solutions. In addition, it constructs a payoff
table that can be presented to the decision maker to obtain the preferred solution.
Compromise programming is used when prespecified information from the DM is not
available, which provides tremendous modeling flexibility. Other methods such as the
global criterion and Tchebycheff will be explained later.
In the second group, goal programming (GP) techniques are widely used solution
procedures because of their modeling flexibility and efficiency.

A variant, preemptive

GP is a good choice when simple preferences are available and scaling of the goals is
difficult. A non-preemptive version is used for highly complex and computationally time
consuming large-scale problems; however for this last, a good scaling method is required.
Other solution variants include: the Tchebycheff (min-max) and fuzzy goal programming
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methods that search for optimal solutions minimizing the worst non-achievement or
maximum deviation from the goal targets. In this last method, degrees of membership
are defined, for convenience when targets cannot be obtained and scaling is difficult.
The third group consists of a wide variety of interactive methods.

Shin and

Ravindran (1990) presented taxonomy of these methods and compared several of their
characteristics, including: feasible region reduction, feasible direction, criterion weight
space, trade-off cutting plane, visual interactive, branch-and-bound, scalarizing,
relaxation and sequential, among others.

4.1.2

Multi-criteria Selection Problems

A number of methods to solve MCSP problems have been developed. These
methods can be grouped as weighting, outranking and interactive methods.
In the first group the objective is to determine the decision criteria weights that
best reflect the preferences of the decision maker.

Within this group, simple methods,

such as the ranking and rating methods, are widely used. For the ranking method,
weights are typically obtained based on the rank order of the criteria, while in the last the
weights are calculated by normalizing the decision maker’s judgment of each criterion
based on a rating scale. Winterfeldt and Edwards (1986) proposed a model combining
direct ranking and rating methods. Simple pairwise comparison methods or the more
sophisticated analytic hierarchy process (AHP) can also be used to determine the decision
criteria weights. In AHP, all the criteria and sub-criteria are first structured in levels of a
hierarchy, where the top represents the goal and the last level represents the alternatives,
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reducing the size of the problem. The decision maker is required to make pairwise
comparisons seeking value judgments of the alternatives with respect to the next higher
level of sub-criteria.
The methods classified within the second group do not require significant
preference information from the decision maker, and the theoretical assumptions and
calculations are not so demanding. Two outranking methods, ELECTRE III (Roy, 1990)
and PROMETHEE II (Brans and Mareschal, 1990) have been commonly used for large
scale problems especially when the criteria values are of different types (quantitative,
qualitative, vague or imprecise) when ranking becomes complex.
Finally, interactive methods are commonly used to solve MCSP problems with a
large number of alternatives and a small number of criteria where a decision maker
defines the desired acceptable values of the criteria at each of the iterations (Korhonen
(1988), Sun and Steur (1996), Narula, Vassilev, Genova and Vassileva (2003), Lofti,
Stewart and Zionts (1992)).
The supply chain network design problem presented in this research includes both,
a multi-criteria mathematical programming problem and a multi-criteria selection
problem. The simple rating, a pairwise comparison and AHP methods are used to obtain
the decision criteria ordinal preferences and weights, then to solve the problem, the
preemptive and non-preemptive versions of goal programming are used. As presented by
Masud and Ravindran (2008), “goal programming has become a practical method for
handling multiple criteria”. One reason for this selection is that complete information
from the decision makers about their preference function is available, so multiple goals
are incorporated into the base model defining corresponding target levels of achievement.
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The idea is to come up with solutions that are as close as possible to the targets based on
the prespecified priorities or weights. The goal programming approach was chosen
considering computational requirements since it has been widely proved to be very
efficient to solve large scale problems.

Moreover, different studies have shown that

these methods are friendly and easy to use.
A detailed explanation of the decision criteria and goals is provided in section 4.2.
Section 4.3 includes a description of the processes of preference and weights definition
involving multiple decision makers, as well as the risk and strategic factors rating
assessment. Section 4.4 presents a mathematical formulation for the deterministic multicriteria model. Finally, a summary of the most relevant aspects of the application of this
model to the case study is included in Section 4.5.

4.2

Model Features

Supply chain network design involves more than just financial measures of
performance. In addition to the features included in the base model, along with financial
measures used in supply chain structure decisions, multi-criteria models can integrate
customer service and disruption risk criteria into the design.
Customer service levels can be measured using two factors: 1) the ability to
completely fulfill customer demand and 2) the speed deliver products to customers. The
former is the portion of the customer demand that is effectively delivered to customers
from any stage in the supply chain, for which this model considers the definition of
demand fulfillment targets for specific combinations of products and customer zones.
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For the last, this model incorporates as a goal the minimization of a weighted speed
measure based on the volume and lead-times corresponding to each arc of the network
that links a distribution center with a customer zone.

Specific weighted speed goal

targets by customer zone are explicitly considered in the model.
In addition, the multi-criteria model takes into account the minimization of risk
associated with supply chain disruptions. Different measures of risk for the sourcing of
products to local and export markets are estimated for each manufacturing, converting
and distribution site based on whether they are open or closed.

These measures

incorporate both, facility and country specific risk factors. For determining the former,
assessments performed by the decision makers are used, and for the last weighted average
cost of capital rates based on each country are considered. A more detailed description of
the process of the risk measure estimation is given in section 4.3. Based on the above, a
risk related goal constraint is included in the model to minimize risk based on an overall
risk target value for the entire supply chain network.
In addition to financial aspects, customer service and risk criteria, decisions
related with supply chain network design may require the modeler to consider strategic
factors to open new markets, increase market share, strengthen relationships with
customers, etc. This model takes into account strategic significance measures for each
facility based on ratings performed by the decision makers. A goal constraint is set to get
the maximum possible overall strategic measure for the entire supply chain network.
The objective, considering multiple and conflictive decision criteria as will be
explained with more details in section 4.4, becomes the minimization of the deviations
from the goal targets: profit, demand fulfillment, speed, risk and strategic factors.
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4.3

Decision Criteria and Risk Assessment

This section presents a more detailed definition of the supply chain design
selection criteria that integrate financial, customer service and risk factors in the process
(Figure 4-1). Also, the process of determining the decision criteria weights and
preferences as well as the risk and strategic factors rating assessment is described,
including examples corresponding to the case study.

Decision
Criteria

Gross
Profit

Net Revenue

Production
Cost

Customer
Service

Distribution
Freights

Distribution
Expenses

Leadtime
Customer

Demand
Fulfillment

Sourcing
Risk

WACC

Strategic
Relevance

Facilities
Risk

Inbound
Transport

Modern
Trade

Key Raw
Material
Sourcing

Transport.
Availability

Outbound
Transport

Traditional
Trade

Unions

Natural
Disasters

Borders
Policy

Zoning

Figure 4-1: Decision Criteria Hierarchy

The financial objective used here is to maximize the gross profit, defined as net
revenue less production costs, distribution expenses and freights. The production cost
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consists of facility specific overheads, machine fixed and variable costs, and cost of raw
materials consumed. Distribution expense accounts for all fixed and variable task costs
incurred in the operation of distribution centers. The transportation cost is divided in
two: inbound and outbound freight. The former are incurred in the movements of goods
among facilities within the firm’s supply chain network, and the last includes freights
paid for the shipment of goods to customers.
As explained in the previous section, the customer service decision criterion
includes both, a demand fulfillment and a lead-time measure. Lead-time is defined as the
time between the receipt of a customer sales order and its delivery at a customer location,
distinguishing between modern (i.e. large supermarket chains) and traditional trade
customers (i.e. mom and pop stores). The demand fulfillment is simply the portion of
sales order quantity that is effectively delivered to customers.
The risk of supply chain disruptions in this model considers facility specific and
country specific factors. In one side, an expert opinion based risk rating is determined for
each facility based on a qualitative assessment performed by the decision makers
considering factors such as continuity of key raw material sourcing, transportation
availability, existence of unions, risk of zoning, and occurrence of natural disasters,
among others. The process consists on having the decision makers perform subjective
assessments on the 1 – 5 scale presented in Table 4.1 in order to determine the risk for
each facility considering its impact on domestic and export market demand fulfillment, if
the facility is open or closed. Refer to example in Table 4.2. On the other side, a firm’s
internal weighted average cost of capital (WACC) is used as a second risk measure for
the facilities according to the country where they are located. The WACC is an estimate
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of the domestic cost of capital excluding inflation, based on US$ denominated bonds that
are used to determine spread between US and foreign countries. Adjustments are made
to this rate based on political risk (50%), economic risk (25%), and financial risk (25%).
The first considers government stability, corruption, bureaucracy quality, socioeconomic
conditions, involvement of military in politics, investment profile, religious tensions,
internal conflicts, law and order, external conflict, ethnic tensions, and democratic
accountability. The second takes into account current account balance as percent of
GDP, budget balance as percent of GDP, GDP per head of population, annual inflation
and real annual GDP growth. The third weights the current account considering the
percentage of exports of goods and services (XGS) and foreign debt as percent of the
gross domestic product (GDP), as well as net liquidity as months of import cover and
foreign debt service as percent of XGS, and exchange rate stability.

Table 4-1: Scale for Facility Risk Rating
Strength of Risk Rating
Verbal preference
Score to assign
No risk

1

Very low risk

2

Medium risk

3

High risk

4

Very high risk

5

Note that scores of 1.5, 2.5, 3.5, and 4.5 can also be used.
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Table 4-2: Example of Facility Risk Rating
OPEN
Facilities

CLOSED

Local

Exports

Local

Exports

DC 1

2

2

5

5

Plant 2

2

2

5

5

…

2

2

5

5

To obtain the ordinal and cardinal individual preferences for the decision criteria
and sub-criteria, two methods were used: a simple rating and a pairwise comparison.
The AHP method was also used to obtain the decision criteria weights based on the
pairwise comparison information. Then, Borda count and simple averaging methods are
used to get group weights from several decision makers.
In the rating method, the experts assigned a score from 1 – 10, 1 being the least
important and 10 being the most important, for each criterion and attributes within a
criterion. A sample criteria rating is given in Table 4.3. Based on this information, a set
of weights for each decision maker was calculated by simply normalizing the weights as
presented in Table 4.4.
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Table 4-3: Rating Scale
Main Criteria

Rating Score (1-10)

1

Gross Profit

10

2

Leadtime

6

3

Demand Fulfillment

9

4

Sourcing Risk

6

5

Strategic Factor

6

Attributes – Leadtime

Rating Score (1-10)

1

Modern Trade

10

2

Traditional Trade

7

Attributes – Risk

Rating Score (1-10)

1

WACC

7

2

Facility Risk

5

Table 4-4: Weights Definition Rating Example
Gross Profit
Leadtime
Demand Fulfillment
Sourcing Risk
Strategic Factor

10
6
9
6
6
37

27%
16%
24%
16%
16%

When using the pairwise comparison method, preferences between two criteria
and between attribute pairs for each criterion are specified by each decision maker. A
pairwise comparison is performed using 1 – 9 strength of preference scale. Table 4.5
gives the strength of preference scale to be used for the pairwise comparison. Based on
this, each individual assigns a numerical value for the importance of one criterion over
another one as presented in Table 4.6. Then, two sets of individual weights are
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determined, one following the ordinal preference and another one based on the
normalization of the strength of preference. Examples for each case are given in Tables
4.7 and 4.8 respectively.

Table 4-5: Strength of Preference Scale

Strength of Preference Scale

Verbal preference

Score to assign

Equally important

1

Slightly more important

3

Strongly more important

5

Very strongly more important

7

Absolutely more important

9

Note that scores of 2, 4, 6, and 8 can also be used
Pairwise Comparison of Main Criteria

Table 4-6:(GP:
Pairwise
Comparison
Gross Profit,
LT: Leadtime,Example
DF: Demand Fulfillment, RD: Sourcing Risk, SF: Strategic Factor)
Criterion pair

Which is more important?

How much more important (1-9)

GP – LT

GP

6

GP – DF

GP

5

GP – RD

GP

3

GP - SF

GP

5

LT – DF

DF

7

LT – RD

LT

7

LT – SF

LT

3

DF – RD

DF

5

DF – SF

DF

5

RD – SF

SF

5

Pairwise Comparison of Response Time (leadtime)
Attribute pair

Which is more
important?

How much more
important (1-9)

Leadtime to Modern or
Traditional Trade?

MT

7

Pairwise Comparison of Sourcing Risk Attributes
Attribute pair

Which is more
important?

How much more
important (1-9)

WACC or
Facility Risk

WACC

3

GP: Gross Profit, LT: Lead-time, DF: Demand Fulfillment, RD: Sourcing Risk, SF: Strategic
Factor
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Table 4-7: Weights Definition by Pairwise Preference

GP
LT
DF
RD
SF

GP
1
0
0
0
0

LT
1
1
1
0
0

DF RD SF
1 1 1
0 1 1
1 1 1
0 1 0
0 1 1

5
3
4
1
2
15

33%
20%
27%
7%
13%

Table 4-8: Weights Definition by Pairwise Strength of Preference

GP
LT
DF
RD
SF

GP
1
1/6
1/5
1/3
1/5
1.9

LT DF RD
6
5
3
1
1/7
7
7
1
5
1/7 1/5
1
1/3 1/5 1/5
14.5 6.54 16.2

GP
LT
DF
RD
SF

0.53
0.09
0.11
0.18
0.11

0.41
0.07
0.48
0.01
0.02

0.76
0.02
0.15
0.03
0.03

0.19
0.43
0.31
0.06
0.01

SF
5
3
5
5
1
19
0.26
0.16
0.26
0.26
0.05

43%
15%
26%
11%
4%

After processing the survey results, the decision makers were asked to indicate
which of the three methods best reflected their preferences. In half of the cases, the
decision makers answered that the simple rating method represented better their utility
function, while the pairwise comparison method performed better in 30% of the cases
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when ordinal preferences are indicated and in 20% of the cases with the strength of
preference version.
The individual set of weights selected by each decision maker as the ones
reflecting better his/her own preferences were combined by using simple averaging as
presented in Table 4.9. The Borda count method was also used, in which a value from 1
– 5 points is given to each criterion depending on the ranking obtained from the pairwise
comparison performed by each decision maker, assigning 5 points to the most relevant
and 1 to the least important. The corresponding weights are calculated based on the total
points obtained by each criterion combining all decision makers. See table 4.10.

Table 4-9: Group Weights Definition by Simple Average
DM 1 DM 2 DM 3 DM 4 DM 5 DM 6 DM 7 DM 8 DM 9 DM 10 DM 11 Overall
Profit
23% 36% 24% 27% 40% 28% 53% 33% 44% 33%
33%
34%
Speed
18% 18% 19% 20% 4% 13% 14% 12% 17% 20%
13%
15%
In Full Demand 23% 27% 19% 13% 9% 28% 24% 14% 25% 27%
27%
21%
Risk
18% 9% 19% 7% 14% 6%
6% 10% 5%
7%
13%
10%
DM 1 19%
DM 2 33%
DM 3 32%
DM 4 25%
DM 5 3%
DM 6 31%
DM 7 8%
DM 8 13%
DM 9 DM
Strategy
20% 9%
13%10 DM
19%11
Profit
23% 36% 24% 27% 40% 28% 53% 33% 44% 33%
33%
18%
18%
20%
13%
Profit Speed
1
1
1
219% 120% 14% 113% 114% 112% 17%
1
1
31%
In
Full
Demand
23%
27%
19%
13%
9%
28%
24%
14%
25%
27%
27%
Speed
3
3
2
3
5
3
3
4
3
4
3
14%
Table 4-10: Group Weights Definition by Borda Count
Risk
18%
9%
19%
7%
14%
6%
6%
10%
5%
7%
13%
In Full Demand
1
2
2
4
4
1
2
3
2
2
4
22%
Strategy 3
20%
13%
13%
Risk
4
29% 519% 333% 432% 425% 53% 531% 58%
3
13%
DM
11
Strategy
2
4 1 DM
2 2 DM
1 3 DM
2 4 DM
2 5 DM
5 6 DM
2 7 DM
4 8 DM
3 9 DM3 10 DM
20%
1
1
1
2
1 28%
1 53%
1 33%
1 44%
1
1
Profit
23%
36%
24%
27%
40%
33%
33%1
3
3
2
3
3 14%
3 12%
4 17%
3
4
Speed
18%
18%
19%
20%
4%5 13%
20%
13%3
1
2
2
4
1 24%
2 14%
3 25%
2
2
In Full Demand 23%
27%
19%
13%
9%4 28%
27%
27%4
Risk
3
4
2
5
3
5
Risk
18%
9%
19%
7%
14%
6%4
6%4 10%
5%5
7%5 13%3
Strategy
2
4
2
1
2 25%
2
2
3
Strategy
20%
9%
19%
33%
32%
3%5 31%
8%4 13%
13%3

Profit
Speed
In Full Demand
Risk
Strategy

1
3
1
3
2

1
3
2
4
4

1
2
2
2
2

2
3
4
5
1

1
5
4
3
2

1
3
1
4
2

1
3
2
4
5

1
4
3
5
2

1
3
2
5
4

1
4
2
5
3

1
3
4
3
3

Overall
34%
15%
21%
10%
19%

Overall
31%
34%
14%
15%
22%
21%
13%
10%
20%
19%
31%
14%
22%
13%
20%
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In addition, the Expert Choice software was used to apply the AHP method based
on the pairwise comparison information obtained from the decision makers.

The

combination of the individual results gave the following combined weights: gross profit
38%, speed 12%, demand fulfillment 22%, risk 10%, and strategy relevance 18%.
On one hand, the group results show a consistent ordinal preference among the
multiple criteria having them ordered according to importance as gross profit, demand
fulfillment, strategic relevance, speed and risk.

These results can be used for the

preemptive version of the goal programming model. On the other hand, the weights
obtained by each of the three methods are reasonably close. For the case study, the set of
weights obtained by simple rating are used for the non-preemptive version of the goal
programming model.

4.4

Mathematical Formulation

This section presents a detailed description of the deterministic multi-criteria
model, starting from the base mathematical formulation presented in Chapter 3. The
focus is on the additions and modifications required to convert the model to manage
multiple goals for the supply chain network optimization.
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4.4.1

Notation

Since the model includes multiple decision criteria, a new index g is
included to represent the different goals presented in section 4.3.

Index sets:
g = goal constraint number g = (1, …, 5)

Parameters:
Additional parameters are included to represent the risk rating values obtained
from the decision makers as presented in section 4.3. These are related with opening or
closing a facility and the corresponding impact on the ability to fulfill the demand of
local customers and exports. Different parameters are defined for different echelons of
the supply chain.
(1 )

R h = risk rating for manufacturing facility h if opened to serve local customers
R h = risk rating for manufacturing facility h if opened to serve exports demand
(1)

(1)

Rch = risk rating for manufacturing facility h if closed to serve local customers
( 2)

R i = risk rating for conversion facility i if opened to serve local customers
R i = risk rating for conversion facility i if opened to serve exports demand
( 2)

( 2)

Rci

= risk rating for conversion facility i if closed to serve local customers
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( 3)

R j = risk rating for distribution facility j if opened to serve local customers

R j = risk rating for distribution facility j if opened to serve exports demand
( 3)

( 3)

Rc j = risk rating for distribution facility j if closed to serve local customers

Similar to the risk ratings, three groups of variables are defined to represent the
strategic factor values determined based on the assessment of the decision makers, each
group is related with the facilities considered in the manufacturing, conversion and
distribution stages.
(1 )

St h = strategic rating for manufacturing facility h
( 2)

Sti

= strategic rating for converting facility i

( 3)

St j = strategic rating for distribution facility j

New parameters were defined to incorporate the lead-times involved in the
shipment of goods between any facility and a customer zone. These parameters are
measured in days that pass since a customer order is received at the sales office to the
moment in which the product is delivered at a customer.
L(3)hk = lead-time in days for shipments between manufacturing facility h and
market k
L(5) ik = lead-time in days for shipments between converting facility i and market k
L(7)jk = lead-time in days for shipments between DC j and market k
L(6)jl = lead-time in days for shipments between DC j and DC l
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Lower and upper bounds for each goal are determined to identify the ideal values
for each goal and then determine the best approximated target values. As explained, this
process involves the decision makers.

 (n) = ideal upper value for objective n


(n)

= ideal lower value for objective n

T (n)= target value for objective n close to ideal lower value
T (n)= target value for objective n close to ideal upper value

Rg(n) = range 

(n)

– 

(n)

The parameters wg and Pg are used to incorporate the cardinal weights and ordinal
priorities for a goal g, which are determined based on the decision makers preferences.
Weights or preferences are used depending on the type of the objective function, nonpreemptive or preemptive respectively.

4.4.2

Variables

The following deviational variables are added to the model to represent the
underachievement or overachievement of a particular goal target.
d1- = deviational variable if goal 1 value is less than target T (1)
d1+ = deviational variable if goal 1 value is greater than target T (1)
d2k- = deviational variable if goal 2 value is less than target T (2)k for market k
d2k+ = deviational variable if goal 2 value is less than target T (2)k for market k
d3- = deviational variable if goal 3 value is less than target T (3)
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d3+ = deviational variable if goal 3 value is less than target T (3)
d4- = deviational variable if goal 4 value is less than target T (4)
d4+ = deviational variable if goal 4 value is less than target T (4)
d5kp- = deviational variable if goal 5 value is less than target Dkp
d5kp+ = deviational variable if goal 5 value is less than target Dkp

4.4.3 Objective Function

In the multi-criteria problem the objective is to minimize the deviation from the
target values defined for each goal. This is achieved by minimizing the
underachievement of maximum value targets and minimizing the overachievement of
minimum value targets. As presented in equations 30 and 31, the objective function
considers the minimization of the underachievement of the profit, overall strategic factor
value and demand fulfillment targets, as well as any deviation above the lead-time and
risk targets. Note that for the demand fulfillment component of the objective function the
sum of all the deviational variables d 5kp is arithmetically averaged based on the total
number of market and product combinations with customer demand greater than zero,
which is given by the product of the cardinality of the sets MKS and PRS such that
Dkp  0  k , p . This result is weighted then as a component of the goal programming

objective function. Similarly, the sum of the lead-time deviational variables d 2k are
averaged arithmetically based on the number of markets in the network with customer
demand, this is the given by the cardinality of the set MKS such that Dkp  0  k , p .
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Non-preemptive

  d 2k

z  w1 d1  w2  kMKS
 MKS


   d 5kp

 kMKS pPRS



  w3 d 3  w4 d 4  w5 
 MKS * PRS




  d 2k

z  P1 d1  P2  kMKS
 MKS


   d 5kp

 kMKS pPRS




P
d

P
d

P
 3 3
4 4
5
 MKS * PRS










30

Preemptive

4.4.4







31

Model Scaling
For the non-preemptive version of the multi-criteria objective function, scaling is

necessary for proper optimization. Note that the goal constraints explained below can be
given in different units of measure and can significantly vary in magnitude, for example
gross profit can be given in millions of currency units, lead-time from single to no more
than double digit quantity of days, demand fulfillment as a percentage amount, risk and
strategy as single digit measures. The formulation incorporates each goal targets for
scaling purposes assuring that the deviational variables values are such that 0 < d < 1. In
the non-preemptive model the objective function minimizes the weighted result of the
scaled deviational variables value. For the preemptive version of the model, scaling is
not necessary and consequently the goal constraint should incorporate the target values
on the right hand side of the equation, allowing for the deviational variables to take a
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value according to the base unit of measure of each goal constraint (currency, days,
percentage points, and risk and strategy units). In this case, the model will sequentially
optimize each of the goals based on their priority.

4.4.5

Subject to Goal Constraints
The gross profit formulation stated in equations 1 to 13 is now transformed from

an objective function in the base single-criterion model to a goal constraint by adding
equation 32 , which includes the corresponding deviational variables and target value as
upper bound. For this goal it is desired to minimize the underachievement of the target
that is represented by the deviational variable d1-.

f1 = Max Gross Profit

1
T (1)
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f2 = Min Lead-time to Markets

Equation 33 presents a weighted measure of the speed to ship products to
customers where the lead-time parameters for the corresponding facility to customer arcs
are weighted by the flow of goods in each arc. Speed of service targets are defined for
each customer zone k and similarly their corresponding deviational parameters. In this
case the idea is to get as low as the speed target in each customer zone, which means
minimizing the deviation d2k+ above T (k2 ) . All terms in this equation with the exception
of the deviational variables are scaled by the total demand by market to get an
approximated value in days for the optimization. Otherwise, the terms would need to be
divided by the sum of the flow variables for a specific market, turning the problem into a
non-linear one.

L

iCFS

(5)
ik





( 2)
2)
   yikpt
   L(jk7 )   z (jkp

 pPRSK tCTSC
 jDCS
 pPRSK 
k
i
k




 Dkp
pPRSKk

33

 d 2k  d 2k



( 2)
2)

T (k2)    yikpt
  z (jkp

pPRSKk tCTSC i
pPRSKk

  k  MKS

 Dkp
pPRSKk
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f3 = Min Risk of supply chain disruptions

The risk measure, considering the qualitative assessment performed by the
decision makers as well as a quantitative cost of capital measure presented in section 4.3,
are included in equation 34 together with its global goal target and corresponding
deviational variables. For this goal, it is required to have the least possible level of risk;
this is minimizing the overall deviation d3+ over T(3) .
1
T (3)


(1)
(2)
( 3)
  R h  h(1)   R i  i( 2)   R j  (j 3)

iCFS
jDCS
 hMFS

34




 Rc 1      Rc 1      Rc 1     d
(1)

hMFS

(1)
h

h

( 2)

i

iCFS

( 2)
i

( 3)

jDCS

j

( 3)
j




3

 d 3  1

f4 = Max Strategic factors

Equation 35 includes the strategic position ratings for each manufacturing,
converting and distribution facility, along with a global strategy position target and over
or underachievement variables. In this case, the goal is to minimize the
underachievement of a predetermined level of the strategic position measure T ( 4) for the
entire supply chain network, and then d3+ is included in the objective function.

 St

hMFS

(1)

h

 h(1)   Sti  i( 2) 
( 2)

iCFS

T

( 4)

 St

jDCS

( 3)

j

 (j 3)
 d 4  d 4  1
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f5 = Max Demand Fulfillment at Markets

Constraint inequality 14 is transformed into goal constraint equality 36 by
introducing demand fulfillment targets by product and customer zone and their related
deviational variables. Since it is sought to minimize the underachievement of product
and customer zone specific targets of demand fulfillment levels, then the deviational
variables d5kp+ are included in the minimization objective function.

( 2)
( 2)
 
  y ikp

 xhkpt
 hMKSM tCTSM
iCFSK k
h
h

Dkp

z

jDCSK k

( 2)
jkp




  d   d   1 k  MKS , p  PRSK
5 kp
5 kp
k

36

In addition, convexity constraints are included for the weights used in the nonpreemptive Goal Programming model (Equation 37). Also, non-negativity restrictions
are considered for all the deviational variables (Equation 38).
5

w
g 1

g

1

0  w g  1  g  1,..., 5.

d1-, d1+, d2k-, d2k+, d3-, d3+, d4-, d4+, d5kp-, d5kp+ > 0

37

38

Finally, the model above is also subject to constraints (15) to (29) presented in
Chapter 3.
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4.5

Case Study

To enhance the analysis presented in Chapter 3, the supply chain design model
described in this chapter was used to perform a multiple criteria optimization using the
weights obtained from the decision makers that are shown in Figure 4-2. The results
obtained in this analysis were similar to the ones generated by the base model, however
important differences in the supply chain design occurred primarily from the inclusion of
the speed and risk decision criteria. Also, the magnitude of the expansions was affected
by the incorporation of the demand fulfillment criterion. All of the above implied
differences in the cross sourcing strategy. In addition, the model provided for trade-off
analysis among the different decision criteria. The most relevant differences are
explained below.

35%
21%
19%
15%
10%

Risk

In Full Demand

Figure 4-2: Decision Criteria Weights

Speed

Strategy

Profit
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Besides the decision criteria weights, target values are also needed to be
determined for the goal programming optimization. The single-criterion base model was
used to determine the ideal and anti-ideal values for each of the decision criteria without
considering the other objectives. With this as a reference, accomplishable targets were
defined for inclusion in the goal programming model. For the profit criterion, the ideal
was obtained from the optimal value of the profit maximization objective function
regardless of the demand fulfillment level, speed, risk or strategic considerations.

For

the speed criterion, the corresponding goal constraint was set as a minimization objective
function to obtain the ideal value by customer zone. Similarly, the ideal values for the
risk and strategic decision criteria were obtained by minimizing and maximizing their
corresponding goal constraints. Finally, the demand fulfillment ideal was set equal to
100%. Once the targets were defined, the goal programming model was run to optimize
the global supply chain design.
The optimal supply chain network design based on the multi-criteria model
incorporating the preferences of the decision makers is presented in Figure 4-3. The most
noticeable results and differences with the base model are discussed.
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Figure 4-3: Multi-criteria Optimal Supply Chain Design

First, while the base model that maximizes profit suggested adopting a centralized
distribution strategy for some countries, the multi-criteria model optimal solution
suggested a decentralized structure. This change was primarily driven by the relative
importance given to the speed to serve customers criterion. Evidently, a trade-off exists
between profits and speed, and base on the model results the marginal benefits in profits
may not justify a reduction in customer service levels. More specifically, the savings
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obtained from efficiencies gained from economies of scale and risk pooling are partially
offset by higher transportation costs, making the marginal benefit not large enough to
justify an increase in the responsiveness to customers. Also, it is important to note that in
this specific case the risk to serve local markets increased with the centralized approach
since the probability of supply chain disruptions is higher from increased foreign
sourcing, longer inter-company routes and lead-times. See particular case in Figures 4-4
and 4-5 .
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Figure 4-5: Decentralized Distribution
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Second, the multi-criteria model suggested keeping specific facilities open in
countries where having local production facilities is crucial to minimize risks of supply
chain disruptions to source local customer zones. Previously, results from the base model
focused on maximizing profit considered closing facilities in these countries. However,
when considering the high values of the WACC and risk assessments obtained from the
decision makers primarily driven by the current political instability in those countries, the
optimal solution included keeping the facilities open regardless of profit benefits. See
Figure 4-6.
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Figure 4-6: Risk Implications in Network Design

Third, strategic factors had less of an impact on the supply chain network design
since there were no major differences in the assessed values among facilities. The multicriteria model results showed two differences. On one hand, in the multi-criteria optimal
solution a production facility was kept open since it had a very high strategic rating while
the based model suggested closing it because of profitability. On the other hand, one of
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the new production facilities opened in the base model optimal solution appears closed in
the multi-criteria optimal design, the reason is that even when it had some marginal
benefit in profit to open it, its strategic rating was very low compared with the second
sourcing option for that specific country, which was a large regional plant with a much
higher strategic rating.
A fourth relevant difference is that in the multi-criteria model the overall demand
fulfillment ratio increased to 99% with some reduction in profits. A valuable outcome of
this analysis was the trade-off evaluation for specific product-market combinations where
increases in sales volume reduced profitability. The identification of these brings
relevant managerial implications for the evaluation of the competitive strategy.
In summary, the application of the multi-criteria model to optimize the large-scale
supply chain network design enhanced the analysis by providing important trade-offs
among the multiple decision criteria and especially with profitability. Modifications to
the single-criteria optimal solution were suggested in this chapter considering not only
financial measures but also customer service, risk and strategic factors.

Chapter 5
Deterministic Multiple Criteria and Multiple Period Model
with Multiple Exchange Rate

5.1

Multi-period model features
Balancing supply and demand has been an art disguised as science, and the ability

to precisely match production and sales volume has become more important than ever for
highly globalized businesses – for both operational and financial efficiencies.
With this objective, the model presented in this chapter allows on one side the
evaluation of production and sourcing capabilities compared to expected demand volume
at different time periods. By optimizing multiple criteria, the model determines first the
optimal configuration of manufacturing and distribution facilities for each period of time
as well as the corresponding optimal production mix and cross sourcing strategies to meet
the desired objectives. It also provides for the evaluation of different supply chain
network configuration alternatives over time, perhaps determining the optimal time
period when a production line should be opened. In addition, different values for each
time period can be set for most of the parameters included in the mathematical
formulation, for example allowing for the inclusion of price and cost trends, productivity
learning curves and changes from continuous improvement, modifications in transfer
prices and international commercial terms (incoterms) overtime, among others.
Moreover, the optimization model is flexible enough to handle different time horizons
and periodicities, allowing both long term strategic analyses as well as short term tactical
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plans. Since the focus of this work is on strategic and some tactical types of decision,
more operational decisions that involve the analysis of inventory levels have not been
considered. However, including inventory variables and modifying the mathematical
formulation allows this feature to be easily extended in the future.

5.1.1

Notation
A detailed description of the additions to the multi-criteria model presented in

Chapter 4 is presented in this section, including some additional mathematical notation.

Index sets:
Index m is included to represent time periods that can be defined depending on the
level of analysis required as months, quarters, years, or others. Index o is added to
represent the starting period for specific design alternatives. By using the latter, it is
possible for example to set different start-up periods for a production line for which the
model will determine the optimal solution by considering the trade-offs from productivity
learning curves, different sourcing options, and machine installation and operating costs.
In this case, a particular production line under evaluation will have multiple production
capacity and operating costs in a specific time period depending on when it started
operations.
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Parameters:
This model considers a breakdown of customer demand as well as production and
distribution capacities, balancing them at each period and optimizing the supply chain
design and flows accordingly.

Different values may be applied to sales prices, raw

material and machine variable costs, transfer prices, duties, and freights overtime,
allowing for the analysis of the impact that changes with respect to these parameters in
the network, creating cross sourcing and improving gross profit. These parameters are:
Dkpm = customer demand volume in market k for category p at time period m
Pkpm = sales price for category p in market k at time period m
MRChpm = raw material variable cost for category p in manufacturing plant h at
time period m
MUChpm = CIF unit cost for category p for manufacturing facility h at period m
I(2)hipm = cross sourcing cost percentage for category p from manufacturing facility
h to converting facility i at time period m
T(2)hipm = freight in $/TON for category p from manufacturing facility h

to

converting facility i at time period m
TI(2)hipm = freight in $/TON for category p from manufacturing facility h to entry
port / customs when sending goods to converting facility i at time period m
T(3)hkpm = freight in $/TON for category p from manufacturing facility h to market
k at time period m
CRCipm = raw material variable cost per TON for category p in converting plant i
at time period m
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CMCtm = machine cost per hour for converting line t at time period m
CUCipm = CIF unit cost for category p for converting site i at time period m
I(4)ijpm = cross sourcing cost percentage for category p from converting facility i to
distribution facility j at time period m
T(4)ijpm = freight in $/standard unit for category p from converting facility i to
distribution center j at time period m
TI(4)ijpm = transportation cost for product p from converting facility i to entry port /
customs when sending goods to distribution facility j in $/standard unit at m
T(5)ikpm = freight in $/standard unit for category p from converting facility i to
market k at time period m
T(7)jkpm = freight in $/standard unit for category p from distribution facility j to
market k at time period m
T(6)jlpm = freight in $/standard unit for category p from distribution facility j to
distribution center l at time period m
TI(6)jlpm = transportation cost for product p from DC j to entry port / customs when
sending goods to DC l in $ per standard unit at time period m
DUCjlm = CIF unit cost for category p for distribution center j at time period m
I(6)jlpm = cross sourcing cost percentage for category p from distribution facility j
to distribution facility l at time period m
VOCj = variable operational cost of DC j in $/cubic meters at time period m

In addition, parameters representing fixed operational costs for manufacturing,
converting and distribution facilities and production lines, production and shipping
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capacities and productivity rates consider not only m but also index o. Multiple values
can be considered by the optimization model for one period of time depending on the
start date when a given facility or production line started operations. These parameters
are defined next.
FMhmo = facility fixed costs of manufacturing plant h at time period m if opened at
time period o
FMMhtmo = fixed costs of production line t in manufacturing site h at time period
m if opened at time period o
MPTptmo = manufacturing time hours per TON for category p at production line t
at time period m if opened at time period o
CPTptmo = conversion time hours per TON for category p at production line t at m
for alternative o
MMChtmo = machine cost per hour for manufacturing line t at time period m if
opened at time period o
FCimo = facility fixed costs of converting plant i at time period m if opened at o
FCMitmo = fixed costs of production line t in converting site i at time period m if
opened at o
CMCitmo = machine cost per hour for production line t in converting facility i if
opened at o
FDjmo = fixed operational cost of DC j at time period m if opened at o
MChmo = manufacturing capacity of h at time period m if opened at o
CCimo = converting capacity of i at time period m if opened at o
SCjmo = shipping capacity of DC j at time period m if opened at o
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5.1.2

Variables:
Similarly, the variables corresponding to the manufacturing and converting supply

chain echelons include the m and o indexes indicating the corresponding flow between a
pair of nodes at period m if the facility or production line is opened at period o.
x(1)hiptmo = production of category p at production line t at manufacturing facility h
sent to converting facility i at time period m if production line is opened at o
x(2)hkptmo = production of category p at production line t at manufacturing facility h
sent to market k at time period m if production line is opened at o
y(1)ijptmo = production of category p at production line t at converting facility i sent
to distribution facility j at time period m if production line is opened at o
y(2)ikptmo = production of category p at production line t at converting facility i sent
to market k at time period m if production line is opened at o
However, since it is assumed that the shipping capacity of a distribution center
will not be significantly affected by when it started operations, for simplicity index o is
not added to the distribution center outflow variables. These variables are:
z(1)jlpm = distribution of category p from DC j to DC l at time period m
z(2)jkpm = distribution of category p from DC j to market k at time period m
The binary variables only include index o, so multiple binary variables will exist
for a particular facility or production line depending on different start-up period options.
Note that index m is not included since the objective is to decide to open/close an asset or
not and if so then determine when is the optimal time to perform the corresponding
action.
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(1)ho = if manufacturing facility h is opened at time period o, 0 otherwise
γ(1)hto = if production line t in manufacturing facility h is opened at time period o,
0 otherwise
(2)io = if converting facility i is opened at time period o, 0 otherwise
γ (2)ito = if production line t in converting facility i is opened at time period o, 0
otherwise
(3)jo = if distribution facility j is opened at time period o, 0 otherwise
The modified model formulation is presented in equations 39 to 77.

5.1.3

Objective Function
In this model, the objective function includes the time period index m in the

demand negative deviational variable term, which now adds the demand deviations for
each of the market, product and time period combinations. All other terms in the
objective function are the same as in previous models. Similarly, the parameters wg and
Pg are used to incorporate the cardinal weights and ordinal priorities for a goal g, which
are determined based on the decision makers preferences. Weights or preferences are
used depending on the type of the objective function, non-preemptive or preemptive
respectively.
Different than the multi-criteria model presented in Chapter 4, note that in the
model presented below the demand fulfillment deviational variable is indexed on the time
period m as well, such that d5kpm . This means that specific target values for demand
fulfillment are specified for each product category p sold in a given market k at a
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particular time period m. The sum of all the corresponding deviational variables is then
averaged arithmetically by the total number of market, product and time period
combinations with customer demand greater than zero, which is given by the product of
the cardinality of the sets MKS, PRS and PDS such that Dkp  0  k , p . This result is
weighted then as a component of the goal programming objective function. See
equations 39 and 40.

Non-preemptive

  d 2k

z  w1 d1  w2  kMKS
 MKS


    d 5kpm

 mPDS kMKS pPRS



  w3 d 3  w4 d 4  w5 
 MKS * PRS * PDS










39

    d 5kpm

 mPDS kMKS pPRS



  P3 d 3  P4 d 4  P5 
 MKS * PRS * PDS
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Preemptive

  d 2k

z  P1 d1  P2  kMKS
 MKS
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5.1.4

Model Scaling
As indicated in the previous chapter, for the non-preemptive version of the multi-

criteria objective function, scaling is necessary for proper optimization. Note that the
goal constraints explained below can be given in different units of measure and can
significantly vary in magnitude, for example gross profit can be given in millions of
currency units, lead-time from single to no more than double digit quantity of days,
demand fulfillment as a percentage amount, risk and strategy as single digit measures.
The formulation incorporates each goal targets for scaling purposes assuring that the
deviational variables values are such that 0 < d < 1. In the non-preemptive model the
objective function minimizes the weighted result of the scaled deviational variables
value. For the preemptive version of the model, scaling is not necessary and
consequently the goal constraint should incorporate the target values on the right hand
side of the equation, allowing for the deviational variables to take a value according to
the base unit of measure of each goal constraint (currency, days, percentage points, and
risk and strategy units). In this case, the model will sequentially optimize each of the
goals based on their priority.

5.1.5

Set of Goal Constraints
Similar to the objective function, some terms in the goal constraints include

modifications based on the modified parameters including indexes m and o. These are
presented below.
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f1 = Max Gross Profit
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f2 = Min Lead-time to Markets
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f3 = Min Risk of supply chain disruptions
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f4 = Max Strategic factors
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f5 = Max Demand Fulfillment at Markets
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m  PDS , k  MKS , p  PRSK k

Set of Constraints
The set of constraints containing parameters or variables with index m are now

defined for each time period m. In addition, the constraints including index o are
presented in one of two forms depending on the constraint type. In one side, in the
capacity and binary constraints the variables are added based on index o, and on the other
the balance constraints are defined for each alternative o, except the binary equation for
the distribution to customers’ echelon. Modifications to the constraints presented in the
previous chapter are as follows:
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Distribution Capacity Utilization
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Balance at 2-Stage Product Manufacturing
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Balance at 2-Stage Product Conversion
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Balance at Single-Stage Production

   y

iCFSPp jDCSCi tCTSC i oODS

(1)
ijptmo



 z

jDCSPp lDCSD j

( 2)
jlpm

, m, p  PRSS

61

97
Balance at Distribution
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Manufacturing Capacity
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Conversion Capacity
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Manufacturing and Conversion Binary
Equations 66 and 67 make sure that at least one production line t is active in order
to open a manufacturing facility h or converting facility i. Note that the binary variables
are indexed based on the opening time period o, indicating that there may be multiple
options to open production lines as well as manufacturing or converting facilities at
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different time periods. Consequently, the constraints below apply to each of the
production network design options given by index o.

(1)
 hto
  (1) ,  o, h  MFS, t  CTSM h
ho
( 2)
 ito
  ( 2) ,  o, i  CFS, t  CTSCi
io
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67

Distribution Binary
Similarly, equation 68 states a shipping capacity constraint in cubic meters for the
flows out of the distribution facility j considering if it is open or closed. The capacity of
a distribution facility may vary at different time periods m. As well, the formulation
provides for the ability to evaluate opening a distribution center at different time periods,
considering that its capacity may differ as well depending on the opening period o.
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Production Extensions Binary
For each of the potential time periods when a production line can start operations,
equations 69 and 70 enforce that a new production line t’ proposed to be installed at a
production facility as a capacity expansion is only activated when all the existing
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machines of similar technology t are operating. If at least one production line of type t is
idle at a given plant, then no capacity expansions can be done.

In other words, a given

capacity extension cannot open at any given period of time if the current installed
equipment has idle capacity. Note that these constraints can be relaxed if the analyst
wants to evaluate the replacement of equipment, in this case new production lines could
be opened even if it implies that existing equipment stays idle.
(1)
 ht(1)'o   hto
, (h, o, t , t ' )  MFSTThtt '

(1)
 it(1')o   ito
, (i, o, t , t ' )  CFSTTitt '

69

70

Plant / Production Line Constraint
In a similar way, equations 71 and 72 make sure that at least one production line t
is active in order to open a manufacturing facility h or converting facility i, applying this
restriction to every possible opening period o for a production line or facility.
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Time Period Binary
The following equations from 73 to 77 are included to constrain that a given
facility or production line that has different start-up options opens at only one of the time
periods (i.e., can open only once).



(1)
ho

1  h

73

( 2)
io

1  i

74

( 3)
jo

1  j

75

(1)
hto

1  h

76

( 2)
ito

1  i

77

o


o


o


o


o

5.2

Model considering currency exchange rates
When designing supply chain structures to support commercial activities within

international environments, country specific monetary factors such as currency exchange
rates may have an impact on the financial performance of multi-national firms. Perhaps a
particular business unit of a multi-national firm may collect revenues in one currency and
have costs in different or several currencies. The impact of currency exchange rates
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fluctuation on sales price, local operating costs, local and imported raw material costs,
among others, may be decisive to choose where to locate production and distribution
facilities as well as to determine sourcing strategies.

This has significant implications

for companies with international supply chains and markets.

Recognizing and

considering these implications in strategy making activities now could mean the
difference between success and failure in the future. Therefore, it is considered
imperative to include the effect of exchange rate in this optimization model.
With this purpose, the parameter E cm is added to the model to represent the
currency exchange rate for country c at period m. This variable is defined to include a
deterministic best estimate of the future behavior of the currency exchange rate for a
given country. Index c = (1, …, nc) relates to the set of countries (COS). This new set is
broken-down in sub-sets corresponding to manufacturing facilities (COSh), converting
plants (COSi), distribution centers (COSj), and markets (COSk), establishing the
relationship between these nodes and the country where they are located.

This

parameter is included in the gross profit goal constraint to convert financial parameters
defined in multiple currencies from different countries to a single currency of
comparison. The next chapter will deal with the variability of this parameter. For now,
the modified deterministic goal constraint is presented next.

102
f1 = Max Gross Profit
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5.3

Case study
This section presents the case study results for a multi-period scenario considering

exchange rate. The objective is to expand capacity to strengthen the position of a line of
products in the marketplace for a particular country.

In the last three years the sales

growth for this business has been 21% per year. Recent customer demand forecasts
indicate that with the currently operating capacity plus a recent installation of one
machine in a regional plant outside the country, this business unit will need to import
from outside the region approximately 17% of the total volume over the next 5 years.
The incremental cost of import ranges from $12/SU to 22/SU versus producing in the
regional plant. The purpose is to determine the most efficient supply chain network
configuration and sourcing plans that best support this expected growth. The analysis
consists of comparing the status quo (Figure 5-1) and three new different scenarios
(Figures 5-2 to 5-4).
The first scenario consists of adding one more machine in the regional plant
leveraging centralization efficiencies (Figure 5-2). The regional plant has four machines
currently running and a fifth machine that has been installed and will soon begin
operating.
The second scenario proposes installing a new machine at the local distribution
center (Figure 5-3). With this, relevant savings could be achieved from reductions in
freights and duties, however additional fixed operating costs may become necessary and
operational efficiency in the local facility could be lower than in the regional plant.
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The third scenario suggests installing the new machine in the local facility and
transferring the recently installed machine from the regional plant (Figure 5-4). In this
case it would be expected that the incremental fixed operating costs would get diluted in
the higher throughput and that better operating efficiency could be reached.
For Scenario 3, it is assumed that the new machines will have a faster learning
curve and better productivity levels in the regional plant (Figure 5-5) leveraging the
know-how and product mix efficiency because the high number of machines would allow
to reduce the number of changes required to produce different product types. Installing
the two machines in the local distribution center would still cost more than installing
them in the currently operating regional plant.

This because existing overheads in the

regional plant get diluted in much higher production volume even if new machines are
not installed, compared with additional headcount and infrastructure required in a new
production local facility. Moreover, it is important to determine the best time to install
the new machine. This can happen immediately or the following year, balancing between
machine utilization rate and the associated incremental fixed operating costs. Any of
these options would allow sourcing within the region for all of the market requirements,
so the increased costs from imports outside the region could be reduced and supply chain
risk of disruptions minimized. The objective is to maximize gross profit and minimize
risk.
Results from the analysis suggest that the status quo scenario is not convenient for
the long term sustainability of the business because of the supply disruption risk of
importing 17% of the demand over the next 5 years, besides incurring higher product
costs. See Figure 5-1.
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Total Production

Off-Region Imports

Figure 5-1: Scenario - Status Quo
Figures 5-2 and 5-3 illustrate how installing a new machine, regardless of its
location, significantly reduces the volume of imports from outside the region, having a
positive impact on the cost of goods and reducing the overall risk of supply chain
disruptions. On one side, installing the new machine in the regional plant instead of a
newly opened plant locally increases the overall production volume due to a better
productivity learning curve in the regional plant, reducing more the imports out of the
region. On the other hand, installing it in a new plant locally would reduce the imports
within the region but slightly increase the imports outside the region. Note that
increasing the production capacity in the regional plant implies that the local market
would need to continue being sourced with imported goods from the regional plant,
which has an increased risk of supply chain disruptions than producing locally. The
associated economic benefits of this alternative will be discussed later.
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Figure 5-2: Scenario 1 – New Machine in Regional Plant

Local Production
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Figure 5-3: Scenario 2 – New Machine in New Local Plant
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Local Production
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Off-Region Imports

Figure 5-4: Scenario 3 – Two Machines in New Local Plant

Start Y1

Start Y1
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Figure 5-5: Learning Curve at Regional Plant for New Machine Start-Up
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Figure 5-4 indicates that installing two machines locally would significantly
reduce the imports out of the region and almost eliminate the imports within the region,
giving a very high autonomy to the local market and therefore strongly minimizing the
risk of supply disruption.
In conclusion, the three new proposals generate savings compared to the current
supply chain network design requiring only between 2 to 4% of imports from outside the
region. The scenario of adding one new machine to the regional plant generates more
than twice the savings obtained from the other alternatives. In addition, it provides at
least half the invested capital payback than installing one or two assets locally. These
results are driven by the fact that when installing assets locally the reductions in
transportation and duties do not off-set higher production costs.

The unit cost of

producing locally is higher due to lower productivity and increased operating costs.
Therefore, neither opening a new production facility locally nor continue importing from
outside the region is beneficial considering profits and risk. The best solution to support
the expected business growth locally is to continue with a centralized strategy in the
regional plant moving forward with the newly installed machine plus adding a new one.
As a complementary analysis, Figure 5-5 shows how a delay of one year on the
installation of the new machine in the regional plant affects its production volume.
Considering the high cost of importing goods out of the region, besides the operational
convenience of this solution, the results indicate that it is economically favorable putting
in operation and starting amortizing the new machine the first year.
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The analysis above was conducted in dollars. A second analysis was performed
in local currency. Given the expected monetary depreciation trend in the regional plant
host country and a more stable currency in the local one, the results reinforced the
previous recommendation.

As shown in Figure 5-6, the currency exchange rate of the

country, where the regional plant is located, presents a steep depreciation rate forecast
reaching almost 16% in four years, while the exchange rate from the country proposed as
the location for the new plant presents only a 2% depreciation projection within the same
timeframe. The impact of such currency depreciation difference provides a competitive
cost advantage for exports considering that a significant proportion of the product cost is
associated with locally incurred operating expenses as well as some key raw materials
sourced from local suppliers.

Figure 5-6: Currency Exchange Rate Depreciation

Chapter 6
Optimization Considering Uncertainty

6.1

Model features
According to Rosenhead (1989), sources of uncertainty could be due to at least

three different conditions: (1) ignorance, such as knowing exactly how much oil is in a
reserve; (2) noise, such as measurement errors, or incomplete data; (3) events that have
not occurred, such as future product demand. Such issues of risk and uncertainty are
specially challenging for strategy definition for any firm with dynamic and evolving
supply chains through the changing nature of competition and resulting decrease in
product life cycles. Each forecast is subject to uncertainty both from the uncertainty in
the development of exogenous variables as well as from errors ensuing from the model
used in preparing the projection.
In order to improve the accuracy and robustness of the supply chain design
optimization models presented in this dissertation, this chapter deals with the inclusion of
uncertainty associated with three key factors that may influence supply chain design
decisions significantly. More specifically, the variability of customer demand, operating
costs and currency exchange rate are incorporated as random variables.
Most research addressing uncertainty can be classified into two primary
approaches: the probabilistic and the scenario planning. Probabilistic models consider
uncertainty by defining parameters as random variables that follow given probability
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distributions known to decision makers. Scenario planning assumes that probability
distributions are not necessarily known and therefore uncertainty is captured in distinct
scenarios. Commonly scenario planning replaces forecasting to consider potential
changes and trends in a business environment. However, no single theory can be
sufficient to model all kinds of uncertainty.
Chatfield (1993) noted that predictions are often given as point forecasts with no
guidance as to their likely accuracy, indicating that point forecasts may sometimes be
adequate but that it is not complete. It is important to give interval forecasts as well as
(or instead of) point forecasts so as to assess future uncertainty. This enables different
strategies to be planned for the range of possible outcomes indicated by the interval
forecast, compare forecasts from different methods more thoroughly, and explore
different scenarios based on different assumptions. In addition to the point forecast, an
interval forecast usually consists of upper and lower limits associated with a prescribed
probability.
A myriad of forecasting methods are widely studied in academia and used in
industry for different kinds of predictions such as customer demand, macroeconomic
indicators and financial measures, among others. These vary from analytical methods
that include time series, econometric and simulation approaches primarily based on
historic information, to other more qualitative techniques based on individual or group
expert opinion. Methods such as moving average, exponential smoothing, trend
extrapolation, Holt’s technique, different types of regression analysis, and sophisticated
autoregressive moving average methods as Box-Jenkins, are some examples of the
analytical methods. On the other hand, practitioners use more often empirical
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approaches as scenario analysis or consensus techniques as the Delphi method, as well as
manager’s opinion, composite approaches, and surveys. In addition, different techniques
can be used to measure the forecast error as the mean absolute deviation, mean squared
error, standard deviation of forecast error, bias, mean absolute percentage error, and
tracking signal. However, the basis of good forecasting is understanding the different
forecasting methods and so being able to choose which method to apply in a particular
situation. See Chopra and Meindl (2001) for further explanation of forecasting methods
used in Supply Chain.
In this chapter, three parameters are added to previous models to take into account
the variability of each of the key factors: (a) forecast expected value, (b) a symmetric
deviation of the forecast error as a percentage of the error expected value with mean of
zero, and (c) an uncertainty value. The first parameter represents the best estimate in the
probability sense. The second one represents an estimate of the volatility of the central
projection; this is an approximation of the uncertainty of the prediction. The formulation
is constructed in such a flexible way that it can be used to perform analysis based on both
approaches: the probabilistic or the scenario type. Since the customer demand, operating
costs and currency exchange rate parameters are best estimates of future values and their
variability can be represented by the forecast error, the model can be considered as one of
the probabilistic type with errors following a given probability distribution (i.e. normal
distribution). In case the decision maker is not able to determine an appropriate
probability distribution, then scenario analysis can be performed focused on finding a
robust extreme solution for the worst, best or savage regret scenario.
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6.1.1

Probabilistic Analysis
Before performing a probabilistic type study, the analyst must estimate the

probability distribution of the forecast errors. According to Klein (2008) one way to
estimate probabilities is to consider existing information about the possible states of
nature that can be translated into a probability distribution is the states of nature are
assumed to be random. The most common approach is to produce a symmetric
prediction interval around the point forecast, where the actual is predicted to lie between
certain limits with a specified probability. The prediction intervals can be computed in
numerous ways but the methods generally depend on some understanding or assumption
of the underlying forecast error distribution (see Chatfield, 1993). Then, an assumption
of forecast error normality is usual and it is widely used in literature to capture the
essential features of demand uncertainty, as indicated by Wellons & Reklaitis (1989). As
a reference, as presented by Hines et al. (2003), the normal distribution was first studied
in the eighteenth century when the patterns in errors of were observed to follow a
symmetrical bell-shaped distribution. In most cases, the same assumption can be taken as
well for the distribution of the operating costs and currency exchange rate forecast errors.
However it is important for the analyst to check the validity of this assumption based on
historical information of the errors, especially when estimates of macroeconomic
indicators are involved, as it happens in this case for operational costs that are strongly
driven by inflation and currency exchange rates. Harvey and Newbol (2000) found
strong evidence of leptokurtic (positive kurtosis) forecast errors and some evidence of
skewness, suggesting that an assumption of error normality is inappropriate; some of the
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macroeconomic indicators forecast error series are found to have non-zero mean. In the
case of assuming normality for the distribution of the forecast errors X ~ N (0, σ2),
parameters a and b would take the value of the forecast and standard deviation with mean
of zero correspondingly, and c would be a randomly generated value of z within the range
[-∞, ∞] defined for every instance of the problem. In addition, other distributions may be
used in this model, for example an analyst can set a uniform distribution for the forecast
errors lying on the interval [-b, b] and having the uncertainty parameter c as a random
variable X following a uniform distribution with P(α < X < β).

6.1.2

Scenario Planning under Uncertainty
The following is a decision analysis approach based on the work by Klein (2008).

There are several methods to deal with uncertainty when it cannot be represented by
using probability; in other words when the uncertainty associated to a factor is not
characterized by probability distributions. According to the author, these methods differ
based on the decision maker’s view on risk and the state of nature, and how they consider
the decision maker’s preferences and attitudes. Four of the methods presented by Klein
are the maximin, maximax and Hurkwicz criterion as well as the minimax regret
approach.
The maximin criterion is a conservative approach to deal with uncertainty. The
objective is to determine the best solution (payoff) under the worst circumstances (bestworst result). The second method, using maximax criterion one has the opposite goal; it
seeks for the best possible result when the best possible scenario happens. Using the
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optimization model presented in this chapter, the worst and best scenario can be set as the
upper and lower values of parameter b as maximum deviation above and below the
forecast point estimate value set in parameter a. To determine the objective value for the
maximin or maximax scenarios then parameter c ought to be set as -1 and 1 respectively.
This means that in the case of maximin optimization the model provides the maximum
feasible objective function value when the maximum deviation b occurs as
underachievement of the forecast point estimate a. Similarly, in the case of maximax
optimization the model provides the maximum feasible objective function value when the
maximum deviation b occurs as overachievement of the forecast point estimate a. Once
the objective values have been determined for each scenario for the different alternatives,
then the option with the least worst (maximin) or the best result (maximax) is selected as
the best compromise solution. Similarly, the Hurkwicz method can be applied to choose
from the alternatives under different scenarios, now mitigating the extremes and allowing
for a range of attitudes of the decision maker. For this purpose a parameter α is
introduced as an index of optimism, such that 0 < α < 1, the larger its value, the greater
the confidence of the decision maker about the better states of nature will occur. The
minimax regret (savage regret) approach may be applied, this time not looking at the
payoffs, but instead at lost opportunities, the regret is based on each state of nature and is
determined by looking at the best outcome of that state against the other possible
outcomes. See Klein (2008) for calculation examples. A mixed version of these methods
can also be incorporated to the model, having parameter c as a modified α index such that
-1 < c < 1. A maximin or maximax approach can then be applied to the results.
Details of the model formulation are presented next.
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6.2

Mathematical formulation
To model uncertainty, the three new parameters a, b and c are included in the

model formulation to consider the uncertainty associated with the following key factors:
customer demand, currency exchange rates, production lines operational fixed costs, and
facilities overheads at all corresponding echelons. In this formulation
parameters Dkpm , E cm , FMhmo, FMMhtmo, FCimo, FCMitmo and FDjmo represent the point
estimate values a for each of the key factors. For these parameters, their point estimate
error deviations b are given by D̂kpm , Ê cm , FMdevhmo, FMMdevhtmo, FCdevimo,
FCMdevitmo and FDdevjmo. Similarly, the associated uncertainty parameters c are given
by kpm ,  cm ,  imi and  jmj . Corresponding definitions are presented next.

Dkpm = point estimate of demand value in market k at period m for category p (a)
D̂kpm = standard deviation of demand forecast error in market k at period m for
category p (b)
kpm = demand parameter of uncertainty for market k and product p at period m (c)
E cm = point estimate of currency exchange rate at country c at period m (a)

Ê cm = standard deviation of exchange rate forecast value error for country c at
period m (b)
 cm = exchange rate parameter of uncertainty for country c at period m (c)

FMhmo = point estimate of overheads for manufacturing plant h at period m if
opened at time period o (a)
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FMdevhmo = standard deviation of overheads forecast error at facility h at period m
if opened at period o (b)
FMMhtmo = point estimate of fixed costs for production line t at manufacturing
plant h at period m if opened at time period o (a)
FMMdevhtmo = standard deviation of fixed costs forecast error for production line t
at facility h at period m if opened at time period o (b)
h
 hm
= fixed costs parameter of uncertainty for facility h at period m (c)

FCimo = point estimate of overheads for converting plant i at period m if opened at
period o (a)
FCdevimo = deviation from overheads forecast error expected value based on
symmetric distribution (b)
FCMitmo = point estimate of fixed for production line t at converting plant i at
period m if opened at time period o (a)
FCMdevitmo = standard deviation of fixed costs forecast error for production line t
at facility i at period m if opened at time period o (b)
 imi = fixed costs parameter of uncertainty for converting facility i at period m (c)

FDjmo = point estimate of fixed operational cost for DC j at period m if opened at
period o (a)
FDdevjmo = standard deviation of fixed costs forecast error for j at period m if
opened at o (b)

 jmj = fixed costs parameter of uncertainty for converting facility j (c)
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Note that the same parameter of uncertainty applies at a given facility for both the
production line fixed operational costs and overheads parameters.
The gross profit, lead-time and demand fulfillment goal constraints are modified
accordingly to include the new parameters. Note that in the first goal constraint the





uncertainty term Ecm 1  cmEˆ cm is added where parameters associated with currency are
present. Similarly, besides including the point estimator parameters (forecast values)
where the production line fixed manufacturing and converting costs as well as the
manufacturing, converting and distribution facilities overheads are present, the following
h
FMMdev htmo  , 1  imi FCMdevitmo  ,
terms are added in the same way: 1  hm

1  

h
hm

 

FMdev hmo , 1  imi FCdevimo







and 1  jmj FDdevjmo . See detailed changes

below.
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f2 = Min Lead-time to Markets
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m, k  MKS , p  PRSK k

Different from the deterministic formulations presented in previous chapters, the
model presented above allows considering the uncertainty of key parameters for either
performing simulation with probabilistic assumptions or simulation with scenarios.
Procedures on how to use this model for both analyses are presented next.
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6.3

Computer Simulation
We can apply simulation to answer interesting question about stochastic systems.

This involve the generation of random variables to drive the simulation. It is important to
pay special attention to the techniques to generate random variables to drive the
simulation, in this case the uncertainty parameters, as well as on how to conduct a
rigorous analysis of the resulting output.
A method to solve problems using random numbers and probability is the Monte
Carlo method (Ulam and Metropolis, 1949) that is a stochastic simulation technique that
can be used for evaluating complex deterministic models using random numbers as the
input for a given set of uncertain parameters.

The analysis involves a sampling iterative

process where the values for the parameters with variability are generated from a
probability distribution that best fits related historic data, then the results can be analyzed
by applying commonly know statistical methods. It is important to highlight that an
important assumption of this technique is that the uncertain parameters need to be
independent. In summary, the Monte Carlo simulation reproduces a model of variability
to provide for the assessment of the uncertainty in the response.
Based on this, a supply chain design optimization with uncertain parameters can
be conducted by using the model presented in this chapter, in combination with Monte
Carlo simulation. This will be very convenient to use due to the scale and complexity of
the problem. Assuming that demand, operational costs and exchange rate are
independent random variables and that a probability distribution can be fitted and for
each, a finite set of random inputs can be generated for multiple runs of the simulation
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model to set the parameters with uncertainty. It is very important to determine a finite
number of runs to execute. For each simulation run the output results for the variables
and objective function are stored for each of the supply chain design scenarios under
evaluation. Final results can then be analyzed using histograms, summary statistics,
confidence intervals, and other statistical methods.
Besides this type of analysis, when probability distributions are unknown, the
analyst may conduct the optimization by using extreme values for the parameters with
uncertainty. For example, different supply chain configurations can be evaluated at the
worst or best cases of demand forecast accomplishment, as well as exchange rate and cost
conditions. In this case, the objective is to determine the best compromise solution. The
simulations here consist of setting different values for the parameters based on the
decision maker preferences. See detailed procedures in the following sections.

6.3.1

Simulation with Probabilistic Assumptions
When using the optimization model presented in this chapter combined with

Monte Carlo simulation and considering probabilistic assumptions for the parameters
with uncertainty, the following general steps should be followed:

1.

Define alternative supply chain network design scenarios. A Monte Carlo
simulation should be run for a finite set of supply chain network designs, which
will stay fixed for further optimization considering uncertain parameters. These
can be obtained from two sources: based on the optimization results from
deterministic models or from the decision maker.
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2.

Collect Data. For the parameters with uncertainty, it is important to first
determine how many time periods of historic information need to be considered
for the analysis, finding the appropriate balance to assure that the data does not
go too far in the past such that current trends are not properly reflected, or that it
considers only few recent periods such that results are meaningless. Once the
data is obtained, it is strongly recommended to obtain statistics to assess the
quality of the data in terms of accuracy, correctness and completeness, so the
necessary corrections can be executed to guarantee that the information is fit for
the intended use. Look for data profiling and cleansing in literature for specific
methods.

3.

Fit probability distributions. This is a key step to perform the Monte Carlo
simulation. As previously discussed, the objective is to characterize the
uncertainty by specifying a probability distribution for the demand forecast,
exchange rates and fixed costs. It is necessary then to understand the shape of the
underlying distribution of the population of the uncertain parameters. One way to
do this is by using goodness-of- fit tests as the Kolmogorov-Smirnov and
Anderson-Darling, which consist of fitting the observed distribution to a
theoretical distribution by comparing the frequencies observed in the collected
data to the expected ones of the theoretical distribution. After executing this step,
the analyst should be able to set the forecast expected value (a) and the symmetric
deviation (b) accounting for the forecast error of the uncertain parameters.
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4.

Determine number of iterations. Before running the Monte Carlo simulation it is
required to determine for how long it is necessary to run the simulation, in other
words determining the number of iterations or trials balancing between required
computational time and accuracy of the expected value results for the objective
function. Then the number of iterations can be estimated for a desired level of
error as shown in equation 109.



Z * p
N
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Where

 is the error level,
Z is the confidence multiplier of a two tailed normal distribution,

 p is the pooled deviation of the uncertain parameters, and
N is the number of runs.
The pooled standard deviation is the estimation of the average variation of
the uncertain parameters and is given by equation 110, where n is the sample size
for each uncertain parameter.

p 

(n1  1) 12  (n2  1) 22  ...  (nk  1) k2
n1  n2  ...  nk
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From the above, it is important to note that the accuracy marginal
improvement is only the square root of the ratio of the number of the marginal
increase in the number of iterations.
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5.

Conduct the Monte Carlo simulation. For each supply chain network design
scenario, a set of random values needs to be generated for each run according to
the fitted probability distribution for the customer demand, exchange rate and
fixed costs forecast errors. These values are used for each run of the optimization
model such that a deterministic computation is performed for each instance of the
network design scenarios.

6.

Perform analysis of the results. The individual computations from the simulation
for each supply chain network design scenario should be aggregated into the final
result. Then, statistical methods can be used to compare expected values of the
objective function corresponding to each alternative supply chain design under a
single criterion or multi-criteria objective function. Aggregated values can be
obtained for goal constraints deviation. They can be used to analyze the tradeoffs associated with different alternatives, such as comparing nominal changes in
gross profit to changes in service levels or risk. Many techniques can be used for
this purpose such as classical statistical confidence intervals, common random
numbers, and ranking and selection procedures mentioned earlier in this chapter.
Ranking and selection procedures can also be used for the analysis presented in
the next section.
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6.3.2

Simulation with Scenarios under Uncertainty
When probability distributions cannot be fitted to the data as described in Step 3

(Section 6.31) the simulation approach changes. In this case, the analyst can determine a
finite set of alternative sub-scenarios considering perhaps different levels of
accomplishment of the demand, costs and exchange rate forecasts. Different
combinations of the uncertain parameters can be defined for the alternative supply chain
network configurations determined in Step 1 to create new sub-scenarios.

In this type of

analysis, it is also possible to activate the binary variables, so different network
configurations can be evaluated as well.
Then, the modified procedure after Step 2 is the following:

Step 3. Model parameters determination. The analyst should first define for the uncertain
parameters the overall values of (a) forecast expected value and (b) a symmetric
deviation accounting for the forecast error. These are used across all different
sub-scenarios. Similarly, the uncertainty value (c) should be defined for each
parameter but in this case it may differ at each sub-scenario in order to determine
different levels of variability among the alternatives.

Step 4. Run the optimization model for each sub-scenario.

Step 5. Analyze results. Specific values are obtained for the objective function and goal
constraints for each sub-scenario. Based on these results, the alternative scenarios
can be ranked and selected using the methods discussed in section 6.1.2.
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This chapter has presented a multi-criteria and multi-period mixed integer
programming optimization model under uncertainty demonstrating a resilient tool for
global supply chain network design. The approach used for this model is not limited to
handle the uncertainty associated with customer demand, fixed costs and exchange rate.
It can also manage the variability related with other parameters that may become key
drivers over time, or in the case, the model has to be applied to other industries where
uncertainty related to different parameters could be of more importance.

Chapter 7
Managerial Implications and Conclusions

7.1

Summary
Methods for designing a resilient and responsive global supply chain network

were developed, considering both manufacturing and distribution facilities servicing
multiple international markets. The mixed integer linear programming models took into
account multiple criteria, combining financial measures with more qualitative criteria
such as customer service, disruption risk and other strategic factors, for which multicriteria selection techniques were applied. Uncertainty was considered for key
parameters such as customer demand, fixed operational costs and currency exchange
rates, having the flexibility to perform probabilistic or scenario simulation analyses. The
optimization models were instrumental to aid in a multiple echelon supply chain design
process through multiple time periods, supporting from strategic to tactical decisions such
as facility location and resource allocation, capacity and expansion requirements,
production and distribution network flows, international issues, exchange rates, leadtimes, and transfer prices.

The mathematical models handled multiple products and

customers within several international environments, allowing conducting optimization at
high or low levels of data granularity. All of the above was applied to a real-world and
large-scale global supply chain network of a Fortune 500 leading multi-national
company, from which important academic and managerial conclusions were attained.
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7.2

Conclusions
This research provides relevant insights from modeling to implementation

designing resilient complex global supply chain systems -- a major contribution to
academia and industry research. In this work, diverse techniques classified such as multicriteria mixed integer mathematical programming and discrete multi-criteria selection
methods were combined together with statistical methods to develop a set of global
supply chain network design models. The models presented in this dissertation provide
resilient solutions for supporting strategic decision related with the design of supply chain
networks and the elaboration of tactical plans for manufacturing and distribution within
international environments.

The models focused on optimizing multiple criteria as

financial, customer service, risk and strategic measures. The models developed in this
research consider the high complexity of the system, i.e., multiple products sold in
multiple markets in different countries that required dealing with different currencies and
commercial practices. Decisions regarding the optimal location, relocation and allocation
of production and distribution facilities as well as specific assets were efficiently
addressed.
In addition, decisions regarding production and distribution plans were defined
balancing demand and available capacity over multiple periods of time.

By

incorporating multiple periods the models provided the ability to consider the impact of
changes through time in demand, machine productivity, facility capacity, prices, costs,
and other parameters.

On the strategic side, the models allowed the evaluation of

different alternatives for the modification of the supply chain design at different time
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periods. On the tactical side, the models allowed a better evaluation of the balance
between supply and demand as well as more accurate cross sourcing strategy definition.
Moreover, the inclusion of uncertainty associated with key factors, which
significantly impact global supply chain network design decisions, allow for improving
the accuracy and robustness of the multi-criteria optimization model by incorporating
demand, fixed costs and exchange rate variability into the supply chain network design
strategic process.

It is important to highlight that the model flexibility allows for both

probabilistic as well as scenario analyses.
The case study consisted of performing several real-world applications with
different objectives. First, the analysis consisted of evaluating the current supply chain
network design and optimizing the production and distribution flows within this given
network. From this first stage of analysis it was possible to determine the maximum
potential of the current structure to help the firm understanding its supply chain structure
limitations and therefore identifying opportunities to support future business growth. The
second stage consisted of running the optimization model considering not only the
current supply chain network but also any approved modifications as future production
capacity expansions. This stage was very valuable for the firm to confirm or correct the
decisions taken earlier but not yet implemented that were previously supported based on
empirical methods. Finally, the third stage consisted of determining several alternative
modifications to the current structure based on decision makers’ judgment and then
performing optimization to determine the best resulting supply chain structure as well as
production and distribution strategies.

First, capacity and costs data was estimated for

these new alternative configurations as for new assets installation, relocation of
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distribution centers and plants, among others.

Different analyses were performed with

different objectives, some focused on profitability, others on supply chain disruptions
risk, and a combination of criteria. The models were capable of delivering optimal
solutions for large scale applications with many products and currencies, dozens of
facilities, hundreds of assets and markets, among others.
Because of the large scale of the analyses in this research, it is important to
highlight the effort dedicated to build the databases for the different cases.

Each

individual model analysis required extracting thousands of market, finance and
operations related data records from the firm's business systems as well as obtaining
information from external sources. Three or more full-time employees were dedicated to
working directly on gathering or requesting information, as well as organizing it
appropriately to run the optimization models. In addition, at least a dozen people were
contacted to provide information. The different analyses for the case study required the
solution of multi-criteria problems having from 50 to 15,000 constraints and continuous
variables, with hundreds being of the binary type. Three persons were involved in coding
the models in ILOG and then using the CPLEX software to solve the problems. In
general, optimal solutions were obtained very efficiently, taking less than 3 minutes."
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7.3

Extensions
Although the models presented above embody a complete and robust solution for

supply chain network optimization, extensions with valuable contributions can be
proposed mainly focused in one side on treating the uncertainty associated with key
elements of the problem using more sophisticated methods such as stochastic
programming, and on the other side, expanding the scope of the models on multiple
directions from including external partners as customers and vendors to optimizing more
operational aspects of supply chain management.
First, by using the current model formulations, the analysis can be expanded to
include not only direct customers but multiple echelons of customers until reaching the
final buyer. For this purpose, the different customers can be treated as distribution
centers. Note that this analysis may include the manufacturing side or only distribution
activities. This functionality is very valuable for competitive strategy formulation.
Second, the optimization formulations developed in this research can be slightly
modified to relax the assumption of fixed location for raw material suppliers, which
would provide for supplier selection optimization. By the inclusion of a new index in the
formulation, specific raw material flow variables, and the corresponding balance and
capacity constraints, additional echelons can be incorporated to consider specific vendors
upstream the supply chain.

This would allow consideration of particular suppliers

capacities and sourcing prices for specific key raw materials, as well as their
corresponding price trends over time. Other criteria may also be included as minimizing
the supplier delivery lead-time
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Third, because of its operational nature, the inclusion of inventory variables was
not part of the scope of this work. The multi-period models can be easily extended in the
future to support the optimization of operational supply chain decisions related with sales
and operations planning, inventory management, production and distribution master
planning. For example, with the addition of inventory variables as well as the inclusion
and minor modifications of capacity and balance constraints, the models can be used for
inventory levels and safety stocks optimization; considering either deterministic or
uncertain parameters.
Finally, regarding the consideration of uncertainty in key factors, the same
approach used to incorporate the variability associated with demand, fixed costs and
exchange rate can be used to take into account the uncertainty related to other parameters
that may be relevant for different types of analysis or over time. It is important to note
that in this research using Monte Carlo simulation was appropriate because few discrete
scenarios were analyzed; otherwise more sophisticated stochastic optimization methods
would be more convenient. Extensions of this work towards this direction represent a
rich and challenging opportunity for research.
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