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ABSTRACT 
 

Logistics network design is an important strategic decision that companies must make 

to ensure that required raw materials and components can be distributed efficiently 

from their suppliers to their manufacturing plants and warehouses, and the final 

products to their customers. It is concerned with the determination of the number and 

location of warehouses and production plants, allocation of customer demand points 

to warehouses, and allocation of warehouses to production plants. As companies have 

become more global, there has been a trend towards outsourcing the logistics function 

to third-party logistics (3PL) firms, so that manufacturing companies can focus their 

efforts on their core competencies. Thus, 3PL companies must have the capability to 

design efficient and effective logistics network so as to add value to their clients’ 

business. 
 

In this thesis, we present three new models for logistics network design with special 

focus on the perspective of 3PL companies. The chief objective of these new models 

is to increase the effectiveness of the resulting network design and the utilization of 

facilities in the network. The three models encompass the following areas: 

(1) Logistics network design with differentiated delivery lead time, 

(2) Logistics network design with price discount, and 

(3) Consolidated logistics network design using consolidation hubs. 
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We hope that the models and results can improve the business solutions 3PL 

companies offer to their clients, especially in the areas of order fulfillment and 

managing suppliers. 
 

The thesis consists of five parts. In Part I, we give an introduction to the 3PL business 

practice and discuss the motivation behind the three proposed research areas. In Parts 

II, III and IV, we discuss each research area individually with its corresponding 

literature review, models, solution methodology, and a demonstration of the benefits 

of the models using real industry examples. In Part V, we discuss the implications of 

our results for the 3PL business practice and offer conclusions. 
 

The primary contributions of this thesis are three-fold.  

• First, the first two models offer a new perspective that incorporates into logistics 

network design two factors, namely delivery lead time and price discount that are 

usually not considered. The first model shows that designing network with 

differentiated delivery lead time can reduce the network cost, while the second 

model shows that combining pricing decision and demand management can result 

in a network design with higher net profits. 

• Second, the third model combines tactical decision for inventory replenishment 

policy with strategic decision for consolidated network design. The model shows 

that by adding consolidation hubs at suitable locations near to the suppliers, we 

can leverage on concave LTL shipping cost to reduce the overall network cost. 

The model also provides answers to network design and inventory replenishment 

policy simultaneously. 

• And third, our findings provide managerial insights into how 3PL companies can 

use these new models and their results to improve their business. 

 

Keywords: Third-party logistics, logistics network design, delivery lead time, price 

discount, consolidation, hub, inventory replenishment, insights, business practice. 
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PART I 

INTRODUCTION 
 

1.1 LOGISTICS OUTSOURCING AND 3PL BUSINESS 

PRACTICE 
 

Logistics is an important part of every economy and every business entity. Logistics 

cost average about 12% of the world’s GDP (Ballou, 1999). The worldwide trend in 

globalization has led many manufacturing firms to outsource their logistics function 

to third party logistics (3PL) companies, so as to focus on their core competencies. A 

3PL company is an external provider who manages, controls, and delivers logistics 

services on behalf of the shipper.  

 

In Singapore, the transport and communication industry sector contributes about 

10.8% of the GDP in year 2003. The operating receipts for each sub-sector within the 

transport service industry for 2003 are shown in Table 1 below (Source: Singapore 

Department of Statistics). With such a large contribution to the GDP, a reasonable 

improvement of 5 to 10% to the cost or profit of the distribution network can 

significantly improve the profitability of the logistics industry. 

 
Transport Services Operating Receipts  

(Million $) 

Percentage of Total 

Land transport 3,245 7.8% 

Water transport 20,036 47.9% 

Air transport 14,175 33.9% 

Storage and Warehousing 1,180 2.8% 

Others 3,214 7.7% 

Total 41,850  

 

Table 1: Operating Receipts of the Singapore Transport Service Industry for 2003 
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In a 2004 report by Armstrong & Associates, Inc., the total revenues for the U.S. 3PL 

market rose to $89.4 billion, an increase of 16.3%, while the compounded annual 

growth rate for U.S. third-party logistics services was 14.2% since 1996. Another 

study on third-party logistics conducted in 2004 by Capgemini U.S. LLC, Georgia 

Tech and Fedex, involving 656 representatives from North America, Western Europe, 

Asia Pacific and Latin America, concluded that 3PL business continues to be a 

growing business globally. 

 

Several authors (Lieb et al., 1993, Dapiran et al., 1996, Bhatnagar et al., 1999) have 

studied the extent of usage of 3PL services in different countries, and the conclusions 

were similar in that, the extent of usage was expected to increase in terms of these 

areas, 

1. Number of activities or business processes outsourced 

2. Geographical coverage 

3. Nature and length of contract 

4. Percentage of total logistics budget allocated to 3PL companies and level of 

commitment 

 

For each of these areas, we provide illustrative examples from industry. 

(1) The number of activities or business processes outsourced 

When sales expanded for BMW Motorcycle Division, Kuehne + Nagel was 

the 3PL company selected to manage not just the distribution of motorcycles 

to the dealers but also the returns of core-parts from the dealers. BMW 

motorcycles were distributed from two Kuehne + Nagel warehouse locations 

in California and New Jersey. Each facility inspects all incoming motorcycles, 

and stores and ships orders to dealers within the US. Core-parts returns from 

the dealers are managed by five Kuehne + Nagel facilities, where each facility 

processes the returned parts and distributes the returns to vendors in the US 

and Germany. 

(www.usco.com/case_studies_lists.cfm) 
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(2) Geographical coverage 

National Semiconductor is a leading global manufacturer of chips for the 

computer, communications and consumer markets. Each year, National 

Semiconductor distributes billions of chips from its manufacturing facilities in 

Southeast Asia to its customers located globally. UPS is the selected 3PL 

partner to manage the order fulfillment using its 94,000 square-foot Global 

Distribution Center located in Singapore and its global network, to distribute 

the chips to customers located in Asia, Europe and North America.  

(http://ups-scs.com/solutions/case_hightech.html#natsemi) 

 

(3) Nature and length of contract 

Caterpillar Logistics Services (Cat Log) and Daimler Chrysler are engaged in 

a 20-year partnership contract. Cat Log manages the in-coming automotive 

spare parts from Germany, US, Brazil and Korea and distributes the spare 

parts to dealers located in 26 countries in Asia Pacific from its Regional 

Logistics Center located in Singapore. Spare parts are distributed according to 

two main categories, one is for parts which are required based on regular 

maintenance schedules, and the other is for parts which are required on 

emergency basis where vehicles are damaged in case of accidents. 

(Information obtained from discussion with top executives from Caterpillar 

Logistics at its Regional Logistics Center in Singapore) 

 

(4) Percentage of total logistics budget allocated to 3PL companies and level of 

commitment 

In the 2004 study conducted by Capgemini, Georgia Tech and Fedex, 3PL 

users were asked what percentage of the total logistics expenditures (defined 

as transportation, distribution, or value-added services) are allocated to 3PL 

companies for year 2004 and the future. Figure 1 below shows the percentage 

for year 2004 versus the projected percentage for years 2007–2009. The 

percentage increase for Western Europe and Asia Pacific is higher than their 

counterparts in North and Latin America. 

 



© 2005 Nanyang Technological University. All rights reserved. 15

 
Source: “3PL: Results and Findings of the 2004 Ninth Annual Study (2004)” 

 

Figure 1: Current vs. Projected Logistics Expenditures Directed to Outsourcing 

 

 

As supply chain performance becomes a key driver of competitiveness, the role of 

3PL companies will become increasingly complex and richer in content, and therefore 

crucial to the success of firms. In the report by Capgemini, Georgia Tech and Fedex, 

one key trend identified is the evolution of 3PL companies toward a “broad supply 

chain solution provider” versus a “transportation and warehouse provider”. Thus, the 

role that 3PL companies would perform for their clients in the future would likely 

move away from traditional tasks such as warehousing and transportation, to 

providing complete business solutions such as managing suppliers and inventory with 

on-time replenishments, distribution of finished goods with localization by 

postponement, together with customer support and even managing returns. To provide 

such value-added services to their clients, 3PL companies must improve their 

technological capabilities and long-term relationship management, and develop a 

deeper understanding of what constitutes competitive advantage in their clients’ 

industries. 
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In the 2004 study conducted by Capgemini, Georgia Tech and Fedex, 3PL users were 

asked to identify the areas which 3PL companies should improve on their service 

offerings (see Figure 2). These areas include ongoing improvements and 

achievements in service offerings, strategic management skills, advances in IT, 

consultative or knowledge-based skills, and global capabilities. It is thus of paramount 

importance for 3PL companies to provide business solutions which have good value 

proposition for their clients. 

 

 
Source: “3PL: Results and Findings of the 2004 Ninth Annual Study (2004)” 

 

Figure 2: Areas Identified for 3PL Service Offering Improvement 
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The types of complete business solutions provided can be broadly categorized into 3 

main types as shown in Figure 3 below. 

 

    

   (a)   (b)             (c) 
 

(a) Supplier Management Solutions 
(b) Order Fulfillment Solutions 
(c) Reverse Logistics Solutions 

 
Figure 3: Three Main Types of Business Solutions Provided by 3PL Companies 

 

 

a) Managing the suppliers for manufacturers 

Here, the 3PL company manages the flow of components and raw materials 

from the suppliers and provides the manufacturers with frequent 

replenishments to meet short lead time requirements. An example would be a 

3PL company managing the component suppliers for a cellular phone 

manufacturer. As cellular phones have very short life cycle and very volatile 

demand, the manufacturer will plan production according to the demand 

forecast in small time buckets. To satisfy the production schedule, the 

manufacturer will require the 3PL to perform frequent replenishments of the 

required components to meet its demand over a short time horizon e.g., one 

week. The challenge faced by the 3PL would be how to coordinate the 

inventory replenishments from multiple suppliers and how to improve 

visibility within the distribution network, given the variability in demand. 

 

b) Managing the order fulfillment for brand owners 

In this case the 3PL manages the incoming finished goods from a brand owner 

or manufacturer and picks, packs and delivers according to order 
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specifications from end customers. An example would be a 3PL managing the 

distribution of personal computers for a PC maker. The end customers may 

place an order for a PC online, and the finished goods such as the monitor, 

keyboard, mouse, instruction manuals, will be sent by the PC maker and its 

suppliers to the 3PL. The 3PL will pick and pack the orders according to 

specifications and then deliver to the end customers within the promised 

delivery time. The challenge for the 3PL here would be how to design a 

network to distribute the orders more effectively. Given the different delivery 

specifications from different customers, the 3PL will need to determine which 

warehouse or distribution center to open, and which customer should be 

served from which warehouse to meet the delivery lead time specification. 

 

c) Managing the reverse logistics for brand owners 

This is one of the least explored business solutions provided by most 3PLs. 

Here the 3PL manages the returns of faulty parts to the repair and salvage 

operations for the brand owners. Using the example of the PC maker, the 3PL 

becomes the point of contact for the end customers. The end customers will 

return faulty PCs to the 3PL who will liaise with the PC maker for repair or 

replacement. The challenge faced by the 3PL is how to design a network to 

process returns and manage customers. The 3PL will need to determine where 

to locate the service centers to serve different customer sectors, and how to 

route the returns to the brand owners or the suppliers for repair and 

replacement. 

 

A study of a few 3PL companies (Kuehne + Nagel, UPS and YCH Group), who 

attempt to provide complete business solutions, shows that these companies organize 

their business according to industry sectors. Some of the industry sectors include 

automotive, healthcare, chemical, food and grocery, and high-tech. Different industry 

sectors may have unique requirements necessitating special storage, transportation 

and inventory management. The key characteristics, process requirements and 

important business solutions in each industry sector are described in Table 2 below. 

Collectively, these requirements can be packaged into the three business solutions 

discussed earlier. 
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Industry 
Sector 

Characteristics Requirements Business 
Solutions 

Automotive 
spare parts 

• Large number of SKUs 
• Demand is volatile due 

to accidents 
• Fast and accurate 

delivery 
• Expensive parts 
• Difficulty in shipping 

for oversized parts 
• Frequent damage to 

parts during shipping 

• Inventory management 
• Track-and-trace 
• Shipment consolidation 
• Postponement – special packing 
• Hazardous material storage 
• Inspection 
• Disposal 

• Supplier 
management 

• Order 
fulfillment 

• Reverse 
logistics 

Healthcare / 
Pharmaceutical 

• Large number of SKUs 
• Fast and accurate 

delivery 
• Regulated by 

regulatory bodies 
• Expensive drugs 
• Shelf-life 
 

• Inventory management 
• Postponement - labeling 
• Temperature-controlled storage 
• Security and vault for 

controlled drugs 
• Familiarity with storage and 

distribution regulations 
• Return of expired drugs 

• Supplier 
management 

• Order 
fulfillment 

• Reverse 
logistics 

Chemical • Bulk quantities 
(usually liquid or 
powder form) 

• Hazardous materials 
• Regulated by 

regulatory bodies 

• Inventory management 
• Drumming and break-bulk 
• Hazardous chemical storage 
• Road haulage of bulk liquid 

chemicals 
• Familiarity with legislatively 

controlled items storage and 
distribution 

• Order 
fulfillment 

Grocery & 
Foods 

• Large number of SKUs 
• Large number of 

suppliers 
• Demand is volatile due 

to promotions and 
sales 

• Shelf-life 

• Inventory management 
• Postponement – re-packing, 

labeling 
• Shipment consolidation 
• Hot and cold storage and 

transportation 
• Secured storage for expensive 

goods 
• Return of expired foods 

• Supplier 
management 

• Order 
fulfillment 

• Reverse 
logistics 

 

High Tech • Large number of SKUs 
• Large number of 

suppliers 
• Demand is volatile due 

to promotions and 
sales 

• Short-life cycle 

• Inventory management 
• Track-and-trace 
• BOM management 
• Postponement – kitting, re-

packing, labeling, localization 
• Secured storage for expensive 

goods 
• Return of damaged parts 
• Inspection 

• Supplier 
management 

• Order 
fulfillment 

• Reverse 
logistics 

 

Table 2: 3PL Business Practice 

 

With a good understanding of the business practice of 3PL companies, we will 

continue in the next section, to look at some of the research work in recent years that 

focused on 3PL related issues, and discuss our proposed research areas which will 

benefit the 3PL companies in logistics network design. 



© 2005 Nanyang Technological University. All rights reserved. 20 

1.2 RESEARCH PROBLEM 
 

When a business process is outsourced to a 3PL company, the 3PL will propose 

business solutions that include the re-design of the logistics distribution network. 

Such a modified distribution network will be designed using the facilities and 

transportation resources owned or leased by the 3PL, to leverage on the economies of 

scale and scope provided by the 3PL. 

 

A logistics network consists of suppliers, manufacturing centers, warehouses, 

distribution centers, and retail outlets as well as channels for the flow of raw materials, 

work-in-process inventory, and finished products between the facilities (Simchi-Levi 

et al., 2000). Logistics network design is concerned with the determination of the 

number and location of warehouses and production plants, allocation of customer 

demand points to warehouses, and allocation of warehouses to production plants. The 

optimal configuration must be able to deliver the products to the customers at the least 

cost (commonly used objective) while satisfying the service level requirements. 

Therefore, 3PL companies must have the capability to design cost effective and 

efficient networks to distribute the products for their clients. 

 

Several studies in recent years have focused on 3PL related issues. Vlasak (2001) 

studied the integration of 3PL within the Intel distribution network using a framework 

which considered the financial, non-financial, strategic and operational factors which 

affect the outsourcing decision. The author presented a methodology for exchanging 

logistics information with other companies. Chew and Graeve (2003) studied the 

service bundling opportunities for a 3PL in the value network. They created a 

roadmap which included the opportunities for 3PLs to optimize in order to become 

true value-added service providers and long term strategic business partners in the 

value network. Some of the opportunities identified include VMI hub logistics 

arrangement, improved supply chain visibility, IT systems integration, business 

integration and long term relationship management with their clients. Ko (2003) 

presented a mixed integer program model for the design of a dynamic integrated 

distribution network for a 3PL company. He focused on a multi-period, two-echelon, 

multi-commodity, capacitated network design problem, considering both forward and 
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reverse flows simultaneously. He proposed a genetic algorithm-based heuristics to 

solve this NP hard combinatorial problem, to find good solutions. 

 

The key ideas for the work in this thesis were developed during an internship program 

with a Singapore-based 3PL company. The internship gave us the opportunity to 

develop insights into the challenges faced by 3PL firms in designing distribution 

networks. It also provided the motivation to explore new considerations to further 

increase the effectiveness of distribution network design and utilization of the 

facilities in the network. The new developments include, 

(1) Logistics network design with differentiated delivery lead time, 

(2) Logistics network design with price discount, and 

(3) Consolidated logistics network design using consolidation hubs. 

 

The first two areas of research were motivated from the work with the 3PL company 

and one of its clients. The client is the leading supplier of textile dyes in the world, 

formed from a merger of several textile dyes companies. It has its headquarters in 

Europe and three regional distribution centers (RDCs) or hubs located in Europe, Asia 

and United States. The Asia region is an important and growing region for the firm 

and accounts for a significant proportion of the textile dye sales. The Asia RDC is 

operated by the 3PL company and it was tasked with performing the analysis and 

optimization of the distribution network in this region. The 3PL company wanted to 

explore the possibility of designing the network by segmenting customers according 

to their delivery lead time, which is defined as the time delay allowed by the customer, 

from the time the order is placed to the time the order is received. They also wanted to 

study the use of price discount to entice customers to accept a longer delivery lead 

time and move from one segment to the other, thereby improving the profit to run the 

network and distribute the products.  

 

One paper which looks at differentiating customer service on the basis of delivery 

lead-time is Wang, Cohen and Zheng (2002). However, the focus of this research is 

on the inventory level distribution within a given network. The authors studied a 

single location model and applied Poisson arrival streams to model two demand 

classes, namely an emergency class and a non-emergency class. They extended the 
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analysis to two-echelon systems, and proposed as future work to use price discounts 

to entice customers to accept longer delivery lead times. 

 

The third research area stems from the basic challenge faced by any 3PL company, 

that is, the need to adapt to specific customer requirements, and yet be able to 

standardize processes, to pool variability, to consolidate volumes and movements to 

achieve efficiencies and economies of scale and scope. Specifically, 3PL firms must 

design logistics network to serve multiple clients using consolidation hubs to perform 

business consolidation. Our focus in this area will be on consolidating the network for 

more than one manufacturer served by the same 3PL. The 3PL manages the incoming 

components and raw materials from the suppliers and then replenishes the 

manufacturers from dedicated warehouses on a regular basis. Such a short interval, 

regular replenishment strategy has been referred to as “Supply hub research”, where 

the dedicated warehouse serves as a supply hub to supply components required by the 

manufacturer with the agreement that the components will be paid for only when 

consumed. The research focus for supply hub (Barnes et al., 2003) is on the Vendor 

Inventory Management (VMI) arrangements and not on the network design. 

 

The three research areas are applicable to two of the three business solutions 

discussed earlier. Logistics network design with differentiated delivery lead time, and 

logistics network design with price discount are applicable to managing the order 

fulfillment for brand owners, whereas, consolidated network design using 

consolidation hubs is applicable to managing suppliers for manufacturers. The 

implications of the models and results for 3PL business practice will be discussed in 

Part V of the thesis. 

 

We observe that while the issues that constitute these three research areas are rich in 

terms of real life significance and relevance, there has been relatively little published 

research which has addressed these issues. Since our research has been carried out in 

collaboration with 3PL companies operating distribution systems for manufacturing 

firms, an important contribution of this dissertation is in terms of the real life insights 

it provides.   
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1.3 ORGANIZATION OF THE THESIS 
 

This thesis has five parts. In Parts II, III and IV, we will discuss each research area 

individually - logistics network design with differentiated delivery lead time, logistics 

network design with price discount, and consolidated logistics network design using 

consolidation hubs. For each research area, we review the corresponding literature, 

present models and solution methodology, and demonstrate the benefits of the models 

using real industry examples. In Part V, we discuss the implications of the results 

obtained for the 3PL business practice, provide concluding comments and outline 

directions for future research. 
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PART II 

LOGISTICS NETWORK DESIGN WITH 

DIFFERENTIATED DELIVERY LEAD TIME 
 

2.1 LITERATURE REVIEW 
 

Logistics network design has been referred to as facility location problems in 

literature. Location theory was first introduced by Alfred Weber (1909) who 

considered the problem of locating a single warehouse among customers to minimize 

total distance between warehouse and customers. In recent years, a lot of research 

work has been published and several review papers have sought to categorize and 

compare different models. Tansel et al. (1983a and 1983b) provided a survey of the 

network location problems based on a conceptual framework. They studied p-center 

and p-median problems and the computational order of the algorithms involved. They 

also discussed distance constrained problems, convexity concepts and multi-objective 

location problems. Brandeau and Chiu (1989) provided a comprehensive study on the 

overview of representative problems in location research, where they classified 

location problems according to the objective, decision variables and system 

parameters. Owen and Daskin (1998) reported the characteristics of models that 

explicitly address the stochastic and dynamic aspects of location problems. A wide 

range of formulations and solutions were discussed. Dynamic formulations attempt to 

address the difficult timing issues involved in locating facilities over an extended time 

horizon, while stochastic formulations address the stochastic characteristics in two 

classes: one which considers the probability distribution of uncertain parameters such 

as demand values, while the second captures uncertainty through scenario planning. 

 

The simplest location problem deals with minimizing the network cost for a single 

commodity with unlimited facility and flow capacities and linear cost. Such a problem 

can be represented as follow, 
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Where the decision variables are, 

• Xij = proportion of demand at customer location j that is supplied by facility i 

• Yi = binary decision variable to denote if facility i is open or closed 

 

And the input parameters are, 

• Cij = total production and distribution cost for supplying the demand at 

customer location j from facility i 

• Fi = fixed cost of facility i 

 

Several solution methods have been proposed for this problem. Kuehn and 

Hamburger (1963) proposed using a heuristic method with a main program and a 

bump and shift routine. The main program locates warehouses one at a time until no 

more warehouses can be opened without increasing the total network cost. Thereafter 

the routine is called to modify the solutions by evaluating the profit implications of 

eliminating the warehouses or shifting them from one location to another. Efroymson 

and Ray (1966) formulated the problem as an integer program and used a branch and 

bound procedure to solve it. They also described how the algorithm can be used to 

handle location problems with fixed and variable costs, specifically, a linear cost, 

concave variable cost with two segments, and concave variable cost with many 

segments.  

 

Khumawala (1972) improved the solution efficiency by proposing efficient branching 

rules for branch and bound algorithm. These branching rules were tested for their 

efficiency in reducing computational times and storage requirements. Erlenkotter 

(1978) proposed to solve the uncapacitated facility location problem using a dual-

based procedure. The procedure begins with any dual feasible solution and adjusts the 

multiplier incrementally to reduce the complementary slackness violation, until no 
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further reduction is possible. The procedure often produces optimal dual solutions 

which are also the optimal primal solutions. If no solution can be obtained by using 

the above procedure, a branch-and-bound procedure is used to complete the process. 

 

To ensure that demand at different locations is satisfied to a given service level, 

network design models usually include distance, demand coverage, and/or time 

constraints as service level requirements. These problems are commonly known as 

covering problems, and the service level requirement is often represented as the 

maximum distance between the facility and demand location, or the minimum 

proportion of customers covered, or the maximum time taken to travel between the 

facility and customer location. A simple formulation with distance constraint can be 

expressed as follows, 
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Where the decision variable is, 

• Xij = binary decision variable to denote if facility i serves customer location j 

 

And the input parameters are, 

• dij = Euclidean distance between facility i to customer location j  

• f(dij) = cost function with respect to dij 

• Rj = maximum distance between customer location j to the nearest facility 

(*) represents the distance constraint used 

 

Examples of such analysis include, Patel (1979) who modeled a social service center 

location problem as a p-cover problem where the objective is to minimize the 

maximum distance between customer and service center subjected to budget and 

distance constraints. Watson-Gandy (1985) modeled the problem by minimizing the 

sum of weighted distances between facilities and customer location subject to distance 
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constraint. He employed a partial enumerative procedure which includes both a graph-

coloring algorithm and an iterative location procedure. Neebe (1988) explored a 

procedure for locating emergency-service facilities for all possible distances. The 

procedure starts with a linear programming solution and then proceeds with a series of 

tests and a heuristic is used when necessary. 

 

In terms of solution methods for solving location problems with distance constraints, 

Francis et al. (1978) established the necessary and sufficient conditions for distance 

constraints to be consistent, and presented a sequential location procedure to 

determine if a feasible solution exists for given distance constraints, and to find the 

solution if it exists. Moon and Chaudhry (1984) examined a class of location 

problems with distance constraints and surveyed the solution techniques available.  

They also discussed the computational difficulties on solving such problems. 

 

For covering problems with coverage restrictions, the problem formulation can be 

defined as, 
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Where the decision variable is, 

• Xij = fraction of demand at location j served by facility i 

 

And the input parameters are, 

• hj = demand at customer location j 

• dij = distance from facility i to customer location j 

• c = cost per unit distance per unit demand 

• Vj = minimum amount of demand that must be covered at customer location j 

(*) represents the demand coverage constraint used 
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Examples of such analysis include, Moore and ReVelle (1982) who modeled the 

hierarchical service location problem as hierarchical covering problem where the 

objective is to maximize the covered demand subject to fixed number of facilities and 

coverage constraints. They expressed the hierarchy of coverage using different 

distances and used separate binary decision variables to represent the opening or 

closing of different types of service centers. Chung (1986) discussed the application 

of maximal covering location planning model into several application areas such as 

data abstraction, cluster analysis, discriminant analysis, classification procedure, list-

selection problem, and cognitive process. Pirkul and Schilling (1991) extended the 

maximal covering location problem with capacity limit constraint on the facilities. 

They solved the problem using Lagrangian relaxation method by relaxing the demand 

assignment constraint, resulting in sub-problems with initial feasible solutions. A 

heuristic procedure then uses these initial solutions in a subgradient optimization 

procedure until the best solution is found. Nozick (2001) discussed a fixed charge 

facility location model with coverage restrictions. He identified facility locations 

using two Lagrangian relaxation based heuristics. Both heuristics used the greedy 

adding algorithm to calculate the upper bounds and used subgradient optimization to 

calculate the lower bounds. 

 

Another way to ensure that demand is satisfied on time is to include the time 

dimension in location problem. O’Kelly (1986) addressed the location of two 

interacting hubs and the objective was to minimize the sum of travel times between 

every pair of customers. The optimal locations for the two hubs were obtained by 

generating optimal locations for all possible non-overlapping partitions of customers. 

Goldman (1969) and Hakimi and Maheshwari (1972) showed that for an objective 

function that minimizes the sum of travel times for a k-center problem, the optimal 

center location will be one of the nodes of the graph. This result is particularly useful 

in guaranteed time distribution model, where the objective is to minimize the 

maximum travel time for k-center problem with interactions defined on tree graphs. 

Iyer and Ratliff (1990) studied the location of accumulation points on tree networks 

for guaranteed time distribution, particularly for express mail service. Two cases were 

evaluated where in the first case, the accumulated flows between the accumulation-

points pass through a global center in a centralized system, while in the second case 

the flows pass between the accumulation points directly. They provided an algorithm 
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to locate a given number of accumulation points, allocate customers to them and 

provide the best time guarantee for both centralized and decentralized distribution 

systems. Another interesting work is reported by Brimberg et al. (1999) who 

formulated the football problem of positioning punt returners to maximize the number 

of punts caught as a location problem. Their model included the dimension of time 

and Euclidean distance, to study the number of returners to use (one or two) and their 

positions. 

 

Another approach to take care of service level requirement is to use a product specific 

delivery delay bound, where the average time taken to deliver the product, summed 

over all customers and warehouses, must be less than the bound. This idea was 

discussed in Geoffrion and Graves (1974). Kolen (1983) relaxed the distance 

constraint and solved the minimum cost partial covering problem where the objective 

is to minimize the facility setup costs and a penalty cost for not serving some demand 

points. In this case, the service level requirement was converted into a penalty cost in 

the objective function, for not satisfying demand. 

 

Most logistics network design models have been developed assuming the customer 

demand to be exogenous and defined as a uniform quantity for each product, 

independent of the service time. For example, demand of 5000 units for product A 

and 1000 units for product B represents the demand for an aggregate customer point 

that might represent all the customers for a region or a zip code. Such a representation 

does not exploit the possibility that different customers at a given aggregate point can 

have different sensitivities to delivery lead time. For example, in the textile dye 

industry, the smaller textile mills are more lead-time sensitive than the larger textile 

mills, since the smaller textile mills tend to have lower capacity to keep stock and 

would want to be served within a shorter delivery lead time. Thus, by designing a 

network to suit different demand classes and satisfying each demand class on time, 

the network can be more efficient and network cost can be reduced. 

 

To our knowledge, there has been no research work on location problems that 

consider separate demand classes at each demand point where the classes differ in 

terms of their delivery lead time requirements. We focus on designing a two-echelon 

distribution network with a hub on the first echelon and potential local warehouse 
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locations at the second echelon. We differ from previous research in that, we assume 

that demand at each demand point can be separated into two demand classes based on 

their sensitivity to delivery lead time, namely long lead time (LT) demand and short 

lead time (LT) demand. We then use a facility grouping method to ensure that the 

different demand classes are satisfied on time. Short LT demand can be satisfied only 

if delivery is made from a local warehouse or a nearby warehouse which can also 

satisfy the short delivery lead time. The key decision therefore is whether or not to 

open the local warehouse to satisfy the short LT demand, and is so, which ones to 

open. The amount of short LT demand that cannot be satisfied will be lost and a lost 

sales cost will be incurred. 

 

 

2.2 OBJECTIVES, ASSUMPTIONS AND PARAMETERS 
 

In this section, we focus on modeling a two-echelon supply chain with differentiated 

demand-lead-time to support decision making for logistics network design. The main 

objectives are, 

• to illustrate the benefits of segmenting customers and employing facility 

grouping method, and 

• to derive managerial insights from the network design decision making 

process in response to increasing lost sales cost. 

 

The assumptions include, 

• Single product with deterministic demand 

• Quantity shipped per trip is the same for every trip between an origin-

destination (O-D) pair 

• Shipping frequency is assumed to be higher for an O-D pair which is closer 

together, and lower for an O-D pair which is further apart 

• Transportation costs are modeled with a piecewise linear concave cost 

function with two-segment to encourage freight consolidation 

• Inventory holding cost is approximated to be linear with the amount of flow 

through the facility (see Appendix 3-1 for this assumption) 



© 2005 Nanyang Technological University. All rights reserved. 31

• Inventory holding cost per unit is assumed higher at local warehouse than at 

distribution hub 

• Capacity constraints are ignored 

 

The two-echelon supply chain is depicted in Figure 4 below, with some of the 

parameters and decision variables. 

 

 
 

Figure 4: Two-echelon Supply Chain 

 

 

The given parameters include, 

• Zf = annual fixed cost of facility f (facility f includes hub k and warehouse j) 

• Wf = Wk, Wj = unit variable cost of facility k and j respectively 

• Hf = Hk, Hj = inventory holding cost per unit per year at facility k and j 

respectively 

• Bk, Bj = annual external supply of product to facility k and j respectively 

• Di = total annual demand at location i 
• D

iS
 , D

iL
 = annual demand at location i with short and long LT respectively 

• LiS , LiL = unit lost sales cost at location i for demand with short and long LT 

respectively 
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• SfiS , SfiL = binary parameter which indicates if facility f can satisfy customers 

at location i within short delivery LT and long delivery LT respectively 
• LCL

kjC , FCL
kjC  = LCL and FCL1 rate of shipping per unit of product from hub k 

to warehouse j respectively 

• LCL
kiC , FCL

kiC  = LCL and FCL rate of shipping per unit of product from hub k to 

customer i, respectively 

• LCL
jiC , FCL

jiC  = LCL and FCL rate of shipping per unit of product from 

warehouse j to customer i, respectively 

• SFfi = annual shipping frequency from facility f to customer i 

• SFkj = annual shipping frequency from hub k to warehouse j 

• T = tonnage for FCL (= 15.4 tons) 

 

The decision variables include, 

• Yf = 0 if facility is closed and 1 if otherwise 

• Xkj = quantity shipped per year from hub k to warehouse j 

• Xfi = quantity shipped per year from facility f (facility f includes hub k and 

warehouse j) to customer i 

• XfiS , XfiL = quantity shipped per year from facility f (facility f includes hub k 

and warehouse j) to customer i to satisfy annual demand with short and long 

LT respectively 

• Xkj
LCL, Xkj

FCL = quantity shipped per trip from hub k to warehouse j using 

LCL and FCL shipping rates respectively 

• Xfi
LCL, Xfi

FCL = quantity shipped per trip from facility f (facility f includes hub 

k and warehouse j) to customer i using LCL and FCL shipping rates 

respectively 

• Rkj, Rfi = binary decision set according to the quantity shipped per trip from 

hub k to warehouse j, and from facility f (facility f includes hub k and 

warehouse j) to customer i. R is set to 1 if the quantity shipped exceeds the 

FCL tonnage, and 0 otherwise 

 

                                                 
1 LCL denotes Less-Than-Container-Load, and FCL denotes Full-Container-Load. FCL is about 15.4 
tons or 28 cubic meters. 
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Before we study the model, let us understand how the facility grouping method is 

employed. The facility grouping method is the method by which we denote the 

facilities that can serve a customer location within a short LT interval. Consider two 

customer locations served by six possible facilities as shown in Figure 5.   

• At customer location 1, the demand is split into two classes, where the short 

LT class needs to be satisfied in less than 2 days, and the long LT class needs 

to be satisfied in less than 6 days. The “X” indicates the number of days 

required for the facility to serve the customer. As an example, facility 3 can 

serve customer location 1 in 1 day and facility 1 can serve customer location 1 

in 2 days; thus, these two facilities can serve the short LT demand at location 1.  

As such, we set Sf1S to be “1” for facilities 1 and 3 and “0” for the other 

facilities. 

• At customer location 2, the demand classes are defined such that the 

requirements are 3 day service for the short LT class and 6 day service for the 

long LT class. Similarly, we set Sf2S to be “1” for facilities 2, 5 and 6, and “0” 

for the other facilities. 

 

We can extend this facility grouping method to consider any number of demand 

classes, and it also offers the flexibility in defining different short or long lead times 

for each customer location. Most importantly, it overcomes the difficulty of including 

lead time consideration in network modeling. 
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Figure 5: Facility Grouping Method Illustration 

 

 

2.3 MODEL AND SOLUTION METHODOLOGY 
 

We present the model as follows: 
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The objective function trades off the fixed and variable costs of operating the network 

to satisfy demand, versus the lost sales cost of not satisfying demand.  

• First term – total annual fixed cost for facilities that are open 

• Second term – total annual variable cost and inventory holding cost involved 

in shipping product from facility to customer. For variable cost, we compute 

by multiplying the unit variable cost with the quantity shipped per year. For 

the inventory holding cost, we are assuming a linear relationship given by, 

Cycle stock inventory * Unit inventory holding cost per year = 0.5X H
SF

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

Where X = quantity shipped per year, and SF = shipping frequency per year 

• Third term – total annual shipping cost involved in shipping product from 

facility to customer, computed by summing all the shipping cost per trip using 

either LCL and FCL shipping rates, then multiplied by the annual shipping 

frequency. 
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• Fourth term – similar to the second term, this is the annual variable cost and 

inventory holding cost involved in shipping product from hub to warehouse 

• Fifth term – similar to the third term, this is the annual shipping cost involved 

in shipping product from hub to warehouse 

• Sixth term – total annual lost sales cost when demand is not satisfied. We 

compute this term by summing for each demand class and each customer 

location, the unsatisfied demand multiplied by its respective lost sales cost. 

 

The constraints include, 

(1) – ensures that quantity shipped is less than the demanded quantity 

(2) – ensures that sum of quantity shipped out of facility f to customer i for each 

demand lead time equals the total quantity shipped out of facility f to customer 

i 

(3) – to relate the binary decision variables Yf to the flow decision variables Xfi 

and Xkj, and assure that if there is flow from a facility, then the facility is open 

(4) – flow constraints that assure that the flow out of each facility does not exceed 

the flow into each facility 

(5) – sets the shipped quantity per trip according to either LCL or FCL.  

(6) – forcing constraints to set the decision variables Rkj or Rfi to 1 if the shipment 

quantity is larger than the tonnage for FCL shipping, and 0 if otherwise. M is a 

very large number. Together with constraints (5), they force the decision 

variables Xkj
FCL and Xfi

FCL to take 0% or 100% of the quantity shipped per trip. 

This will in turn set the values for Xkj
LCL and Xfi

LCL accordingly. 

(7) and (8) – sets the decision variables to binary or real 

 

The model is a typical mixed-integer program (MIP) with binary integers, where the 

computational difficulty depends on the number of binary decision variables and 

number of constraints in the model. If there are n binary decision variables, then the 

solution space will increase exponentially by 2n.  

 

The binary decision variables in the model are Yf, Rkj or Rfi. For a problem with one 

hub, five warehouses and five customer locations (that is, k =1, j = 5 and i = 5), we 
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will have a total of 41 binary decision variables, and the solution space will have 241 = 

2.212 solutions. 

 

The branch-and-bound method is one of the efficient methods used for solving such 

binary integer programs. However, for very large problem size, the computational 

time will increase. We have implemented the model using the Lingo solver and 

branch-and-bound is used to solve the model. We tested the model with two different 

problem sizes on an Intel Pentium 4, 2.4 GHz PC with 256MB of RAM, and the 

computation details are given in Table 3 below. With the computational efficiency 

provided, we can expect a relatively large problem size of 50 to 100 warehouse 

locations with their corresponding customer locations to be solved within reasonable 

computational time. 

 

 

1 Hub,  

5 Warehouses, 

5 Customer Locations 

1 Hub,  

10 Warehouses, 

10 Customer Locations 

Number of decision variables 206 711 

Number of integer decision variables 41 131 

Number of constraints 187 622 

Memory used (K) 79 197 

Number of iterations 142 914 

Computational run time (seconds) 1 3 

 

Table 3: Comparison of Computational Details for Different Problem Sizes 

 

 

2.4 RESULTS 1 – BENEFITS OF DEMAND SEGMENTATION 
 

The results in this section seek to illustrate the benefits of segmenting customers and 

using the multiple-facility grouping method. The benefits can be exemplified by a 

simple network involving one hub, one local warehouse and one customer location in 

which there are two classes of demand. Without segmenting the customers by demand 

class, the network will have the structure in either Case A or Case B as shown in 

Figure 6. 
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Figure 6: Segmenting Versus Not Segmenting Customers 

 

 

In Case A, all customers get short LT delivery service from the warehouse (WH); 

while  for Case B, only long LT delivery service from the hub will be provided, which 

will result in losing the short LT customers. In Case C, where the customers are 

segmented, the short LT customers are served from WH and the long LT customers 

are served from hub. 

 

Case A will result in excess cost incurred to serve long LT demand using the local 

warehouse, while Case B will incur potential lost sales when the short LT demand 

cannot be satisfied on time. With segmentation (Case C), customers at the location are 

appropriately assigned to be served either from the local warehouse or hub to meet 

their demand lead time. Comparing cases A and C, there is obvious network cost 

savings; while comparing cases B and C, adding a local WH in Case C to serve the 

short LT customer must be balanced with the potential lost sales cost incurred in Case 

B. The network designs with demand segmentation (Case C) will contain a larger 

feasible set which incorporates both Case A and Case B. 

 

To illustrate quantitatively, we implement our model on a simple supply chain 

comprising one hub, five customer locations and five corresponding warehouse 

locations as shown in Figure 7. We consider two different demand scenarios, 

• Scenario 1 = 30% Long LT demand, 70% Short LT demand 

• Scenario 2 = 70% Long LT demand, 30% Short LT demand 
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We will compare the results of network segmentation for scenarios 1 and 2 with 

networks without segmentation, namely Case A (both demand classes get short LT 

service) and Case B (short LT demand is lost; long LT demand is served). 

 

 
 

Figure 7: Supply Chain Network Model for Quantitative Analysis 

 

 

We aim to compute the following measures, 

a)  Measure_1 = percent network cost savings comparing network with segmentation 

(Case C) with Case A for the two demand scenarios, 

_1 A C

A

NW NW
Measure

NW
−

=  

Where, NWA = network cost for Case A 

  NWC = network cost for segmented demand scenario 1 or 2 

b) Measure_2 = percent network cost savings comparing network with segmentation 

(Case C)  with Case B for the two demand scenarios, (where the cost for Case B is 

the network cost to serve the long LT demand, plus the lost sales cost for not 

serving the short LT demand.), 

_ 2 B C

B

NW NW
Measure

NW
−

=  

Where, NWB = network cost for Case B 

  NWC = network cost for segmented demand scenario 1 or 2 
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A total of 72 experiments were implemented based on varying the five parameters 

with randomly selected values, 

1. Demand variation across the 5 locations (high or low) 

2. Facility fixed cost (high, medium or low) 

3. Holding cost (high or low) 

4. Facility grouping (1, 2 or 3 neighboring facility grouping for short LT) 

5. Lost sales cost (high or low) 

We give the experimental data in Appendix 3-2. 

 

The quantitative results (for detailed results, refer to Appendices 3-3A and 3-3B) 

show that, by segmenting the demand (Case C), we can achieve, 

• Reduction in network cost of 6.8% to 20.1% for Scenario 1, and 16.2% to 47.2% 

for Scenario 2, as compared to Case A (providing delivery service by assuming 

100% short LT demand); and  

• Reduction in network cost of 3.7% to 84.3% for Scenario 1, and 0% to 77.5% for 

Scenario 2, as compared to Case B (providing delivering service by assuming 

100% long LT demand). 

 

In comparing Case C (segmented demand) to Case A (providing only short LT 

delivery service), we find that the percent cost savings increases as, 

• percent of long LT demand increases 

• number of facilities which can serve the short LT demand increases 

• lost sales decreases 

• holding cost increases 

• fixed cost decreases 

• demand variation increases 

 

In comparing Case C (segmented demand) to Case B (providing only long LT 

delivery service), we find that the percent cost savings increases as, 

• percent of long LT demand decreases 

• number of facilities which can serve the short LT demand increases 

• lost sales increases 

• holding cost decreases 
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• fixed cost decreases 

• demand variation increases 

 

In conclusion, segmenting customers will result in more effective allocation of 

demand classes to facilities and reduces the network cost. Such network cost savings 

come from the fact that long LT demand customers need not be served from the local 

warehouse, which is more expensive; and local warehouses need to only carry the 

necessary inventory to serve the short LT demand customers. 

 

 

2.5 RESULTS 2 – INSIGHTS FROM NETWORK DESIGN 

DECISION MAKING PROCESS 
 

In this section, we highlight several insights from the network design decision making 

process in response to increasing lost sales cost. These insights are based on 72 

experiments which were run by varying the five parameters, 

1. Demand variation among the 5 locations (high or low) 

2. Percent of long LT demand (high or low) 

3. Facility fixed cost (high, medium or low) 

4. Holding cost (high or low) 

5. Facility grouping (1, 2 or 3 neighboring facilities to satisfy short LT demand) 

Here, lost sales cost is not included as one of the five parameters as in Section 2.4, 

instead percent of long LT demand is used. 

 

For each experiment, we examined how the network design decisions change as we 

increase the lost sales cost; in each instance, we increased the lost sales cost until all 

demand was satisfied in the optimal solution to the network design problem. The 

experimental data used is the same as those defined in Appendix 3-2, and the results 

are given in Appendix 3-4. 

 

A typical experimental result for single facility grouping is shown in Figure 8. (Single 

facility grouping refers to allowing only the local warehouse to serve the short LT 

demand at the customer location; while multiple facility grouping allows the local 
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warehouse and some nearby warehouse or hub to serve the short LT demand at the 

customer location). As the cost of a lost sale is increased, the optimal solution opens 

more local warehouses to satisfy the short LT demand as much as possible, until all 

demand is satisfied. 

• At lost sales cost equals to 1X, all facilities are closed and all demand is lost. 

• At lost sales cost equals to 1.6X, the hub is open to serve all long LT demand 

at all customer locations. 

• At lost sales cost equals to 2.3X, warehouse 3 is open to serve short LT 

demand at customer location 3. 

• At lost sales cost equals to 2.4X, warehouse 1 and warehouse 2 are open to 

serve short LT demand at customer locations 1 and 2 respectively. 

• At lost sales cost equals to 2.8X, warehouse 5 is open to serve short LT 

demand at customer location 5. 

• At lost sales cost equals to 5.1X, warehouse 4, which is the last warehouse, is 

open to serve short LT demand at customer location 4. 

Here X refers to a unit measure for the lost sales cost computed based on variable cost, 

holding cost and shipping cost. See Appendix 3-2 for details. 

 

 
 

Figure 8: Example Experimental Result for Single-Facility Grouping 
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For two-facility grouping, the typical result is shown in Figure 9. (Two-facility 

grouping allows the local warehouse and a nearby warehouse, one on the left and 

another one on right, to serve the short LT demand at the customer location). As the 

cost of a lost sale is increased, the optimal solution opens more local warehouses to 

satisfy the short LT demand as much as possible, until all demand is satisfied. 

• At lost sales cost equals to 1X, all facilities are closed and all demand is lost. 

• At lost sales cost equals to 1.3X, the hub is open to serve all long LT demand 

at all locations, and warehouse 2 is opened to serve short LT at customer 

locations 1, 2 and 3. 

• At lost sales cost equals to 2.2X, WH5 is open to serve short LT at customer 

locations 4 and 5. 

 

 
 

Figure 9: Example Experimental Result for Two-Facility Grouping 

 

 

From these figures, we can study the contributions from each cost components to the 

total cost, as lost sales cost changes. 
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Our experiments yielded several interesting managerial insights. First, we observed 

that network cost reduces as the number of facilities serving the short LT demand 

increases in the facility grouping (see Appendix 3-5). This cost reduction is because 

more short LT demand at several customer locations can be served from the same 

facility. This reduction is more significant from 1- to 2-grouping, than from 2- to 3-

grouping. From 1- to 2-grouping, the reduction percentage ranges from 2.5% to 

33.5%, while from 2- to 3-grouping, the reduction percentage ranges from 0.2% to 

16%. 

 

Second, networks with lower holding cost can expect higher percentage reduction in 

network cost, with increased number of facilities in the facility grouping (see 

Appendix 3-6). The reason is because as the number of facilities in the facility 

grouping increases, the same facility can serve more short LT demand at several 

customer locations and thus need to hold more inventories, which takes greater 

advantage of the lower holding cost. For networks with higher holding cost, the 

percentage reduction in network cost ranges from 0.2% to 27.2%; while for networks 

with lower holding cost, the percentage reduction ranges from 0.8% to 33.5%. 

 

Third, networks with high facility fixed cost can benefit the most from multiple-

facility grouping (see Appendix 3-7). Multiple-facility grouping allows more demand 

to share the fixed cost of the facility. This sharing becomes more beneficial when the 

fixed cost is high. For networks with high facility fixed cost, the network cost 

reduction ranges from 8.7% to 33.5%; for networks with medium facility fixed cost, 

the network cost reduction ranges from 4.3% to 24%; and for networks with low 

facility fixed cost, the network cost reduction ranges from 0.2% to 7.2%. 

 

Fourth, the most favorable network setting is “Low fixed cost, low holding cost and 

maximum-facility grouping”, while the most unfavorable network setting is “High 

fixed cost, high holding cost and single-facility grouping”. 

• High demand variation among customer locations makes network planning 

difficult for locations with low demand. If such low demand locations have 

high percent of long LT demand, it makes it even more unfavorable to open a 
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local warehouse. Thus, the most favorable network setting will be able to 

bring down the network cost. 

• Low demand variation coupled with low percent of long LT demand 

necessitates the opening of local warehouse. Thus, the most unfavorable 

network setting will drive the network cost up. 

 

Networks with high demand variation among customer locations, high percent of long 

LT demand, high facility fixed cost and subjected to single-facility grouping, are most 

likely to incur lost sales. Due to high demand variation, some locations have very low 

demand. With high facility fixed cost, it takes extremely high lost sales cost to justify 

the opening of WH to serve such low demand points. As an example, consider Run 1 

– HHHH1; the lost sales cost needs to increase to 31.6X to make it worthwhile to 

open the last warehouse (see Figure 10). 

 

 
 

Figure 10: HHHH1 Setting is Most Likely to Incur Lost Sales Cost 

 

 

The decision to open or close a facility at a location is greatly affected by the fixed 

cost and/or amount of demand 
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• For high demand variation network,  a location with high demand coupled 

with low fixed cost has the highest priority to have its local warehouse open 

first 

• For low demand variation network, a location with low fixed cost has the 

highest priority to have its local warehouse open first 

 

For multiple-facility grouping, the decision to open a facility becomes reversed as lost 

sales cost is increased. This is because multiple-facility grouping provides greater 

flexibility in designing the network. Thus, it is critical for companies to examine the 

sensitivity of the network design to the lost sales cost to avoid making sub-optimal 

network decisions. As an example, consider Run 17 – HHLH3; warehouse 2 was 

opened initially to serve the short LT demand for customer locations 1 to 4, but was 

later closed with warehouse 3 open to serve all demand (see Figure 11). 

 

.

 
 

Figure 11: Network Design Decisions Which Changes with Lost Sales Cost 
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In summary, a logistics manager who plans to use the results above to design 

distribution network needs to understand the following. 

1. Segmenting customers will result in more effective allocation of demand 

classes to facilities and reduces the network cost. 

2. Multiple facility grouping will help in reducing network cost, especially for 

networks with lower holding cost and higher facility fixed cost. 

3. It will be very costly to design and operate a network to satisfy all the demand 

for networks with high demand variation among customer locations, high 

percent of long LT demand, high facility fixed cost and subjected to single-

facility grouping. 

4. Without any formal analysis, the most intuitive network design decisions are, 

• For high demand variation network, open a local warehouse to serve 

locations with high demand coupled with low facility fixed cost. 

• For low demand variation network, open a local warehouse to serve 

locations with low facility fixed cost. 

5. There is a need to examine the sensitivity of the network design to the lost 

sales cost to avoid making sub-optimal network decisions. 

6. Network design decisions are meant to be long-term, and the planned facilities 

and flows in the links must be sufficient for the network to run effectively over 

a period of time. Thus, the values of the input parameters provided for making 

such network decisions must be representative of the actual situation over the 

period of time. Network designers need to trade-off the cost involved in 

designing a network that has surplus capacity against the cost involved in 

making the change in the network when met with insufficient capacity. There 

are several research works which look at dynamic network design including 

Wesolowsky and Truscott (1975), Sweeney and Tatham (1976), Rosenthal et 

al. (1978), Schilling (1980), Van Roy and Erlenkotter (1982), Louveaux (1986, 

1993), Vairaktarakis and Kouvelis (1999). For a comprehensive review on 

dynamic network design, interested readers can refer to Owen and Daskin 

(1998). 
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2.6 INDUSTRY CASE STUDY 
 

In this section we describe the application of our analysis discussed in Section 2.3 – 

2.5 to the network design at a textile dye manufacturer. The data related to the case 

study were collected during a three month internship at a 3PL company which was 

responsible for providing logistics services to the textile dye manufacturer. Due to the 

sensitivity of the data collected, the company name used here is not the real one. 

TextDye is a world leader (see Figure 12) in supplying textile dyes to textile mills 

which are responsible for coloring the fabrics for the subsequent production of fashion 

wear. It has its headquarters in Europe and three regional distribution centers (RDCs) 

or hubs located in Europe, Asia and United States. Its network includes 22 sales 

companies in major markets, agencies in about 50 countries, and production facilities 

in 6 countries. The company employs about 3,800 employees worldwide. 

 

 
 

Figure 12: Market Leader in Textile Dye 

 

 

In 2003, the company’s sales rose to Euro 800 million. The Asia region presents itself 

to be a very important and growing region and accounts for a large portion of the 

textile dye sales (see Figure 13). With the removal of the clothes and textile imports 

quota from 1st January 2005 (Straits Times, 27th Dec 2004) , the decades-old system 

of regulating the US$400 billion annual trade which has helped the Western world 
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protect its producers from foreign competition, will no longer benefit only the 

European and American markets. Exports from China and India are expected to 

increase tremendously, making Asia an even more important region for textile dye 

sales. 

 

 
 

Figure 13: Sales Distribution of TextDye in 2003 

 

 

The distribution of these chemical dyes in the Asia region is handled by a 3PL 

company located in Singapore. The Asia’s distribution network consists of ten local 

warehouses and the Singapore hub (thereafter called the RDC) as shown in Figure 14. 

We apply the network design model discussed in Section 2.3 to TextDye to illustrate 

the benefits of segmenting customers.  

 

We perform four experimental runs as given in Table 4. In Run #1, we assume that 

the customers at each customer location can be segmented into two classes: short LT 

demand and long LT demand. We assume that 70% of the demand is for short LT 

service and 30% for long LT service. We assume only single-facility grouping 

(denoted by S) where only the local warehouse can satisfy the short LT demand. In 

Run #2, we switch the segmentation percentage (30% requires short LT and 70% 

requires long LT) and still assume only single-facility grouping. Runs #3 and #4 are 

analogous to Runs #1 and Runs #2 respectively, except we assume multiple facility 

grouping (denoted by M) according to proximity. In multiple facility grouping, more 
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than one warehouse or even the hub can provide short LT delivery to satisfy the short 

LT demand. Here, the groupings are as follow, 

• RDC (Singapore hub), Singapore, Thailand and Indonesia 

• China 1, China 2 and Taiwan 

• Korea, Japan1 and Japan2 

• India 

 

Run # Facility Grouping Short LT demand /Long LT  Demand 

1 S 70% / 30% 

2 S 30% /  70% 

3 M 70% / 30% 

4 M 30%/  70% 

 

Table 4: Experimental Runs for Industry Case Study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: TextDye’s Asian Distribution Network 
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For each run, we obtain the optimal network design and compare the network cost 

with Case A (assuming short LT service for all demand) and Case B (assuming only 

long LT service with short LT demand lost). In Case A and B, we assume we cannot 

segment demand. For Case A, we provide short delivery lead-time for all demand, 

regardless of whether this level of service is required or not. For Case B, we only 

provide a long delivery lead-time; as a consequence, in Case B we lose all of the short 

LT demand. The case study data used is given in Appendix 4, listing the demand, 

fixed cost, variable cost, holding cost, shipping cost and shipping frequency. 

 

The optimal network design for each run and each case is given in Table 5 below. 

 

 

SIN: Singapore; TH: Thailand; INDN: Indonesia; CN2: China2; JP1: Japan1; JP2: Japan2 

 

Table 5: Optimal Network Design for Industry Case Study 

 

 

   Optimal Network Design 
   Case A Case B Segmented Demand 

# FG 
S/L 

Demand 
100% Short LT 

Delivery Service 
100% Long LT 

Delivery Service
Short LT 

Delivery Service 
Long LT 

Delivery Service
1 S 70% / 30% 10 WHs open. 

Each 
WH serves its own
customer location.

No WH is open.
Hub serves all 

customers. 

10 WHs open. Each 
WH serves its own 
short LT demand 

customers. 

Hub serves all 
long LT demand

customers. 

2 S 30% / 70% 10 WHs open. 
Each 

WH serves its own
customer location.

No WH is open.
Hub serves all 

customers. 

10 WHs open. Each 
WH serves its own 
short LT demand 

customers. 

Hub serves all 
long LT demand

customers. 

3 M 70% / 30% SIN, TH, INDN 
closed. RDC serve 

these locations. 
Remaining 7 WHs 
open to serve own 
customer location.

No WH is open.
Hub serves all 

customers. 

SIN, TH, INDN, CN2, 
JP2 closed. RDC serves 

SIN, TH, INDN; TW 
serves CN2; while JP1 

serves JP2. 
Remaining 5 WHs open 
to serve own short LT 

demand customers. 

Hub serves all 
long LT demand

customers. 

4 M 30% / 70% SIN, TH, INDN 
closed. RDC serve 

these locations. 
Remaining 7 WHs 
open to serve own 
customer location.

No WH is open.
Hub serves all 

customers. 

SIN, TH, INDN, CN2, 
JP2 closed. RDC serves 

SIN, TH, INDN; TW 
serves CN2; while JP1 

serves JP2. 
Remaining 5 WHs open 
to serve own short LT 

demand customers. 

Hub serves all 
long LT demand

customers. 
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For Runs #1 and #2, they represent the single-facility grouping with different 

combinations of demand segmentation. 

• Segmented Demand 

o Short LT delivery service – each of the ten local warehouses is open to 

serve its respective short LT demand customers. 

o Long LT delivery service – all long LT demand is served directly from 

the hub. 

• Case A – each of the ten local warehouses is open to serve its respective 

customer location, assuming customers are not segmented. 

• Case B – all long LT demand is served directly from the hub; all short LT 

demand is lost. 

 

For Runs #3 and #4, they represent the multiple-facility grouping with different 

combinations of demand segmentation. 

• Segmented Demand 

o Short LT delivery service – Five warehouses, Taiwan, China1, Japan1, 

Korea and India, are open and serve their respective short LT demand 

customers. Five warehouses, Singapore, Thailand, Indonesia, China 2 

and Japan 2 are closed. Short LT demand from Singapore, Thailand 

and Indonesia are served from the RDC (or Singapore hub); short LT 

demand from China 2 is served from the Taiwan warehouse; and short 

LT demand from Japan 2 is served from the Japan 1 warehouse. 

o Long LT delivery service – all long LT demand is served directly from 

the hub. 

• Case A – three warehouses, Singapore, Thailand and Indonesia are closed, and 

all the demand from these locations is served directly from the RDC. The 

remaining seven warehouses are open to serve their respective customer 

locations.  

• Case B – all long LT demand is served directly from the hub; all short LT 

demand is lost. 

 

The graphical representation of the network design for Runs #3 and #4 is given in 

Figures 15, 16 and 17. 
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Figure 15: Optimal Network Design for Segmented Demand for Runs #3 and #4 

 

 

 
 

Figure 16: Optimal Network Design for Case A for Runs #3 and #4 



© 2005 Nanyang Technological University. All rights reserved. 54 

 
 

Figure 17: Optimal Network Design for Case B for Runs #3 and #4 

 

 

The percentage savings in network costs (based on a lost sales cost equal to 50% of 

value of product) are given in Table 6 below. We can achieve significant cost savings 

when we design the network to account for the segmented demand, as compared to 

assuming demand cannot be segmented, as in Case A (assuming 100% short LT 

delivery service) and Case B (assuming 100% long LT delivery service). 

 

   % Network Cost Savings 

Run # 

Facility 

Grouping 

Short LT demand /  

Long LT  Demand Compared to Case A Compared to Case B 

1 S 70% / 30% 16.7% 62.7% 

2 S 30% /  70% 39.3% 48.2% 

3 M 70% / 30% 13.5% 70.5% 

4 M 30% /  70% 31.2% 55.4% 

 

Table 6: Network Cost Savings for Industry Case Study 
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Lost sales cost is one input parameter which is often very difficult to estimate. The 

above network cost savings were computed based on assuming lost sales cost equals 

to 50% of the value of product. We repeated the four sets of experimental runs using 

different lost sales cost, 10% and 30% of value of the product, to study the sensitivity 

of the percentage network cost savings to the lost sales cost. The sensitivity study 

results are given in Table 7, Figures 18 and 19 below. 

 

 

Table 7: Sensitivity of Network Cost Savings to Lost Sales Cost 

 

 

 
 

Figure 18: Sensitivity of Network Cost Savings to Lost Sales Cost  

(Compared to Case A) 

   

% Network Cost Savings when 

compared to Case A 

% Network Cost Savings when  

compared to Case B 

# FG 

S/L 

Demand 

LS Cost 

= 10% value

LS Cost 

= 30% value

LS Cost 

= 50% value

LS Cost 

= 10% value

LS Cost 

= 30% value 

LS Cost 

= 50% value

1 S 70% / 30% 10.9% 16.7% 16.7% 0.0% 39.8% 62.7% 

2 S 30% / 70% 26.4% 39.6% 39.3% 0.1% 25.4% 48.2% 

3 M 70% / 30% 10.1% 13.5% 13.5% 4.9% 52.5% 70.5% 

4 M 30% / 70% 23.5% 31.2% 31.2% 2.6% 35.3% 55.4% 
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Figure 19: Sensitivity of Network Cost Savings to Lost Sales Cost  

(Compared to Case B) 

 

 

From the sensitivity study results, we observe the following, 

• When compared to Case A, the network cost savings obtained by segmenting 

demand, first increases and then remains relatively constant, as lost sales cost 

increases.  

• When compared to Case B, the network cost savings obtained by segmenting 

demand increases as lost sales cost increases. However, the amount of increase 

reduces as the lost sales cost increases. 

 

From the results obtained, we can conclude that, 

• Positive network cost savings can be achieved for the chemical industry 

distribution network design, by considering segmented demand, for different 

lost sales cost. 

• By understanding the sensitivity of network cost savings to lost sales cost, 

logistics manager can identify the range of lost sales cost, where the network 

design is more robust and would still remain optimal, and the network cost 

savings would still be enjoyed, should the lost sales cost changes within the 

range. 
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PART III 

LOGISTICS NETWORK DESIGN WITH PRICE 

DISCOUNT 
 

In the first research area, we assumed that the level of demand for each demand class 

is known and exogenously given. In this second research area, we permit a price 

discount as a means to entice customers to move from the short LT class to the long 

LT class. Such a consideration can be applied in industries where different customers 

have different priorities. For example in the chemical dye industry, small textile mills 

tend to be more lead-time sensitive while the bigger textile mills are more price-

sensitive, and could be enticed by price discount to accept a longer delivery lead time. 

In other context, Wang, Cohen and Zheng (2002) have reported that price discount 

could be used to entice customers of Teradyne Inc., a leading semi-conductor 

equipment manufacturer, to accept a longer delivery lead time, so as to improve the 

inventory level distribution within its distribution network. 

 

 

3.1 LITERATURE REVIEW 
 

Previous research on location problem with price-sensitive demand mainly deals with 

a single demand value which is dependent on the pre-defined pricing policy, and the 

network is thus designed to serve the resulting demand. Therefore, the price and the 

network design are determined simultaneously. The formulation for a general problem 

is given as follow, 
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Where the decision variables are, 

• Xij = amount shipped from facility i to customer j 

• Yi = binary decision variable to denote if facility i is open or closed. 

 

And the input parameters are, 

• Cij = unit cost incurred to serve from facility i to customer j 

• Fi = fixed cost for facility i 

• Dj = Demand value at customer location j 

• Bj(Dj) = total benefit at customer location j associated with demand value Dj. 

This could represent the revenue earned from satisfying demand Dj 

 

The above model maximizes the net profit in the objective function, obtained by 

subtracting the network cost (variable cost plus fixed facility cost) from the benefits 

earned from satisfying the demand. 

 

Examples of such research include Wagner and Falkson (1975) who defined price-

sensitive demand relationships at various locations and then jointly determined the 

pricing and location decisions under the public-sector objective of maximizing net 

social benefits. Hansen and Thisse (1977) developed a similar model and approach for 

the private-sector objective of profit maximization. Erlenkotter (1977) developed a 

general pricing-location model which includes the two earlier works as specific cases. 

His model examined a third situation, the quasi-public situation which aims at 

maximizing net social benefits subject to a constraint which ensures that there is 

sufficient revenue to cover costs. Hanjoul et al. (1990) developed a general model to 

encompass three different pricing policies, namely uniform mill pricing, uniform 

delivered pricing and spatial discriminatory pricing. This algorithm can be used to 

determine the price and network design simultaneously for any of the three pricing 

policies. 

 

In terms of price-sensitive stochastic demand, Logendran and Terrell (1988) 

developed a profit maximizing model for the uncapacitated plant location-allocation 

problem. The demand in their model is assumed to follow a known distribution with a 

given mean and variance, and the demand generated is further assumed to be 
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independently distributed, with different means and/or variance at different price 

levels. The model used a heuristic algorithm based on “drop” heuristics with two 

priority rules. Logendran and Terrell (1991) revisited the problem considering the 

capacitated plant case where a heuristic algorithm and two optimizing algorithms are 

proposed. 

 

Other papers which consider price-sensitive and/or lead-time-sensitive demand 

include Hill and Khosla (1992), So and Song (1998), Palaka et al. (1998), So (2000), 

Rao et al. (2000) and Ray and Jewkes (2004). The demand function usually depends 

on the price and/or delivery time, and the price can in turn be determined by the 

delivery time. Some of the models also require an investment to reduce delivery time; 

other models require the firm to satisfy the guaranteed delivery time, and/or assume 

that higher demand reduces unit operating costs. Other considerations include 

multiple-firm competition and integrating the delivery lead time with production 

planning. All these works involved determining the optimal guaranteed delivery time, 

which in turn determines the price, the resulting demand and capacity. 

 

Within this research, there are a variety of approaches to characterize the relationship 

between price and demand. For example in Ray and Jewkes (2004), the mean demand 

rate varies linearly with lead time and price; in So and Song (1998), the mean demand 

has a log-linear relationship with price and delivery lead time; in Palaka et al. (1998), 

the demand is linear with price. However, none of these works described how the 

relationship used was established. 

 

There are numerous papers in economics and marketing research literature that 

address the issue of pricing. This research focuses on pricing models for single 

periods, dynamic pricing models, price discount decisions, behavioral aspects of 

pricing and quality, interactions of price and other elements of marketing mix such as 

product characteristics and advertising. The interested reader is referred to Rao (1984) 

for a review of the pricing research in marketing. There are also some papers which 

attempt to estimate the demand and supply functions for differentiated products 

(Agarwal and Ratchford 1980, Epple 1987) based on the theory of hedonic prices by 

Rosen (1974). Although it is not the objective of our work to address how the price-
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demand relationship is estimated, we may be able to adopt the Rosen model to find an 

answer. 

 

Our work is different from previous works in a few areas, 

• We assume that the total demand value at each demand location is known and 

exogenously given. We begin with an initial state where we assume that all of 

the demand has short LT requirements. 

• We employ price discount to entice some or all of this total demand value at 

each location to move to the long LT class. 

• Our demand function differs from the usual demand function, where the 

overall demand value is a result of the pricing policy. Here, the demand 

function determines how much of the original demand value is enticed to 

accept long LT service in return for a discounted price. 

• We will have up to two prices offered, one offered to the short LT demand 

class, which is assumed known; and the discounted price offered to the long 

LT demand class, which is a decision variable. 

• The resulting optimal network design will have up to two demand classes at 

each customer location, depending on whether price discount is offered at the 

customer location. 

 

In order to establish if price discount is indeed an effective mechanism for improving 

the performance of a network design, we are motivated to find out, 

• When is a price discount helpful? 

• How much of the short LT demand should be enticed to move to the long LT 

class? 

• Should the local warehouse be opened to serve the remaining short LT 

demand, or closed such that the remaining short LT demand is lost? 

• What are there necessary conditions to satisfy when offering or not offering 

price discount? 

 

In the next three sections, Section 3.2 to 3.5, we will discuss the single-location model 

which becomes the fundamental building block for the analysis of larger networks; 

the demand function and optimality conditions; and the analysis for larger networks. 
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3.2 SINGLE-LOCATION MODEL 
 

We first consider a single-location model with one hub, one warehouse and one 

corresponding customer location, to gain insights into the tradeoffs that arise when 

considering logistics network design with price discount. Our intent is to use this 

model to understand the possible network designs which can be generated. This 

model becomes an important building block for the larger network model discussed in 

Section 3.4. 

 

 
 

Figure 20: Single-Location Model 

 

The assumptions include, 

• Single product with deterministic demand D at customer location 

• An initial state that all of the demand has short LT requirements 

• Unit price charged to customers receiving short LT delivery PS is known and 

given 

• Capacity constraints are ignored 

 

The given parameters include, 

• Zk, Zj = annual fixed cost of opening hub k and warehouse j respectively 

• QS, QL = unit cost incurred to satisfy demand from the warehouse and the hub, 

respectively. We assume that the warehouse can service customers within the 

short LT, while the hub services customers within the long LT.  

• PS = unit price charged to customers receiving short LT delivery 
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• D = total annual demand at customer location 

 

The decision variables include, 

• PL = unit price charged to customers for accepting long LT delivery 

• DS, DL = amount of short and long LT annual demand respectively 

 

We consider three possible network designs, as shown in Figure 21. The optimal 

network design will be the one which gives the highest net profit. 

• No-Discount – This is the base case in which there is no price discount and all 

demand is served from the local warehouse.  

• WH-Open – This is the case in which we find the optimal price discount that 

segments the customers into two classes; the hub serves the long LT customers, 

while the local warehouse is open to serve the remaining short LT customers. 

• WH-Closed – This is the case in which we close the local warehouse and offer a 

price discount to entice some or all the customers to accept the long delivery LT 

provided by the hub. Any remaining short LT demand is lost. 

 

 
 

Figure 21: Three Possible Network Designs 
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For each of the three possible network designs, we model the net profit equation and 

derive the demand conditions necessary to generate a positive net profit. 

 

No-Discount 

Revenue = PSD 

Cost = QSD + Zk + Zj 

Net Profit, G0 = Revenue – Cost 

G0 = (PS – QS)D – (Zk + Zj) ………………………………(1) 

To generate positive net profit, G0 > 0, we need for 

( )
( )

k j

S S

Z Z
D

P Q
+

>
−

……………………………………………………………(2) 

Equation (2) shows that the demand value at the customer location must be greater 

than the RHS value, to ensure that the network is profitable for No-Discount network 

design. 

 
 

Figure 22: No-Discount – Base Case 

 

 

WH-Open 

Revenue = PSDS + PLDL 

Cost = QSDS + QLDL + Zk + Zj 

Net Profit, G1 = Revenue – Cost 

G1 = (PS – QS)DS + (PL-QL)DL – (Zk + Zj) …………….…(3) 

Where DS + DL = D 

Again, to generate positive net profit, G1 > 0, therefore, 

( ) ( )
( )

k j L L L
L

S S

Z Z P Q D
D D

P Q
+ − −

> +
−

………..………………………....…(4) 
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Equation (4) shows that the demand value at the customer location must be greater 

than the RHS value, to ensure that the network is profitable for WH-Open network 

design. However, the RHS of equation (4) is not a fixed value, but it depends on the 

optimal values of the decision variables PL and DL. 

 

 
 

Figure 23: WH-Open – Price Discount with Local Warehouse Open 

 

 

WH-Closed 

Revenue = PLDL 

Cost = QLDL + Zk 

Net Profit, G2 = Revenue – Cost 

G2 = (PL – QL)DL – Zk – (D – DL) LS ……………………(5) 

Where, LS = unit lost sales cost for the remaining short LT demand 

To generate positive net profit, G2 > 0, therefore, 

( )
k S

L
L L S

Z DL
D

P Q L
+

>
− +

……………………………………………..…….(6) 

And we note that, 

D ≥ DL ……………………………………………………………………(7) 

Equation (6) shows that the long LT demand must be greater than the RHS value, to 

ensure that the network is profitable for WH-Closed network design. But the long LT 

demand will depend on the pricing decisions. 
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Figure 24: WH-Closed – Price Discount with Local Warehouse Closed 

 

 

3.3 CONCAVE DEMAND FUNCTION 
 

In this section we examine how to characterize the optimal discount for the WH-open 

and WH-closed network designs. In particular we need to establish conditions on the 

demand function that relates the price discount to the long LT demand, namely the 

relationship between PL and DL. We note that this function differs from the usual 

demand function, where the overall demand value is a result of the pricing policy. 

Here, the demand function determines how much of the original demand value is 

enticed to accept long LT service in return for a discounted price. 

 

Given the original price PS and demand D, we denote this demand function as DL = 

f(PL). We assume that the demand function is non-increasing; that is, long LT demand 

increases as we decrease the price. We also will assume that the demand function is 

concave.  

 

For the WH-Open network design, we wish to maximize net profit given by equation 

(3), 

( )
1 ( ) ( )( )

[( ) ( )] ( )
L L L S S L k j

S L S L L S S k j

G P Q D P Q D D Z Z

Q Q P P f P P Q D Z Z

= − + − − − −

= − − − + − − −  

 

We find the first order condition as follows, 
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( ) ( )1 [( ) ( )] 0L
L S L S L

L L

df PdG
f P Q Q P P

dP dP
= + − − − =  

 

To find the optimal price discount we solve the above to get, 

( ) ( )
[( ) ( )]

L L

L S L S L

df P f P
dP Q Q P P

−
=

− − −  ……………………………(8) 

 

Since the demand function f (PL) is positive and non-increasing, a necessary condition 

for the above equation to have a solution is that, 

[( ) ( )] 0S L S LQ Q P P− − − >  

or equivalently that ( )L S S LP P Q Q> − − ………………………….….(9) 

 

To establish that equation (8) will find the maximum point, we need to check the 

second order condition, 

( ) ( )22
1

2 22 [( ) ( )]L L
S L S L

LL L

df P d f Pd G
Q Q P P

dPdP dP
= × + − − − ….…(10) 

 

From the stated assumptions on the demand function, we see that the second 

derivative is negative as long as [( ) ( )] 0S L S LQ Q P P− − − > , the same necessary 

condition as for equation (8). 

 

Thus, for the WH-Open network design, we set the price discount PL according to the 

solution of (8), if a solution exists. If there is not solution to (9), then the optimal 

solution is to set PL = PS; that is, there is no discount and all customers will get short 

LT delivery. 

 

For the WH-Closed network design, we wish to maximize net profit given by 

equation (5), 

( )
2 ( ) ( )
[ ]

L L L L S k

L L S L k

G P Q D D D L Z
P Q L f P Z
= − − − −

= − + −  
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We find the first order condition as follows, 

( ) ( )2 [ ] 0L
L L L S

L L

df PdG
f P P Q L

dP dP
= + − + =  

 

To find the optimal price discount we solve the above to get: 

( ) ( )
[ ]

L L

L L L S

df P f P
dP P Q L

−
=

− +  ……………………………………(11) 

 

Again, since the demand function f(PL) is positive and non-increasing, a necessary 

condition for the above equation to have a solution is that, 

[ ] 0L L SP Q L− + >   

or equivalently that L L SP Q L> − ……………………………………...(12) 

 

To establish that equation (11) will find the maximum point, we need to check the 

second order condition: 

( ) ( )22
2

2 22 [ ]L L
L L S

LL L

df P d f Pd G
P Q L

dPdP dP
= × + − + …………..…….(13) 

 

From the stated assumptions on the demand function, we see that the second 

derivative is negative as long as [ ] 0L L SP Q L− + > , the same necessary condition 

as for equation (11). 

 

Thus, for the WH-Closed network design, we set the price discount according to the 

solution of (11), if a solution exists. If there is not solution to (12), then the optimal 

solution is to set PL = PS; that is, there is no discount and all customers will get short 

LT delivery. 
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3.4 LARGER NETWORKS 
 

We can extend the analytical results and algorithm for single-location model to larger 

networks with one hub, multiple customer locations with their corresponding local 

warehouses. Consider a network with I customer locations and I warehouses, as 

shown in Figure 25 below. 

 

 
 

Figure 25: Larger Network 

 

 

The parameters and decision variables include, 

• Zk, Zi = fixed cost of opening hub k and warehouse i respectively 

• QSi , QLi = unit cost incurred to satisfy demand from the warehouse and the hub, 

respectively, for customer location i 

• PSi , PLi = unit price charged to customers receiving short LT delivery and long LT 

delivery respectively, for customer location i 

• Di = total demand at customer location i 

• DSi , DLi = amount of short and long LT demand respectively, at customer location 

i 

• LSi = unit lost sales cost for short LT demand at customer location i 

 

The original network profit before price discount is given by, 

1 1

| ( )
I I

original Si Si i i k
i i

G P Q D Z Z
= =

= − − −∑ ∑  
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This is equal to the sum of profits obtained from each location and subtracting the 

fixed facility costs. After applying price discounts to the network, some locations may 

choose not to offer price discounts; some may choose to offer price discount and keep 

the local warehouse open; and the remaining locations may choose to offer price 

discount and close the local warehouse. The improved network profit after price 

discount is obtained by summing up the net profits for all the locations in the three 

different categories, given by, 

( )

( ) ( )

( )

|improved Si Si i i
i No Discount

Si Si Si Li Li Li i
i WH Open

Li Li Li Si Si k
i WH Closed

G P Q D Z

P Q D P Q D Z

P Q D L D Z

∈ −

∈ −

∈ −

= − −⎡ ⎤⎣ ⎦

+ − + − −⎡ ⎤⎣ ⎦

+ − − −⎡ ⎤⎣ ⎦

∑

∑

∑
 

 

The improvement in the network profit can be computed as, 

[ ]

[ ]

[ ] [ ]1 0 2 0

| |

( ) ( )

( ) ( )

improved original

Li Li Li Si Si Li
i WH Open

Li Li Li Si Si i i
i WH Closed

i i i i
i WH Open i WH Closed

G G G

P Q D P Q D

P Q D P Q D Z

G G G G

∈ −

∈ −

∈ − ∈ −

∆ = −

= − − −

+ − − − +

= − + −

∑

∑

∑ ∑
 

……………………………………………………………………….….(14) 

 

Where, 

• G0i = Net profit for No-Discount network design (base case) for location i 

• G1i = Net profit for WH-Open network design for location i 

• G2i = Net profit for WH-Closed network design for location i 

 

Equation (14) shows that the improvement in the network profit equals the sum of 

improvement in profit due to price discount for the individual customer locations, 

which chooses WH-Open and WH-Closed network designs. This result is true 

because we do not consider capacity constraints in the links and the facilities.  
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Thus, we can determine the optimal network design for larger networks (with one hub, 

multiple customer locations and corresponding local warehouses) by solving the 

model for each customer location independently, as described in Sections 3.2 and 3.3, 

and combining the individual optimal solutions. 

 

 

3.5 INDUSTRY CASE STUDY 
 

We use the same chemical industry case study described in PART II.  We explore 

how price discount can affect the network design. We consider three different demand 

functions defined below in Figure 26, 

 

( )3

[ ] (10 ), 9 10
[ ] 2 (10 ), 9.5 10

[ ] 1 9 , 9 10

L L L

L L L

L L L

A D D P P
B D D P P

C D D P P

= − ≤ ≤
= − ≤ ≤

⎡ ⎤= − − ≤ ≤⎣ ⎦

 

 

 

 

Figure 26: Demand Functions 

 

For all three functions, we defined the same price offered to the short LT demand 

customers, PS = 10. Demand functions [A] and [B] are linear functions, such that 

when PL = 9 and 9.5 respectively, all short LT demand will be enticed to accept long 

LT. Function [C] is a concave function defined for PL between 9 and 10. Similarly, 
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when PL = 9, all short LT demand will be enticed to accept long LT. 

 

We can gather some initial observations from the three demand functions. 

• Functions [B] and [C] are more attractive (for the network owner) than [A]. 

This is because, for the same price discount, a larger portion of demand can be 

enticed to move to long LT for functions [B] and [C], than for function [A]. 

• Functions [A] and [B] are linear – as the discount price is reduced, the amount 

of demand enticed to move increases by constant amount. 

• Function [C] is non-linear – as discounted price is lowered, the amount of 

demand enticed is very large initially and this amount decreases sharply as the 

discount price approaches its lower limit. Near the lower limit, it will take a 

very large discount to entice a very small demand. 

 

Depending on the industry and the characteristics of the market, the network may be 

faced with different demand functions.  

• Function [C] represents a market where the customers are different in terms of 

their response to discounted price and the proportion of different customer 

types also differs. At one end of the spectrum, we have customers who are 

enticed by a small amount of price discount, and there is a large portion of 

such customers; while at the other end, we have customers who are enticed 

only when the price discount is large, and there is only a small portion of such 

customers. 

• Functions [A] and [B] represent a market where the customers are also 

different in terms of their response to discounted price, but the proportion of 

different customer types are equally distributed. That is, whenever price is 

discounted by x amount, an equal amount of y customer will be enticed. 

Function [B] represents a market which is easier to entice than function [A]. 

 

For each demand function, we perform the analysis for the ten warehouse locations 

separately, and for each location, the network design with the highest net profit is 

selected. The overall optimal network design for the entire Asian distribution network 

of the firm is obtained by combining the optimal design for each location. The data 

used for the experimental runs is given in Appendix 5, listing the locations; annual 
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demand; unit lost sales cost (50% of PS); warehouse fixed and variable costs; hub and 

warehouse holding costs; shipping rate and shipping frequency per year from hub to 

warehouse or customer. 

 

From the optimality conditions given by equations (8) to (13), we can determine the 

optimal price setting for demand functions [A], [B] and [C], for WH-Open and WH-

Closed network designs respectively. 

 

From equations (8) and (9), 

( ) ( )
.......(8) ( )........(9)

( ) ( )
L L

L S S L
L S L S L

df P f P
and P P Q Q

dP Q Q P P
−

= > − −
− − −

 

 

The optimal price setting PL for WH-Open network design for each demand function 

is given by, 

[ ] [ ]
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For function [C], there will be three possible solutions for PL, and we choose the one 

which gives the best net profit. 

 

From equations (11) and (12), 

( ) ( )
.......(11) ........(12)

( )
L L

L S L
L L L S

df P f P
and P L Q
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−

= > −
− +

 

 

The optimal price setting for WH-Closed network design for each demand function is 

given by, 

( ) ( )3 2

[ ] &[ ] :
2

[ ] : 4 3 81 3 54 486 54 (243 730 243 ) 0

L S S
L

L L L S L L S L S

Q P L
A B P

C P P Q L P Q L Q L

+ −
=

− + + − + − − + + + − =
Similarly for function [C], there will be three possible solutions for PL, and we choose 

the one which gives the best net profit. 

 

The optimal network design for each demand function, by considering price discount, 
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is summarized below. For comparison results, refer to Appendix 6. 

 

For demand function [A] 

• The WH-Open network design was the optimal strategy for all locations (see 

Figure 27). This is because the slope of function [A] is relatively low.  To 

close the local WH, a large amount of short LT demand needs to be enticed, 

and to do so, the discounted price must be set very low. Thus, it is more 

beneficial to entice only a portion of demand to move and still retain a high 

price for the short LT demand to get better revenue from sales. 

• With WH-Open network design for all locations, the hub will replenish every 

local warehouse to satisfy the short LT demand at the customer locations; and 

the hub also satisfies the long LT demand at all customer locations by serving 

them directly. 

• The percentage of long LT demand enticed ranged from 17% to 82%, with 

most locations around 30% to 60%. Japan1 has only 17% of enticed long LT 

demand because there is little difference between unit cost incurred for serving 

short and long LT demand (34.5% difference). Japan2 has 82% of enticed long 

LT demand because there is a large difference between unit cost incurred for 

serving short and long LT demand (72.1%).  

• The overall increase in net profit is 3.06%. 

 

    Optimal Network Design 
Increase 
In profit 

% Long
LT 

 Demand G0 QL<QS DS DL PL G* $ % demand
JPN1 2400000 $19,963,889 34.5% 1986667 413333 9.828 $20,035,075 $71,185 0.36% 17% 
CN1 6817392 $59,312,026 50.0% 4727199 2090193 9.693 $59,952,874 $640,848 1.08% 31% 
IND 4140612 $35,150,876 56.6% 2435485 1705127 9.588 $35,853,057 $702,181 2.00% 41% 

INDN 3176760 $27,022,088 57.0% 1885098 1291662 9.593 $27,547,274 $525,186 1.94% 41% 
KR 2827284 $23,863,532 56.9% 1677718 1149566 9.593 $24,330,942 $467,410 1.96% 41% 

JPN2 6000000 $46,324,333 72.1% 1066667 4933333 9.178 $50,380,630 $4,056,296 8.76% 82% 
CN2 2927040 $23,828,944 66.3% 1136261 1790779 9.388 $24,924,552 $1,095,609 4.60% 61% 
SIN 303084 $2,481,290 66.7% 119761 183323 9.395 $2,592,175 $110,885 4.47% 60% 
TW 2557824 $22,151,112 50.1% 1760280 797544 9.688 $22,399,791 $248,679 1.12% 31% 
TH 2299308 $18,531,491 54.3% 1122509 1176799 9.488 $19,133,783 $602,292 3.25% 51% 

       Total $8,520,571 3.06%  
JPN1: Japan1; CN1: China1; IND: India; INDN: Indonesia; KR: Korea; JPN2: Japan2; CN2: China2; 

SIN: Singapore; TW: Taiwan; TH: Thailand. 

 

Table 8: Values for Optimal Network Design using Demand Function [A] 
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Figure 27: Optimal Network Design using Demand Function [A] 

 

 

For demand function [B] 

• Nine locations selected WH-Closed network design and only one location 

(China1) selected WH-Open network design (see Figure 28). This is because 

when the demand function is linear with high slope, it becomes very attractive 

to continue to offer price discount until the point where all short LT demand is 

moved to the long LT class. Looking at function [B], since the benefit in 

offering price discount increases with constant value as the discounted price is 

decreased, it is beneficial to offer price discount until all the short LT demand 

is enticed. 

• For the nine locations, 100% of the short LT demand is moved to long LT, 

with the price set at 9.5. While for the single location (China1), 61% of its 

short LT demand is moved. At China1, since its total demand is very high, it is 

more beneficial to leave the WH open and entice only a portion of demand to 

move, than to suffer a large price discount to move a large amount of the short 

LT demand. 
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• The overall increase in net profit is 6.35%. 

 

    Optimal Network Design 
Increase 
In profit 

% Long 
LT 

 Demand G0 QL<QS DS DL PL G* $ % demand
JPN1 2400000 $19,963,889 34.5% 0 2400000 9.5 $21,231,520 $1,267,631 6.35% 100% 
CN1 6817392 $59,312,026 50.0% 2637005 4180387 9.693 $60,593,721 $1,281,695 2.16% 61% 
IND 4140612 $35,150,876 56.6% 0 4140612 9.5 $36,717,636 $1,566,760 4.46% 100% 

INDN 3176760 $27,022,088 57.0% 0 3176760 9.5 $28,228,028 $1,205,940 4.46% 100% 
KR 2827284 $23,863,532 56.9% 0 2827284 9.5 $25,114,457 $1,250,926 5.24% 100% 

JPN2 6000000 $46,324,333 72.1% 0 6000000 9.5 $53,191,000 $6,866,667 14.82% 100% 
CN2 2927040 $23,828,944 66.3% 0 2927040 9.5 $25,985,334 $2,156,391 9.05% 100% 
SIN 303084 $2,481,290 66.7% 0 303084 9.5 $2,696,395 $215,105 8.67% 100% 
TW 2557824 $22,151,112 50.1% 0 2557824 9.5 $22,707,551 $556,439 2.51% 100% 
TH 2299308 $18,531,491 54.3% 0 2299308 9.5 $19,860,235 $1,328,743 7.17% 100% 

       Total $17,696,296 6.35%  
JPN1: Japan1; CN1: China1; IND: India; INDN: Indonesia; KR: Korea; JPN2: Japan2; CN2: China2; 

SIN: Singapore; TW: Taiwan; TH: Thailand. 

 

Table 9: Values for Optimal Network Design using Demand Function [B] 

 

 

 
 

Figure 28: Optimal Network Design using Demand Function [B] 
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For demand function [C] 

• Nine locations selected WH-Open network design, and only one location (Japan1) 

selected WH-Closed network design. This is because when the demand function is 

concave, we expect that the discount offered would be low, which makes the 

discounted price near to the upper limit. This would favor WH-Open design since 

only some short LT demand would be enticed to move, and a large amount of 

short LT demand will remain. 

• At Japan1 location, the warehouse fixed cost is very high, and by closing the 

warehouse and losing some remaining short LT demand, the net profit is higher. 

• For the nine locations, percentage of short LT demand moved ranges from 59% to 

87%. For Japan1, 99.6% of the short LT demand is enticed, while 0.4% is lost 

since the local warehouse is closed. The unit lost sales used is $5 (= 50% of PS), 

thus the lost sales incurred for Japan1 is $46,260 (= 9252 x $5). 

• The overall increase in net profit is 5.37%. 

 

 

        
Increase 
In profit 

% Long 
LT 

 Demand G0 QL<QS DS DL PL G* $ % demand 
JPN1 2400000 $19,963,889 34.5% 9252 2390748 9.1568 $20,282,904 $319,014 1.60% 99.6% 
CN1 6817392 $59,312,026 50.0% 2796306 4021086 9.743 $60,744,315 $1,432,288 2.41% 59% 
IND 4140612 $35,150,876 56.6% 1286494 2854118 9.6773 $36,580,535 $1,429,659 4.07% 69% 

INDN 3176760 $27,022,088 57.0% 1000198 2176562 9.6803 $28,096,209 $1,074,121 3.97% 69% 
KR 2827284 $23,863,532 56.9% 1179925 1647359 9.7473 $24,786,867 $923,336 3.87% 58% 

JPN2 6000000 $46,324,333 72.1% 765404 5234596 9.5034 $52,332,835 $6,008,502 12.97% 87% 
CN2 2927040 $23,828,944 66.3% 567269 2359771 9.579 $25,722,214 $1,893,270 7.95% 81% 
SIN 303084 $2,481,290 66.7% 59657 243427 9.5817 $2,673,943 $192,654 7.76% 80% 
TW 2557824 $22,151,112 50.1% 1034392 1523432 9.7395 $22,704,287 $553,175 2.50% 60% 
TH 2299308 $18,531,491 54.3% 558933 1740375 9.624 $19,658,752 $1,127,260 6.08% 76% 

       Total $14,953,280 5.37%  
JPN1: Japan1; CN1: China1; IND: India; INDN: Indonesia; KR: Korea; JPN2: Japan2; CN2: China2; 

SIN: Singapore; TW: Taiwan; TH: Thailand. 

 

Table 10: Values for Optimal Network Design using Demand Function [C] 
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Figure 29: Optimal Network Design using Demand Function [C] 

 

 

From the results given for each demand function, we can conclude that, 

1. There is increase in net profit in network design by using price discount as a 

mechanism to entice short LT demand to accept longer delivery lead time. 

2. Depending on the demand function faced by the market, different optimal 

network design will be selected for each location. 

3. This analysis can help logistics manager to decide how to set the discounted 

price which can maximize the net profit in operating the network, and whether 

a local warehouse is needed at the customer locations. 

4. The overall network design for the entire network is obtained by combining 

the optimal network design for each individual location, since we ignore 

capacity constraints. If we include capacity constraints in the links and 

facilities, the analysis will be more complex. 
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PART IV 

LOGISTICS NETWORK DESIGN USING 

CONSOLIDATION HUBS 
 

4.1 BACKGROUND 
 

Logistics network design (LND) has different meaning for a company that manages 

its own logistics function and for a 3PL company that manages the logistics function 

for multiple clients. For the former, LND is about designing a network to optimally 

support its own supply chain, so as to deliver good performance. For the 3PL 

company, LND is about maximizing the utilization of its own network to support the 

supply chains of multiple clients, and yet be able to deliver good performance for 

each client. On one hand, the 3PL tries to provide customized solutions for its client, 

while on the other hand, it tries to maximize consolidation in terms of freight, 

warehouse and inventory, using a single network. 

 

Consider a 3PL that manages the suppliers for two clients. In a traditional setting 

(Figure 30a), the 3PL would customize the network design for separate clients. Here, 

the 3PL will allocate a dedicated warehouse each to manage the inventories of the 

components required by each set of manufacturing plants (known as the supply hub 

concept). The suppliers for each set of manufacturing plants will ship their 

components directly to the dedicated warehouse, no matter how far they are located. 

The network suffers as, 

• Suppliers do not have economies of scale in long haul LTL transportation, and 

long LTL transportation are very expensive 

• The 3PL is not able to achieve consolidation. 

• Visibility from the supplier to warehouse is not easily available 

 

By locating consolidation hubs appropriately (Figure 30b), the 3PL can design a 

consolidated network to serve the two clients together. Here, an appropriate number 

of consolidation hubs are located near to the suppliers. Suppliers only need to ship 

their components to a nearby hub, and the hubs will consolidate all the components 
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bound for the same warehouse before shipping. Such a consolidated design is 

expected to deliver a 3-party-win-win-win solution. 

• Suppliers win because they need to deliver components to a nearer location on 

LTL rates which is more economical when compared to long haul LTL 

shipping rates. 

• 3PL wins because it can integrate the network of the two clients and improve 

consolidation in shipping. With the consolidation hubs, the 3PL can have 

better control of the inventories coming in from the suppliers, since any wrong 

deliveries or inferior quality components can be returned to the suppliers 

quickly. Also, this advantage gives their clients greater confidence in allowing 

the 3PL to manage the network. 

• The manufacturer wins because it is able to achieve advance information on 

inventories of the components available once the supplier components reach 

the consolidation hubs. This advance information helps to reduce uncertainty 

in the assembly plan. 

 

 
(a)     (b) 

 

Figures 30a and 30b : Locating Consolidation Hubs 

 

 

Designing such a consolidated network to serve multiple clients requires coordinating 

several aspects intrinsic to the distribution of the multiple components within the 

network, to make sure that the right amounts of components are required from the 

suppliers; the right amounts of inventories are carried at the warehouses; the right 

amounts of components are replenished from the warehouse to the manufacturers. 
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Such a network design is complex because the optimal decision to locate the hubs and 

using the optimal shipping option cannot be decided without proper analysis. It is 

therefore a challenge to formulate a representative model to encompass all these 

aspects together, inter-relating one aspect with another, and yet able to overcome the 

numerous complexities expected. 

 

 

4.2 LITERATURE REVIEW 
 

When providing complete business solutions to its clients, a 3PL firm designs a 

dedicated logistics network for each client to effectively manage storage, distribution 

and inventories. With several clients, the 3PL is faced with the challenge of 

maintaining adaptability to specific customer requirements, and yet be able to 

standardize processes, to pool variability, to consolidate volumes and movements to 

achieve efficiencies and economies of scale and scope. It would then be beneficial if a 

3PL company is able to design a consolidated logistics network to serve multiple 

clients. In this section, we propose the use consolidation hubs to perform such 

business consolidation.  

 

The focus is on managing the suppliers for more than one manufacturer, each of who 

operates an assembly process. Such a logistics arrangement is known as a supply hub 

(Barnes et al., 2003) in the research literature (Figure 31). Here, the supply hub is the 

dedicated warehouse, located close to the manufacturer’s facility, where all or some 

of the manufacturer’s supplies are warehoused with the agreement that the materials 

and components will be paid for only when consumed. The dedicated warehouse is 

committed to replenish the manufacturer frequently to support just-in-time (JIT) 

production. This strategy is especially common in the electronics industry, to reduce 

cost and improve responsiveness, due to the short life-cycle and high demand 

variation. Examples of industry players who are active in using the supply hub 

concept are Compaq, Hewlett Packard, Apple and Dell. 
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Figure 31: Supply Hub Concept 

 

 

In our work, we focus is on choosing appropriate locations for consolidation hubs and 

assigning the suppliers to these hubs, so that the 3PL can leverage on the economies 

of scale (assuming concave transportation costs) when transporting the goods from 

the consolidation hubs to the dedicated warehouses (Figure 32). One critical aspect in 

designing such a consolidated network is the coordination of the inventory 

replenishments from the suppliers to the hubs, and from the warehouses to the 

manufacturers. We also include the inventory holding costs of the components 

incurred at the warehouses, to trade-off with the network shipping cost. In view of all 

the related issues, we shall refer to previous literature which covers the four aspects as 

follows: 

a) Network design with hubs 

b) Network design with concave shipping costs 

c) Network design with inventory cost 

d) Coordination of production and shipping lot sizes 
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Figure 32: Consolidated Network Design using Consolidation Hubs 

 

 

a) Network design with hubs 

Hubs are transshipment facilities that allow the construction of a network 

where large numbers of direct connections between nodes (including suppliers, 

warehouses and customer locations) can be replaced with fewer, indirect 

connections. When locating hubs, several critical questions need to be 

considered, including i) are the supply nodes assigned to one hub or multiple 

hubs? ii) are direct node-to-node links permitted to bypass the hub? and iii) 

when there are multiple hubs, are hub-to-hub links permitted? In solving hub 

location problems, two distinct aspects need to be resolved: finding the best 

location for the hubs, and identifying the best route for flow of materials from 

the origin nodes to the destination nodes via the hubs. 

 

One of the earliest works in hub location is by O’Kelly (1986) who 

demonstrated that the one hub location problem is equivalent to the Weber 

least cost location model; he also discusses the two hub location in a plane. 

For the location of two interacting hubs, the flows between the hubs are an 

endogenous function of their relative location, and a gravity model is linked 
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into the objective to allow for complete interdependence between the 

interaction and hub location.  

 

Since hub location problems are NP-hard, researchers have sought to produce 

good solutions by decomposing the problems into two sub-problems, hub 

location and routing. O’Kelly (1987) presented a quadratic integer 

programming formulation for a discrete hub location problem, and discussed 

two enumeration-based heuristics. The first heuristic allowed each demand 

point to be allocated to the nearest hub, while the second heuristic allowed 

each demand point to be allocated to either the first or second nearest hub. For 

n demand points, the second heuristic will need to consider 2n allocation 

combinations for every hub combination, and thus can only be used for small 

n. 

 

Klincewicz (1991) proposed a node substitution heuristic that uses a multi-

criteria distance and flow-based allocation procedure rather than assigning the 

nodes to hubs based on distance alone. The exchange heuristic first determines 

the hub locations and then assign the nodes to the hubs, with improvements to 

the initial solution made by exchanging hubs with nodes. The clustering 

heuristics, on the other hand, first cluster the nodes into p groups and then 

assign a hub for each group. 

 

Metaheuristic approaches were explored by Klincewicz (1992) and Skorin-

Kapov and Skorin-Kapov (1994). They considered the hub location problem 

as two sub-problems, hub location and routing, and used tabu-search to find 

good solutions to each of the sub-problems. 

 

In 1994, two review papers were published by Campbell, and O’Kelly and 

Miller. Campbell (1994) reviewed over 70 papers on hub network 

optimization, while O’Kelly and Miller (1994) reviewed hub locations 

problems, identifying eight prototype models. Each model is defined by three 

decision types namely, whether each node is assigned to one hub or multiple 

hubs; whether node-to-node links, bypassing the hub is allowed; and whether 

the hub-to-hub links are full or partial. 
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Campbell (1996) discussed the hub location and the p-hub median problem. 

He defined the p-hub median problem, analogous to p-median problem, as a 

linear integer program. He formulated economies of scale in transportation by 

using a discount factor for flows between an O-D pair via the hub, and for 

flows between hubs. The solution to the multiple-allocation p-hub median 

problem is obtained by a greedy-interchange heuristic and used as a starting 

point for developing the solution to single-allocation p-hub median problem. 

Two new heuristics were used to evaluate the single-allocation p-hub median 

problem. Computational results for problems with 10 to 40 

origins/destinations and up to 8 hubs were presented. 

 

O’Kelly et al. (1995) developed a lower bound for the hub location problem 

where distances satisfy the triangular inequality. The lower bound is improved 

by linearization and incorporating a known heuristic solution. Pirkul and 

Schilling (1998) formulated a new procedure that develops solutions with tight 

upper and lower bounds, in polynomial time. The solution procedure begins 

with a previously proposed tight LP formulation and uses subgradient 

optimization on a Lagrangian relaxation of the model. To improve the 

performance, the authors added a constraint that provides a cut for one of the 

sub-problems and solved the new model using subgradient optimization. 

 

O’Kelly et al. (1996) presented exact solutions to hub location models and 

discussed the sensitivity of these solutions to the inter-hub discount factor 

used for economies of scale in transportation. Two different hub network 

designs were considered, single- and multiple-allocation to hubs. This solution 

approach reduced the problem size but was still able to find integer solutions 

to the relaxed LP problem most of the time. The compact formulation is used 

to perform large computational study and the authors also presented sensitivity 

results for several key parameters of the model. 

 

The previous research discussed above does not adequately model the 

economies of scale in transportation cost. O’Kelly and Bryan (1998) 

incorporated a piecewise linear cost function into the multiple-assignment hub 

location model, and showed that it is a more reliable model representation of 
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the hub and spoke networks. They applied the model on a small example of 

airline passenger travel, and compared the results on network cost with a 

traditional model without economies of scale in transportation cost. 

Klincewicz (2002) applied the model by O’Kelly and Bryan (1998) and 

showed that for a fixed set of hubs, their model can be solved using the classic 

Uncapacitated Facility Location Problem (UFLP). This observation motivated 

an optimal enumeration procedure, and some search heuristics based on tabu 

search and greedy algorithm random adaptive search procedures (GRASP). By 

using these search procedures, the author showed that it was possible to solve 

large-sized problems. 

 

Horner and O’Kelly (2001) explored embedding non-linear cost functions into 

hub network design. In their work, they did not assume a priori a hub and 

spoke network structure; rather their objective was to make both link discounts 

and hub locations endogenous. They applied their model to air passenger 

flights for 100 US cities and concluded that large discounts are necessary to 

encourage significant bundling of flows. 

 

Topic of Interest Literature Discussed 

Interacting Hub 

Location Problem 

O’Kelly (1986) 

Heuristic and 

Metaheuristic solution 

method 

O’Kelly (1987), Klincewicz (1991) (1992), 

Skorin-Kapov and Skorin-Kapov (1994) 

Review papers Campbell (1994), O’Kelly and Miller (1994) 

Bounds of solution O’Kelly (1995), Schilling (1998) 

Exact solution O’Kelly et al. (1996) 

Economies of scale in 

transportation costs 

Campbell (1996), O’Kelly and Bryan (1998), 

Horner and O’Kelly (2001), Klincewicz (2002) 

 

Table 11: Literature on Network Design with Hubs 
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Our work has focused on modeling hub location with piecewise linear concave 

cost function. We permit economies of scale in transportation for each link 

from every supplier to every hub. We differ from the previous research mainly 

in the solution method used in dealing with concave cost function by using 

available shipping options and pre-calculating costs for each and every 

possible link. We also differ largely by including inventory holding cost to 

trade-off with transportation cost. Also, we attempt to determine the inventory 

replenishment policy from the suppliers, via the hubs, to the warehouse. 

 

b) Network design with concave shipping cost 

In the previous section, we discuss hub locations with and without economies 

of scale in shipping cost, their solution methods and bounds. In this section, 

we look at literature on general network design which includes concave 

shipping cost.  

 

One of the earliest works on network design with concave shipping cost is by 

Zangwill (1968) where he developed theorems that explicitly characterize the 

extreme points for certain single commodity uncapacitated networks. Using 

the concept of extreme flow, one can find the optimal flows in the network 

without having to perform an exhaustive search of all the extreme points in the 

convex feasible region. The author established the minimum concave cost 

solution for single source and a single destination networks, and acyclic single 

source and multiple destination networks. He also established a theorem that 

states that for either a single source or a single destination networks, the multi-

commodity case can be reduced to a single commodity case. Following this 

work, Florian et al. (1971) continued to characterize extreme flows in 

capacitated networks with single commodity and applied this property to 

specially structured problems that arise in the context of planning and 

inventory control. 

 

Florian and Robillard (1971) developed a branch-and-bound algorithm to 

compute the minimum concave cost flows in capacitated networks. Their 

method transforms general networks into bipartite networks of a special form, 

and the optimal flow is found by implicit enumeration of the set of extreme 
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flows in the bipartite network. Soland (1974) considered the optimal plant 

location problem with concave plant construction and operating cost as well as 

concave distribution cost from the plant to the demand point. A branch-and-

bound algorithm equivalent to the solution of a finite sequence of 

transportation problems was used. The algorithm was developed as a 

particular case of a simplified algorithm for minimizing separable concave 

functions over linear polyhedra. 

 

In terms of heuristic methods for larger problems, Khumawala and Kelly 

(1974) proposed an algorithm composed of two procedures to optimally locate 

and allocate warehouses to customers, where the warehouse is associated with 

concave cost function. The first procedure is the Khumawala’s (1973) 

heuristic algorithm, which is used to solve the linear warehouse location 

problem to establish an initial set of open warehouses; and the second 

procedure is the modified Drysdale and Sandiford (1969) method, which is an 

iterative method used to allocate customers to the set of warehouses 

incorporating the decreasing marginal costs, and to subsequently revise the set 

and allocation, until a final solution is reached. Gallo and Sodini (1979) 

proposed a vertex-following heuristic to find the local optimal solutions of 

general concave-cost multi-commodity network flow problem. 

 

Erickson et al. (1987) used a dynamic programming method, called the send-

and-split method to solve minimum concave cost network flow problems. 

They showed the existence of an extreme flow for a concave cost 

uncapacitated network, and then developed the send-and-split method for 

finding the minimum cost flow when such a flow exists. Similarly for k-planar 

networks, they defined the extreme flow in planar networks and refined the 

send-and-split method for solving these problems. Finally, they extended their 

work to capacitated networks by transforming them to uncapacitated networks 

using a transformation suggested by Wagner (1959). Burkard et al. (2001) also 

applied dynamic programming method to minimize the cost for concave cost 

flow problem in acyclic, uncapacitated networks with single source. The 

concave cost functions were approximated by linear functions so that the 

problem could be solved by a series of linear programs. The approximation 
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method works well if the nodes of the network have small degrees. The 

authors reported computation results for several classes of networks. 

 

In terms of piecewise linear concave cost functions for single commodity 

network, Efroymson and Ray (1966) used a branch-and-bound algorithm, 

while Erlenkotter (1978) used a dual-based procedure to solve uncapacitated 

facility location problems.  

 

For multiple-commodity concave cost network flow problems, Hall (1987) 

considered a single consolidation terminal to transport products from various 

sources to different destinations, with general concave transportation cost 

function. Klincewicz (1990) considered several available consolidation 

terminals with piece-wise linear transportation cost functions from source to 

terminal, and from terminal to destination. He solved the problem by 

formulating the original freight transport problem as L-segment piecewise 

linear concave cost facility location problem and in turn formulate the facility 

location problem with N facilities and L segments as an uncapacitated facility 

location problem with (N*L) facilities, which can be solved efficiently.  He 

proposed optimal solution for two special cases, linear shipping cost from 

source to terminal, and linear shipping cost from terminal to destination. Using 

the optimal solutions to the special cases, he proposed an iterative procedure 

to solve the general problem. 

 

Balakrishnan and Graves (1989) considered routing multiple commodities 

between various origin-destination pairs over the arcs of a given directed 

network at minimum cost. They proposed a composite algorithm for piecewise 

linear cost functions, which can be applied to either concave or non-concave 

functions. Using an initial feasible solution obtained from Lagrangian 

relaxation, a combination of dual ascent and subgradient optimization was 

used to generate the lower bounds; the upper bounds were obtained by using a 

local improvement procedure of the initial solution. Using the best multipliers 

and the incumbent solution, a set of problem reduction steps were applied to 

reduce the problem size, before solving the complete problem. The authors 



© 2005 Nanyang Technological University. All rights reserved. 89

reported the computational results for several general networks and layered 

networks. 

 

Amiri and Pirkul (1997) extended the work by Balakrishnan and Graves (1989) 

to consider a set of available capacity ranges and their corresponding fixed and 

variable cost for each arc in the network. The objective of the problem was to 

select for each arc a range and identify a path for each commodity so as to 

minimize cost.  This modification leads to a new Lagrangian relaxation of the 

problem. The relaxation was embedded into a subgradient optimization 

procedure and the information provided by the relaxed problem was used to 

define a new solution procedure. Computation results based on similar 

problems from Balakrishnan and Graves (1989) revealed that the gaps 

between the lower bounds and feasible solutions are generally smaller. The 

authors also extended the problem for piecewise non-linear, concave flow cost 

function. For the same general networks, the non-linear case estimates the 

discrete flow cost function more accurately than the linear case. 

 

Topic of interest Literature Discussed 

Characterization of extreme flow 

to find optimal solution 

Zangwill (1968), Florian et al. (1971), 

Erickson et al. (1987) 

Piecewise linear concave cost 

function 

Efroymson and Ray (1966), Erlenkotter 

(1978), Klincewicz (1990), Balakrishnan 

and Graves (1989), Amiri and Pirkul 

(1997), Burkard et al. (2001) 

General concave cost function Gallo and Sodini (1979), Hall (1987) 

Branch-and-Bound solution 

method 

Efroymson and Ray (1966), Florian and 

Robillard (1971), Soland (1974) 

Heuristic solution method Khumawala and Kelly (1974), Gallo and 

Sodini (1979) 

Dynamic programming solution 

method 

Erickson et al. (1987), Burkard et al. 

(2001) 

 

Table 12: Literature on Network Design with Concave Shipping Cost 
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Our work considers piecewise linear concave cost function for transportation 

and solve the model by introducing shipping options at each hub. For each 

shipping option defined with a shipping frequency, we can determine the 

shipping quantity required from each supplier via each hub. With these values, 

we can pre-compute the shipping cost involved, and our model will select the 

hub to open and the shipping option to select, which minimizes the total 

network cost. This solution method was proposed to overcome the 

complexities in the non-linearity found in concave cost function and to get an 

initial solution set to the problem. The solutions can be obtained quickly and 

be used to support quick decision making. 

 

c) Network design with inventory cost 

Network design is considered a strategic level decision making process, where 

the facility once located must be in operation for a long period of time. 

Inventory policies on the other hand are tactical level decisions that determine 

the order lot size, review period and safety stock level. There have been 

attempts to include inventory costs when modeling location problem; thus the 

specific area of location-inventory problem has emerged.  

 

Perl and Sirisoponsilp (1989) proposed a conceptual model which includes 

location, transportation and inventory decisions, and provided a schematic 

representation of the interdependence among these decisions. Jayaratnam 

(1998) extended their model for multiple-items and included constraints for 

demand satisfaction and capacity restrictions. The inventory costs involved in-

transit inventory cost and cycle stock cost. 

 

Nozick and Turnquist (1998) proposed a method to integrate inventory impact 

within a fixed-charge location model. Their network includes retail outlets 

with Poisson demand process served from the DCs, which in turn place their 

orders from the manufacturing plants, using a one-for-one replacement policy. 

Their analysis first approximated the safety stock cost for a set of products as a 

linear function of the number of DCs. Such a linear approximation 

incorporated the safety stock requirements into the fixed-charge coefficient, 

since the approximation assumed that each DC served an equal proportion of 
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the total demand. With the adjusted coefficient, existing methods to solve 

fixed-charge location problem were used to find the optimal number and 

locations for the DCs.  

 

Erlebacher and Meller (2000) also included inventory holding cost into the 

objective function, making the model non-linear. They represented the 

problem by a grid structure with M customer locations. Their heuristic 

solution comprised a 4-step approach, where the first step was to determine 

the upper bound on the number of DCs (γ) to locate using a stylized model. 

The second step eliminated the number of DCs to consider by comparing the 

lower bound of the total cost for a given number of DCs (for N = 2 to N = γ) 

with the cost when number of DCs = 1 and when the number of DCs = M. For 

the remaining values of N to consider, they solved the allocation of customers 

to N DCs using an heuristic. The final step was to choose the location of the N 

DCs appropriately by solving N independent single-facility location problems. 

The final solution selected was the one with the lowest total cost obtained by 

comparing the total cost for the remaining N values. 

 

Nozick and Turnquist (2001) extended their earlier model by considering a 

two-echelon system for determining which products to stock at each level 

(plants and DCs) and where to locate the DCs. The number of DCs located 

and the demand for each product at the DCs affect the decision about the 

products to stock. This in turn affects the number of DCs to locate. Thus, the 

solution method proposed was an iterative one that alternates between solving 

a location problem given an inventory policy, and solving an inventory 

optimization problem given the number and locations of DCs. The solution 

first specified a minimum inventory level necessary to ensure a specified 

stockout probability for a given product. By approximating the safety stock 

cost as a linear function of the number of DCs, the approach allowed the 

incorporation of the safety stock requirements into the fixed-charge coefficient, 

and solved the location problem. With the new values for the number of DCs 

and demand of each product at each DC, the inventory optimization problem 

was solved. These iterations continued until the number and locations of DCs 

do not change. 
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Topic of interest Literature Discussed 

Conceptual model Perl and Sirisoponsilp (1989), 

Jayaratnam (1998) 

Fixed-charge location model Nozick and Turnquist (1998) and (2001) 

Non-linear inventory model Erlebacher and Meller (2001) 

Linear inventory model Jayaratnam (1998), Nozick and 

Turnquist (1998) and (2001) 

 

Table 13: Literature on Network Design with Inventory Cost 

 

 

Our work includes the inventory holding cost versus transportation cost 

tradeoff in the objective function. The inventory holding cost is computed 

based on expected inventory and using periodic review policy. Similar to 

transportation cost, the expected inventory holding cost is pre-computed for 

each shipping option for every potential hub at the warehouse. This solution 

method is proposed to overcome the complexities in non-linear inventory cost. 

Our model will select the hub to open, the shipping option to choose, and the 

assignment of suppliers to hubs, leading to the minimization of the total 

network cost. The results provide information on the shipping frequency and 

expected inventory of each component from each supplier at the warehouses. 

 

d) Coordination of production and shipping lot sizes 

Since our work requires coordinating the shipping lot size in which items are 

shipped from the suppliers to the hubs, to the lot size in which the items are 

shipped from the warehouses to the manufacturers for assembly, we draw 

analogy with the past literature on coordination of production and shipping lot 

sizes. 

 

Blumenfeld et al. (1985) considered production at origins and shipments to 

destinations, via direct shipping, shipping via a consolidation terminal, and a 

combination of both. They first determined the optimal shipment size using 

standard EQO method for direct shipping for one-origin-one-destination 
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problem. For many-origins-one-destination problem with direct shipping, no 

synchronization of shipment is possible and thus each link was analyzed 

independently. For one-origin-many destinations problem with direct shipping, 

production and transportation schedules were synchronized by sending one 

shipment to each destination for each production lot size. The authors then 

applied the results to many-origin-many-destination problem by splitting the 

network into sub-networks of one-origin-many-destination, and compute the 

cost independently. With the option of shipping via a consolidation terminal, 

production and transportation were not synchronized, and they determined the 

optimal routes and shipment sizes.  

 

Blumenfeld et al. (1991) extended their earlier work to examine the cost-

effectiveness of synchronizing production and transportation schedules on a 

production network with one-origin-many-destinations, and one product type 

for each destination. The authors determined the optimal setup frequency and 

shipment size for each item that minimizes the total cost, without the integer 

constraint between the production and shipment lot sizes, and then rounding 

the ratio of product lot size to shipment lot size to obtain an integer multiple. 

For N destinations with identical cost and demand characteristics, they 

analyzed two cases for synchronized schedule, namely equal production and 

shipment lot sizes, and general production and shipment lot sizes, and 

compared their costs with the unsynchronized schedule. 

 

Hahm and Yano (1992) considered the problem of a sole supplier of an item 

supplying to an assembly facility at fixed regular intervals. The objective of 

the problem was to minimize the average cost per unit time of production 

setup costs, inventory holding costs at the supplier and the customer, and 

transportation cost. The authors showed that the ratio between the production 

interval and delivery interval was an integer in an optimal solution. They also 

characterized situations in which it is optimal to have synchronized production 

and delivery schedules. 

 

Hahm and Yano (1995a) extended their earlier work to consider the common 

cycle case where the single supplier of multiple items supplies to an assembly 
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facility. They developed a procedure to find a common production and 

delivery interval that minimizes the average cost per unit time of 

transportation, inventory at both supplier and customer, and set up cost. The 

heuristic developed by the authors determine the result by iterating between 

updating the production sequence of the items and the production cycle until 

the solution converges. As this algorithm does not always find the global 

optimum, the authors developed an error bound on the solution obtained from 

the algorithm. In a sequel, Hahm and Yano (1995b) considered the nested 

cycle case where the production interval is an integer multiple M of the 

delivery interval, for a single supplier of multiple items for a single customer. 

In each production cycle, every item is produced once, while one or more 

deliveries are scheduled. This heuristic procedure determined the production 

schedules of J items in groups and their delivery schedules. The items were 

first partitioned into groups and then the sequence of the items within the 

group and also sequence of the groups were determined. A lower bound 

developed on the solution proved to be quite loose for cases with large J and 

small M.  

 

In another sequel, Hahm and Yano (1995c) considered the power-of-two 

policies where the production interval is an integer multiple M (restricted to 

powers of two) of the delivery interval, for a single supplier of multiple items 

for a single customer. In each cycle, each item was produced 2µ times, where 

the value of µ could differ across the items. The number of deliveries was 

fixed to be equal to the least common multiple of the item production 

frequencies. Similarly, a heuristic procedure was used to determine the 

production schedules of the items in groups and their delivery schedules. The 

authors showed that synchronized scheduling generally lowers the cost as 

compared to sequential scheduling. 

 

In terms of multi-echelon structures, Williams (1981) compared seven 

heuristic algorithms namely Single Facility (SF), Independent Facility (IF), 

Sequential Collapse (SC), Steepest Descent (SD), Myopic (M), Improved 

Myopic (IM) and Crowston, Wagner and Henshaw (CWH) heuristics and a 

dynamic programming (DP) model, which can be used for production 
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scheduling in an assembly network, distribution scheduling in an arborescence 

network, and joint production-distribution scheduling in a conjoined 

assembly-arborescence network. The objective of each model was to 

determine a production and/or distribution schedule and lot sizes at each stage 

to satisfy final product demand and minimize average cost per unit time over 

an infinite horizon. The results indicated that none of the heuristics performed 

as well as the DP model. For most structures, the best heuristic is the steepest 

descent method, while the second best is a simple extension of the CWH 

method. CWH is the best heuristic for conjoined structures. The improved 

myopic procedure performs quite well in situations where each path in the 

network consists of only two nodes in series. The IF heuristic is superior for 

facilities in series. The SF heuristic is the most naïve one but it outperformed 

IF and M heuristics for most of the larger series, assembly and conjoined 

structures. 

 

Topic of interest Literature Discussed 

1 supply node-to-1 demand node Blumenfeld et al. (1985), Hahm and 

Yano (1992) and (1995a, b c) 

1 supply node-to-M demand nodes Blumenfeld et al. (1985) and (1991), 

Williams (1981) 

M supply nodes-to-M demand nodes Blumenfeld et al. (1985), Williams 

(1981) 

Single Item Blumenfeld et al. (1985), Hahm and 

Yano (1992) 

Multiple Items Blumenfeld et al. (1991), Hahm and 

Yano (1995a, b, c) 

Consolidation Terminal / Hub Blumenfeld et al. (1985), Williams 

(1981) 

 

Table 14: Literature on Coordination on Production and Shipping Lot Sizes 
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In terms of lot sizing for our work, the shipping lot size from each supplier is 

determined by the shipping frequency selected for the hub that is opened. For 

a supplier assigned to a particular hub, the supplier will ship with the same 

shipping frequency as the hub, so that the hub needs not carry inventory. This 

simplification allows us to derive solutions quickly for a model that combines 

lot sizing with network design, together with concave shipping cost and 

inventory holding cost. 

 

In summary, our work differs from the previous research discussed in literature in that, 

we have combined strategic and tactical decisions by considering the issues of 

consolidation, concave shipping cost, inventory and lot sizing with network design. In 

our network design, each supplier is assigned to one hub only, direct supplier-to-

warehouse links are not permitted and hub-to-hub links are not permitted. Our 

research focus as compared to the literature discussed earlier can be seen from Table 

15 below, as indicated with “X”. 

 
a) Network 

design with 

hubs 

Interacting 

hubs 

Heuristic & 

Metaheuristic 

solution 

Bounds of 

solution 

Exact 

solution 

Economies of 

scale for 

transportation 

 

    X X  

b) Network 

design with 

concave 

shipping costs 

Extreme 

flow 

Piecewise 

linear 

concave cost 

function 

General 

concave cost 

function 

Branch-and-

Bound 

solution 

Heuristic 

solution 

Dynamic 

programming 

solution 

  X     

c) Network 

design with 

inventory cost 

Conceptual 

model 

Fixed-

charged 

location 

model 

Non-linear 

inventory 

cost 

Linear 

inventory 

cost 

  

   X    

d) Coordination 

of production 

and shipping 

lot sizes 

1 supply 

node-to-1 

demand 

node 

1 supply 

node-to-M 

demand 

nodes 

M supply 

nodes-to-M 

demand 

nodes 

Single Item Multiple 

Items 

Consolidation 

hub 

   X  X X 

 

Table 15: Our Research Focus 
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We consider locating consolidation hubs near the suppliers among potential hub 

locations in a layered network with multiple suppliers, multiple warehouses and 

multiple manufacturers, to support the supply hub concept. The objective is to locate 

appropriate number of consolidation hubs and allocate suppliers to the hubs. By doing 

so, we encourage consolidation at the consolidation hubs before shipping the 

consolidated components to the warehouses. We also consider the inventory cost of 

the components from the suppliers at the warehouses, and trade-off the inventory 

holding cost with concave shipping cost. 

 

We consider a set of available shipping options at each hub, and for each opened hub, 

we select the shipping option which minimizes the network cost. For each shipping 

option, we can determine the amount of shipment quantity from the supplier to the 

hub, and from the hub to the warehouse. We pre-compute the shipping cost involved 

and the inventory holding cost expected for each shipping option. Such pre-

computations take care of the complexities involved in concave shipping cost and 

inventory holding cost. The selected shipping option also determines the coordination 

of the shipping lot size between the suppliers and the assembly lot size at the 

warehouse. When solved, the model can provide answers to the inventory 

replenishment policy and network design simultaneously. 

 

 

4.3 ASSUMPTIONS, PARAMETERS AND MODEL 
 

We are focused on a layered network with i suppliers, k warehouses and k 

manufacturers. The suppliers will supply to the warehouses, which will in turn 

replenish the manufacturers on a regular basis to support JIT or MTO production or 

assembly process. Each warehouse is dedicated to serve its own manufacturer only. 

Given the daily demand of final product to be assembled from each manufacturer, 

each warehouse will need to place orders with the suppliers. 

 

Due to the long haul transportation from the suppliers to the warehouse, our objective 

is to locate consolidation hub(s) between the suppliers and warehouse to improve the 

network performance. We select an appropriate number of hubs among potential hub 
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locations, and assign suppliers to the hubs. The hubs will receive the components 

from the suppliers, perform consolidation of all components bound for the same 

warehouse, before shipping to the warehouse. 

 

Considering the bill of material (BOM) relating the supplier components to the final 

product, we need to place the right amounts of components from each supplier, taking 

into account the shipping frequency of the hub, and the shipping time from the 

suppliers to their assigned hub, and from the hub to the warehouse. We only consider 

inventory holding at the warehouse and the hubs function as cross-docks and do not 

hold inventory. Also, all shipments from the hub to the warehouse are subjected to 

capacity availability. 

 

We associate with each hub j a set of shipping options, and each hub can have a 

different number of shipping options.  Each shipping option m is defined with, 

• Shipping frequency, tjm (days between shipment) 

• Shipping capacity available from hub j to warehouse k, Gjkm (number of 

shipping units, where each shipping unit is 0.01m3) 
• Shipping lead time from hub j to warehouse k, Sjkm(days) 

• Annual fixed cost for shipping from hub j to warehouse k, CSjkm($) 

 

For each shipping option m at each hub j, we will know the shipping lot size from 

each supplier i, if the supplier is assigned to the hub. The shipping lot size is defined 

as µijkm (in terms of shipping capacity required) which can be easily computed (using 

the procedure as explained in section 4.3.2). Once the network selects a hub to be 

opened with a selected shipping option and assigns the suppliers to the hub, we will 

know the optimal shipping lot size from the supplier. 

 

Figure 33 illustrates an example of the application of shipping option in our model. In 

this example, we have one supplier i assigned to one open hub j, and two warehouses 

(k =1 and k =2) serving two manufacturers. The two manufacturers share the same 

supplier i. Hub j has two available shipping options and the analysis selected shipping 
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option 1. Hub j ships to both warehouses since the components from supplier i are 

required by both manufacturers. Since shipping option 1 (m = 1) is selected,  

• The hub will ship to the warehouses every 2 days (since tj1 = 2 days) and 

supplier i will also ship to the hub every 2 days 

• The shipping capacity available from the hub to the warehouses (Gjkm) are 

Gj11 and Gj21 for warehouse 1 and 2 respectively 

• The annual fixed cost for shipping from the hub to the warehouses (CSjkm)are 

CSj11 and CSj21 for warehouse 1 and 2 respectively 

• The shipping time from the hub to the warehouses (Sjkm) are Sj11 and Sj12 for 

warehouse 1 and 2 respectively 

• The shipping lot size from supplier i (µijkm) will be the sum of µij11 and 

µij21. 

 

 
 

Figure 33: Illustration of the Application of Shipping Option 

 

 

The network cost (Figure 34) includes, 

• Annual fixed cost of opening hub j and operating with shipping option m (Fjm) 
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• Annual logistics cost for supplier i to ship to hub j using shipping option m, 

and it includes any variable costs for shipping from hub j to warehouse k 

(Cijm) 

• Annual fixed cost for shipping from hub j to warehouse k using shipping 

option m (CSjkm) 

• Annual inventory holding cost at warehouse k, attributable to components 

from supplier i, who uses hub j and shipping option m (CIijkm) 

 

 
 

Figure 34: Cost Components for the Consolidated Network Design 

 

 

4.3.1 ASSUMPTIONS 
 

• Each supplier can supply to more than one manufacturer. We expect this 

assumption to improve the benefits of consolidation, since a supplier can 

consolidate the total quantity of components required by more than one 

manufacturer and ship to its assigned hub, to take advantage of concave 

shipping cost. If each supplier can only supply to one manufacturer, such 

consolidation opportunity will not be present. 

• Each supplier only supplies one type of component (i.e. supplier i supplies 

only component i). If the supplier supplies more than one type of component, 

we can create additional dummy suppliers for each component type; however, 

this formulation will overlook consolidation opportunities when shipping from 

the supplier to the hub. 
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• Each supplier is assigned to exactly one hub. This assumption will reduce the 

shipping cost involved since it is more economical to ship a larger quantity to 

a single hub, then to ship smaller quantities to more than one hub.  

• Direct supplier to warehouse link is not permitted. This assumption can be 

relaxed to allow suppliers who only supply to a single manufacturer and the 

shipping cost from the supplier to the warehouse via the hub, is comparable to 

the shipping cost from the supplier to the warehouse directly. 

• Each hub does not hold inventory but acts as a cross-docking facility. We use 

the shipping frequency for a selected shipping option to coordinate the 

shipping lot sizes from the suppliers and the lot sizes required by the 

manufacturers for assembly. Such coordination does not permit the hub to 

hold inventory. 

• Processing time at the hub is assumed zero. Without loss of generality, we 

ignore the processing time for simplification when computing the inventory 

holding cost at the warehouse. 

• Each hub can serve more than one warehouse. This assumption allows the hub 

to ship directly to more than one warehouse, otherwise hub-to-hub links will 

be needed to restrict one hub to serve only one warehouse. 

• Each warehouse can be served from more than one hub. The justification for 

this assumption is the same as the one above. 

• Each warehouse only serves one manufacturer (i.e. warehouse k serves 

manufacturer k). This assumption is in line with the supply hub concept. 

• Each warehouse k will hold inventory for the components required by 

manufacturer k from its suppliers. This assumption is in line with the supply 

hub concept. 

• For each shipping edge i to j, there is a shipping lead-time Sij 

• At most one shipping option is chosen for each hub. With a single shipping 

option, all the components from suppliers assigned to the hub can be 

consolidated for shipping. Also, we can coordinate the shipping lot sizes from 

the suppliers and the lot sizes required by the manufacturers for assembly. 

With different shipping option, it is hard to operate the hub without inventory.  

• For a selected shipping option m for hub j, if supplier i is assigned to hub j, 

then supplier i must also ship to hub j using the same shipping option m 
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(shipping frequency tjm). This assumption is also useful for the coordination 

of shipping lot sizes. Post optimization procedure can be performed to allow 

suppliers to ship at multiples of the shipping frequency, but this would cause 

the hub to carry inventory. 

 

 

4.3.2 PARAMETERS 
 

The input parameters include, 

• i, j and k = indices for suppliers, hubs and warehouses respectively 

• m = index for the available shipping options at each hub j 

• dk = daily demand at WH k (number of units of final product k required to be 

assembled per day), defined with mean µk and standard deviation σk 

• Φik = number of units required from supplier i for each unit required at WH k 

(number of units of component i per unit of product k) 

• Ui = shipping capacity required per unit of component i (number of shipping 

units, where each shipping unit is 0.01m3) 

• hik = inventory holding cost of component i at WH k ($ per unit of component 

i per year) 

• Vijk = variable cost of handling a unit of component i from supplier i to 

warehouse k via hub j ($per unit of component i expressed in terms of 

shipping capacity) 

• Sij = transportation time from supplier i to hub j (days) 

• tjm = shipping frequency for hub j with option m (days between shipment) 

• Gjkm = shipping capacity available from hub j to warehouse k with option m 

for each shipment (number of shipping units, where each shipping unit is 

0.01m3) 
• Sjkm = Shipping lead time from hub j to warehouse k with option m (days) 

• Fjm = Annual fixed cost of opening hub j and operating with shipping option 

m ($) 
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• µijkm = amount of shipping capacity required per shipment from supplier i to 

warehouse k, via hub j using shipping option m = Φik.µk.tjm.Ui (number of 

shipping units, where each shipping unit is 0.01m3) 

• Cijm = Annual logistics cost for supplier i to ship to hub j using shipping 

option m, and it includes any variable costs for shipping from hub j to 

warehouse k ($) 

• CSjkm = Annual fixed cost for shipping from hub j to warehouse k using 

shipping option m ($) 

• CIijkm = Annual inventory holding cost at warehouse k, attributable to 

components from supplier i, who uses hub j and shipping option m ($) 

 

Parameters Cijm and CIijkm need to be pre-calculated and they can be computed as 

follow, 

a) For a selected shipping option m for hub j, we can pre-calculate Cijm if 

supplier i is assigned to hub j 

 

Amount of component i required from supplier i for each shipment to hub j is 

given by, ijm ijkm
k

Q µ=∑  (expressed in terms of shipping capacity required) 

 

Cijm = [(shipping cost from i to j) + (sum of variable costs for all    

       warehouses k)]* (number of shipments per year) 

Where, 

• Shipping cost from i to j = [(shipping rate for shipping option m and 

applicable for the shipment quantity Qijm) * Qijm] + fixed logistics 

cost incurred from i to j 

• Sum for all k (Variable cost of handling shipment quantity µijkm of 

component i from supplier i to warehouse k via hub j = Vijk * µijkm) 

• Number of shipment per year for hub j with selected shipping option m 

= Int (365 / tjm) where tjm is the shipping frequency in days 
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An example computation is given for the following situation. If supplier i to 

assigned to an open hub j and the shipping option m is selected, and hub j 

ships to two warehouses (k = 1 and k = 2), then we use the following 

parameters to compute Cijm, 

• µijkm = Φik.µk.tjm.Ui  

o µij1m = Φi1.µ1.tjm.Ui = 4*200*6*1 = 4800 shipping units 

o µij2m = Φi2.µ2.tjm.Ui = 2*150*6*1 = 1800 shipping units 

where, the BOM quantity for component i for each product k is 

Φi1= 4 and Φi2 = 2 for product k = 1 and k = 2 respectively; 

and mean demand of product k is µ1 = 200 and µ2 = 150 for 

product k = 1 and k = 2 respectively; shipping frequency for 

shipping option m, tjm = 6 days; and shipping capacity required 

per unit of component i is Ui = 1 shipping unit. Each shipping 

unit is 0.01m3. 

• Qijm = µij1m + µij2m = 6600 shipping units 

• Shipping rate from i to j for shipping option m is represented by a 3-

segment piecewise linear concave shipping cost, where if the shipping 

capacity required is < 3000 shipping units, the shipping rate is $0.4 per 

shipping unit; if the shipping capacity required is between 3000 and 

6000 shipping units, then the shipping rate is $0.3 per shipping unit; 

and if the shipping capacity required is > 6000 shipping units, then the 

shipping rate is $0.2 per shipping unit. Since Qijm = 6600 shipping 

units, we will use the shipping rate of $0.2. 

• Fixed logistics cost incurred from i to j is also dependent on the 

shipping capacity required. Similarly, if the shipping capacity required 

is < 3000 shipping units, the fixed cost is $100; if the shipping capacity 

required is between 3000 and 6000 shipping units, then the fixed cost 

is $400; and if the shipping capacity required is > 6000 shipping units, 

then the fixed cost is $1000. Since Qijm = 6600 shipping units, we will 

use the fixed cost of $1000. 
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• Unit variable cost of handling shipment of component i from supplier i 

to warehouse k via hub j is Vij1 = $0.2 and Vij2 = $0.1 per unit of 

component i expressed in terms of shipping capacity µijkm 

Therefore, 

Cijm  = [(shipping cost from i to j) + (sum of variable costs for all 

warehouses k)]* (number of shipments per year) 

 = [(Qijm* $0.2 + $1000) + ($0.2 * µij1m + $0.1 * µij2m)]* Int (365/2) 

 = [(6600 * $0.2 + $1000) + ($0.2 * 4800 + $0.1 *1800)]* 182 

 = $629,720 

 

b) For a selected shipping option m for hub j, we can pre-calculate CIijkm, if 

supplier i is assigned to hub j, which in turn is assigned to serve WH k. We are 

assuming a periodic review inventory replenishment policy, where the review 

period is equivalent to the selected shipping frequency of the hub j serving the 

WH k, tjm. 

 

 
 

Figure 35: Illustration for Replenishment Cycles from Suppliers to Warehouse 

via the Hub 
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Consider two suppliers A and B of manufacturer k supplying to warehouse k 

(Figure 35), and both suppliers are assigned to hub j. Let the selected shipping 

option m have shipping frequency tjm = 2 days, and shipping lead-time from 

suppliers to hub j are SAj = 2 days and SBj = 3 days for suppliers A and B 

respectively. Also, the shipping lead-time from the hub j to the warehouse k is 

Sjkm = 4 days. Both suppliers A and B will replenish the hub every tjm = 2 days. 

From the figure, we can see that shipments 1A and 1B are planned to arrive at 

the hub on the same day; while shipments 2A and 2B are also planned to 

arrive at the hub on the same day. 

 

The total lead-time for shipment from supplier A to reach warehouse k is 

LTAjk = SAj + Sjk = 2 + 4 = 6 days; while the total lead-time for shipment from 

supplier B to reach warehouse k is LTBjk = SBj + Sjk = 3 + 4 = 7 days. Since 

both components A and B are meant to be consolidated and sent to the same 

warehouse k for the assembly of final product at manufacturer k, we use the 

effective total lead-time to compute the safety stock for the components at 

warehouse k. This effective lead-time is the maximum of LTAjk and LTBjk. 

 

Expected inventory of component i at warehouse k is the sum of the cycle 

stock and safety stock, given by, 

[ ]
2

jm ik k
ijkm k ijk jm

t
E I z LT t

φ µ
σ= + +  

Where the first term is the cycle stock and the second term is the safety stock. 

 

The effective lead-time for the safety stock computation is equals to the 

maximum of all lead-time LTijk such that these suppliers must be the supplier 

of manufacturer k (that is Φik > 0), and supplier i is assigned to hub j (i→j), 

{ : 0 }
( )

ik
ijk ij jkmi i and i j

LT Max S S
φ∈ > →

= +  
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So, the annual inventory holding cost at warehouse k, attributable to 

components from supplier i, who uses hub j and shipping option m, 

[ ]ijkm ijkm ikCI E I h=  

 

Consider the inventory holding cost CIijkm of component B at warehouse k 

using the following parameters, 

• tjm = 2 days 

• ΦBk = 4 

• µk = 200, σ k = 10 

• z = 2.054 for 98% service level of component B 

• LTBjk = SBj + Sjk = 3 + 4 = 7 days = effective lead-time 

• hBk = $10 per unit of B per year 

 

*
2

2 * 4 * 200 2.054 *10 7 2 * $10
2

$8, 616

jm Bk k
Bjkm k Bjk jm Bk

t
CI z LT t h

φ µ
σ

⎡ ⎤
= + +⎢ ⎥
⎣ ⎦
⎡ ⎤= + +⎢ ⎥⎣ ⎦

=

 

 

 

4.3.3 MODEL AND SOLUTION METHODOLOGY 
 

The decision variables in the model are, 

• Xijm = binary variable to denote if supplier i is assigned to hub j, using 
shipping option m 

• Yjm = binary variable to denote if hub j is open and uses shipping option m 

• Zjkm = binary variable to denote if hub j ships to warehouse k using shipping 
option m 

 

The model minimizes the network cost given by, 

, , , , , , ,
jm jm ijm ijm ijkm ijm jkm jkm

j m i j m i j m k j k m
F Y C X CI X CS Z⎛ ⎞

+ + +⎜ ⎟
⎝ ⎠

∑ ∑ ∑ ∑ ∑  
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subjected to, 
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The constraints include, 

• (1) ensures that each supplier i is assigned to exactly one hub j 

• (2) ensures that each supplier i is assigned to a hub j which is open, for a 

specific common shipping option m 

• (3)  ensures that at most one shipping option is chosen for each hub j 

• (4)  ensures that the average shipment along each link from hub j to warehouse 

k does not exceed the available capacity 

• (5)  ensures that the link selected from hub j to warehouse k with option m, is 

for a hub j which is open with option m 

 

The idea of using available shipping options at each hub allows us to overcome the 

complexities involved in the non-linear analysis of concave shipping cost and 

inventory holding cost. Such costs can be pre-computed for each shipping option for 

each hub, and for all suppliers and warehouses related to the hubs. Our model is 

reduced to a linear binary integer program with decision variables which tells us 

directly the opening/closing of hubs; selection of shipping option; assignment of hubs 

to warehouses; and assignment of suppliers to hubs. In addition, the selected shipping 

option also sets the inventory replenishment cycle for each open hub and the suppliers 

assigned to it, as well as provides information on the expected inventory of each 

component i at the WH j. 
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The model is a linear binary integer program (BIP) where the computational difficulty 

depends on the number of binary decision variables in the model. If there are n binary 

decision variables, then the solution space will increase exponentially by 2n. The 

binary decision variables in the model are Xijm, Yjm and Zjkm. For a problem with 

six suppliers, four potential hubs, two warehouses and three shipping options per hub 

(that is, i = 6, j = 4 and k = 2, m = 3), we will have a total of 108 binary decision 

variables, and the solution space will have 2108 = 3.24532 solutions. 

 

The branch-and-bound method is used for solving such binary integer programs.We 

know that for very large problem size, the computational time will increase. We have 

implemented the model using the Lingo solver and branch-and-bound is used to solve 

the model. We tested the model with the problem described above on an Intel Pentium 

4, 2.4 GHz PC with 256MB of RAM, and the computation time is only 1 second 

involving 81 iterations.  

 

When designing such a consolidated network design, it is not common to expect large 

numbers of potential hubs (j), warehouses (k) and available shipping options (m). 

Only large number of suppliers is expected. With the computational efficiency 

provided, we can expect a relatively large problem size of 50 to 100 suppliers to be 

solved within reasonable computational time. 

 

 

4.4 INDUSTRY CASE STUDY 
 

Personal computers (PCs) have become a necessity in most homes and offices. In 

1991, there were as many as 72 PC makers (Eisenberg, 2002), but today, there are 

fewer than twenty, and this number continues to shrink. Building and assembling PCs 

was once a lucrative business, but it has become a low margin one today. The 

surviving PC makers include Dell, HP-Compaq, Apple, IBM, Gateway, Fujitsu, NEC, 

Toshiba, Samsung, Lenovo (China’s largest PC maker) and Acer. 

 

In 2004, Dell led the market in terms of PC sales, shipping 31 million units, outselling 

HP by 3.5 million units. The two companies were followed by IBM, Fujitsu and Acer. 
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In the U.S., the Gateway and Apple occupied the fourth and fifth spot respectively 

(Krazit, 2005). In late 2004, IBM sold its PC division to the China-based Lenovo. 

 

Despite the maturity of the PC industry, figures have shown that the Asia Pacific 

region continues to enjoy high growth in PC sales. Table 16 below shows the 

worldwide PC sales (www.c-i-a.com/pr0802.htm) and Asia-Pacific sales are expected 

to surpass all other regions in year 2007. Another report by Computer Business 

Review online (http://www.cbronline.com/article_news.asp) also reported that  the PC 

market in the US is the world's slowest-growing, projected to rise just 7.6% in 2005 

from 2004, versus 10.9% in Asia Pacific and 9.4% in Western Europe. 

 

Yearly PC Sales 

(Thousands) 
1990 1995 2000 2002 2004 2007 

North America 10,290 23,030 49,450 46,990 52,570 60,900 

South/Central America 765 2,570 6,840 7,360 9,330 14,060 

Western Europe 8,050 15,870 32,280 32,490 36,890 46,230 

Eastern Europe 555 2,180 5,070 6,320 8,050 11,850 

Asia-Pacific 3,825 12,635 31,190 35,590 44,620 61,960 

Middle East/Africa 690 1,700 4,850 5,470 7,330 11,690 

 

Table 16: Yearly PC Sales from 1990 to 2007 

 

 

Supported by industry figures, we will focus our case study on PC assembly in the 

Asia-Pacific region, particularly South-East Asia. We consider designing a 

consolidated network to allow a 3PL to serve two PC makers located in Manila, 

Philippines and Jakarta, Indonesia. Each PC maker typically requires four component 

types as shown in Figure 36. Suppliers for SDRAM Chips and Sound Card are 

common between the two PC makers. The supplier locations, value of the component, 

and BOM quantity required per unit demand by each PC maker, are given in Table 17. 
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Figure 36: PC Makers Example 

 

 
 Component Supplier Location Value of 

Component 

BOM Quantity 

PC Maker 1 Motherboard – 1 

Cooling Fan – 1 

SDRAM Chips 

Sound Card 

Penang, Malaysia 

Shenzhen, China 

Seoul, Korea 

Singapore 

US $62 

US $16 

US $85 

US $115 

1 

1 

4 

1 

PC Maker 2 Motherboard – 2 

Cooling Fan – 2 

SDRAM Chips 

Sound Card 

Taipei, Taiwan 

Suzhou, China 

Seoul, Korea 

Singapore 

US $50 

US $11 

US $85 

US $115 

1 

1 

2 

1 

 

Table 17: Suppliers, Components, Value and BOM Quantity 

 

 

The network flow without consolidation hubs is shown in Figure 37 below. Here, 

each supplier ships its components directly to each customer warehouse over long-

haul shipping using LTL rates. 
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Figure 37: Network Flow without Using Consolidation Hubs 

 

 

To design a consolidated network, we consider four potential locations as candidates 

to be operating hubs, namely, 

• Singapore 

• Guangzhou (near to Shenzhen) 

• Shanghai (near to Suzhou) 

• Taoyuan, Taiwan 

 

A three-segment piecewise linear LTL concave shipping cost is assumed between 

each supplier i and hub j, as shown in Figure 38. 
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Figure 38: Three-Segment Piecewise Linear LTL Concave Shipping Cost 

 

 

Shipping rates are based on many factors including, 

• The distance the shipment is moving 

• The shipment’s weight or volume (depending on whether the commodity is 

more dense or more voluminous) 

• The density of the commodity being shipped 

• The commodity’s susceptibility to damage 

• The value of the commodity 

• The commodity’s loadability and handling characteristics 

 

The last four factors usually determine the classification of the commodity. The 

higher the class, the more expensive is the shipping rate. We can consider all the 

components in this example to be in the same class, and they tend to be more 

voluminous. We express the shipping rates between an O-D pair according to the 

distance between them and create break-points according to shipping volume. In 

Appendix 7-2, the shipping volume required for our example, expressed as the pre-

calculated µijkm, ranges from 0 to 8000 shipping units. (Each shipping unit is 

equivalent to the shipping volume of a packed SDRAM component occupying 
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0.01m3.) We have selected the break-points to be at 3000 and 6000 shipping units, 

which correspond roughly to ⅓ and ⅔ of 8000 shipping units, respectively. 

 

For each O-D pair, the set of slopes (or shipping rates) is determined from the 

distance separating the supplier and the hub, where Type 1 would mean the smallest 

distance apart, while Type 6 would mean the largest distance apart. Each type 

increment would increase the slope by 0.1 for each segment. Classification of the 

types and their respective slopes are given in Table 18a. 

 

 Slope A 

($/shipping unit)

Slope B 

($/shipping unit)

Slope C 

($/shipping unit) 

Type 1 0.3 0.2 0.1 

Type 2 0.4 0.3 0.2 

Type 3 0.5 0.4 0.3 

Type 4 0.6 0.4 0.3 

Type 5 0.7 0.6 0.5 

Type 6 0.8 0.7 0.6 

 

Table 18a: Set of Slopes for Each LTL Shipping Cost Type 

 

 

With the slopes defined as in Table 18a, we can determine the intercepts of each 

segment on the vertical axis by equating the shipping costs at the break-points. We set 

the intercept for slope A at Int-A = 100 for all types; we then find that Int-B = 400 and 

Int-C = 1000, for every type. These intercepts represent the fixed cost incurred in 

shipping from supplier i to hub j. 

 

The categorization of each O-D pair, that is from each supplier i to each hub j, is 

given in Table 18b. For example, from Singapore supplier to Singapore hub will be 

categorized as Type 1, while from Malaysia supplier to Singapore hub will be 

categorized as Type 2. 
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From Supplier i To Hub j Type 

Penang, Malaysia 

Singapore 

Shenzhen, China 

Suzhou, China 

Taipei, Taiwan 

Seoul, Korea 

Singapore 2 

1 

4 

5 

5 

6 

Penang, Malaysia 

Singapore 

Shenzhen, China 

Suzhou, China 

Taipei, Taiwan 

Seoul, Korea 

Guangzhou, China 4 

4 

1 

2 

2 

3 

Penang, Malaysia 

Singapore 

Shenzhen, China 

Suzhou, China 

Taipei, Taiwan 

Seoul, Korea 

Shanghai, China 5 

5 

2 

1 

2 

2 

Penang, Malaysia 

Singapore 

Shenzhen, China 

Suzhou, China 

Taipei, Taiwan 

Seoul, Korea 

Taoyuan, Taiwan 4 

4 

2 

2 

1 

3 

 

Table 18b: Categorization of LTL Shipping Cost Type to Each O-D Pair 

 

 

The input data and computed values for Cijm, CIijkm and µijkm are given in the 

Appendix 7-1 and Appendix 7-2 respectively. The resulting network design (see 

Figures 39a and 39b) includes opening the Singapore and Shanghai hubs, operating 

with 6-day and 7-day replenishment cycles respectively; that is, for these two hubs, 

the shipping frequency tjm is 6 days for Singapore and 7 days for Shanghai. Malaysia 
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and Singapore suppliers are assigned to the Singapore hub, while Shenzhen, Suzhou, 

Taiwan and Korea suppliers are assigned to the Shanghai hub. 

 

 

 
 

Figure 39a: Consolidated Network Design to Serve Two PC Makers 
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Figure 39b: Consolidated Network Design to Serve Two PC Makers 

 

 

The total network cost is given in Table 19 below. Shipping cost takes up 73.3%, 

inventory holding cost takes up 7.95%, and fixed facility cost takes up 4.6% of the 

total network cost. A study done in 1993 by Robert Delaney on the total US integrated 

logistics costs shows that transportation cost takes up about 64%, inventory cost takes 

up about 22.5%, and fixed facility cost takes up about 9.5% of the total cost. Our 

result is consistent with this study in terms of the ranking of the percentages of 

network cost from different cost components.  

 

 
 

Table 19: Total Network Cost for Consolidated Network Design 
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The model selected the least frequent shipping option for both the Singapore and 

Shanghai hubs. This is because of the concave shipping cost which encourages more 

consolidation of shipments. Intuitively, we know that the more frequent shipping 

option will be selected when, 

• Inventory holding cost is high, and/or 

• Fixed logistics cost from hub j to warehouse k is low 

 

To understand the economics of 3PL consolidation, we can compare the network 

costs of the consolidated network design with networks that are designed separately 

for each client without using consolidation hubs. This will be discussed in later 

sections. To use a common base for comparing the costs, we use the same shipping 

frequency as determined from the consolidated design (see Figure 40). 

 

 

 
 

Figure 40: Non-Consolidated Network Design Using the Same Selected Shipping 

Option 
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The difference between the cost components for the consolidated and the non-

consolidated network designs is shown in Figure 41. The cost components for the 

non-consolidated network design are, 

• Cikm = Annual logistics costs for supplier i to ship to warehouse k using 

shipping option m, and it includes all variable costs 

= (shipping cost + variable costs)* (# of shipments per year) 

 Where, 

o Shipping cost from i to k = [(shipping rate for tjm and applicable for 

the shipment quantity µikm ) * µikm ] + fixed logistics cost incurred 

from i to k 
o Variable cost of handling shipment quantity µikm of component i from 

supplier i to warehouse k = Vik * µikm 

o Number of shipment per year for hub j with selected shipping option m 

= Int (365 / tjm) 

• CIikm = Annual inventory holding costs at warehouse k, attributable to 

components from supplier i given by, 

[ ]

[ ]
2

ikm ikm ik

jm ik k
ikm k ik jm

CI E I h
t

E I z LT t
φ µ

σ

=

= + +  

where, LTik = shipping lead time from supplier i to warehouse k 

 



© 2005 Nanyang Technological University. All rights reserved. 120 

 
 

Figure 41: Different Cost Components for Two Different Network Designs 

 

 

An example computation for Cikm is given for the following situation. If supplier i 

ships to warehouse k using shipping option m, then we use the following parameters 

to compute Cikm, 

• µikm = Φik.µk.tjm.Ui = 4*200*6*1 = 4800 shipping units 

where, the BOM quantity for component i for each product k is Φik= 4; and 

mean demand of product k is µk = 200; shipping frequency for shipping 

option m, tjm = 6 days; and shipping capacity required per unit of component i 

is Ui = 1 shipping unit. 

• Shipping rate from i to k for shipping option m is represented by a 3-segment 

piecewise linear concave shipping cost, where if the shipping capacity 

required is < 3000 shipping units, the shipping rate is $0.8 per shipping unit; if 

the shipping capacity required is between 3000 and 6000 shipping units, then 

the shipping rate is $0.7 per shipping unit; and if the shipping capacity 
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required is > 6000 shipping units, then the shipping rate is $0.6 per shipping 

unit. Since µikm = 4800 shipping units, we will use the shipping rate of $0.7. 

• Fixed logistics cost incurred from i to k is also dependent on the shipping 

capacity required. Similarly, if the shipping capacity required is < 3000 

shipping units, the fixed cost is $100; if the shipping capacity required is 

between 3000 and 6000 shipping units, then the fixed cost is $400; and if the 

shipping capacity required is > 6000 shipping units, then the fixed cost is 

$1000. Since µikm = 4800 shipping units, we will use the fixed cost of $400. 

• Unit variable cost of handling shipment of component i from supplier i to 

warehouse k is Vik = $0.2 per unit of component i expressed in terms of 

shipping capacity µikm 

Therefore, 

Cikm  = [(shipping cost from i to k) + (variable costs for warehouse k)]* (number of  

      shipments per year) 

 = [(µikm * $0.7 + $400) + ($0.2 * µikm)]* Int (365/2) 

 = [(4800 * $0.7 + $400) + ($0.2 * 4800)]* 182 

 = $859,040 

 

An example computation of inventory holding cost CIikm of component B at 

warehouse k using the following parameters, 

• tjm = 6 days 

• ΦBk = 4 

• µk = 200, σ k = 10 

• z = 2.054 for 98% service level of component B 

• LTBk = 7 days 

• hBk = $10 per unit of B per year 

*
2

6 * 4 * 200 2.054 *10 7 6 * $10
2

$24, 740

jm Bk k
Bkm k Bk jm Bk

t
CI z LT t h

φ µ
σ

⎡ ⎤
= + +⎢ ⎥
⎣ ⎦
⎡ ⎤= + +⎢ ⎥⎣ ⎦

=
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For the non-consolidated network design,  

• the LTL shipping rates faced by the suppliers are much higher because of 

long-haul transportation 

• the variable cost Vik is lower than the variable cost Vijk in the consolidated 

case since there is less handling 

• the lead time taken to ship the components from the suppliers directly to the 

warehouse LTik is shorter than LTijk in the consolidated case, since the 

components need not travel through the hub 

 

We use a second set of three-segment piecewise linear LTL shipping cost from the 

suppliers to the warehouses, given in Tables 20a and 20b. Table 20a is similar to 

Table 18a, except that Type 7 is added. The intercepts used are the same as before 

where: Int-A = 100, Int-B = 400 and Int-C = 1000, for every type. These intercepts 

represent the fixed cost incurred in shipping from supplier i to warehouse k. 

 

 

 Slope A Slope B Slope C 

Type 1 0.3 0.2 0.1 

Type 2 0.4 0.3 0.2 

Type 3 0.5 0.4 0.3 

Type 4 0.6 0.5 0.4 

Type 5 0.7 0.6 0.5 

Type 6 0.8 0.7 0.6 

Type 7 0.9 0.8 0.7 

 

Table 20a: Set of Slopes for Each LTL Shipping Cost Type for Non-Consolidated 

Design 
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From Supplier i To Warehouse k Type 

Penang, Malaysia 

Singapore 

Shenzhen,China 

Korea 

Philippines 4 

4 

3 

5 

Singapore 

Suzhou, China 

Taipei, Taiwan 

Seoul, Korea 

Indonesia 2 

6 

5 

7 

 

Table 20b: Categorization of LTL Shipping Cost Type to Each O-D Pair for Non-

Consolidated Design 

 

 

By varying the variable cost Vik as different percentage of Vijk, and lead time LTik 

with respect to LTijk, we compute the network cost for nine non-consolidated network 

designs and compare them with the network cost for the consolidated design. For 

example, for Run #1, we set Vik = 0.9 * Vijk since Vik is less than Vijk; and LTik is one 

day less than LTijk since shipment needs not go through the hub. The results are 

shown in Table 21 below. 

 

 
 

Table 21: Network Cost Comparison for Consolidated and Non-Consolidated 

Networks 
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The results show that, for the same shipping cycle from the suppliers for the 

consolidated and non-consolidated networks, there is significant increase in network 

cost for network without consolidation compared to network with consolidation hubs.  

 

The variable cost Vik has a larger impact on the network cost, as compared with the 

lead-time LTik. This is because the variable cost Vik is incurred during handling and 

shipping and it contributes a large percentage to the network cost. On the other hand, 

the lead-time LTik affects only the inventory holding cost, and we know that inventory 

holding cost contributes a smaller percentage to the network cost. 

 

In summary, potential network cost savings can be achieved by designing a network 

to serve more than one client, maximizing the utilization of the facilities and shipping 

links, and leveraging on the economies of scale and scope. Our model is developed 

based on the supply hub concept and focused on consolidating the management of 

suppliers for multiple manufacturers. Logistics managers can use this result to help 

them understand the complexities involved in such analyses; the economics of 

consolidation versus non-consolidation; and factors affecting consolidation. 
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PART V 

IMPLICATIONS FOR 3PL BUSINESS PRACTICE,  

CONCLUSIONS AND FUTURE WORK 
 

5.1 IMPLICATIONS FOR 3PL BUSINESS PRACTICE 
 

Businesses are going global to take advantage of more cost-effective sources of goods 

and services, to enter new markets, and to implement higher-margin, high-

performance business models. The objective of the three new models proposed in this 

thesis is to help 3PL companies to develop more effective logistics network designs to 

complement such business trends. In this section, we discuss the implications of the 

three models for the 3PL business practice, highlighting the information that should 

be captured and understood, the technological and operational capabilities the 

network must have, and the cultural and security issues that are crucial for 

implementing these models. 

 

 

5.1.1 INDUSTRY SECTOR INFORMATION 
 

Different industry sectors have their unique characteristics, particularly in terms of 

product lifecycle. For the first two models proposed in this thesis, we have focused on 

industry sectors which have a slower clock-speed or longer product lifecycle, where 

customers can afford to have different sensitivity to delivery lead time. The first 

model studies the benefits of designing a network by segmenting demand according to 

their delivery lead-time (LT) requirements; while the second model employs price 

discount to entice the short LT customers to accept long LT and designing an optimal 

network which maximizes net profit of operating the network. The electronics and 

high-tech industries have very short lifecycles, where time is of essence and it will be 

difficult to find customers willing to accept a comparatively long delivery lead time.  

 

Thus, industries that are suitable for the implementation of the first two models 

include the chemical industry, the healthcare and pharmaceutical industry and the 
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automotive spare parts industry for non-emergency repair. In these industries, 

different customers can have different lead time requirements: these requirements 

might depend on the size of the company, the type of clients they deal with, and their 

inventory management requirements. Some customers might require strictly “next-

day” delivery, while others can wait for a week, or even months. 

 

If the client belongs to a suitable industry, the 3PL company must put in effort to 

collect information on the customer demand profile, and to understand the customer’s 

sensitivity to delivery lead-time. This information will help the 3PL company to 

decide on the number of demand classes to have and the delivery lead time interval to 

set for each class. The delivery time interval to set would depend largely on the 

transportation modes available, the shipping frequency and the shipping time required 

between the locations. 

 

To implement the second model on “Logistics Network Design with Price Discount”, 

the 3PL company must also collect information on customer’s sensitivity to price 

discount. A demand curve with respect to the price discount offered can be obtained 

by analyzing historical data on past promotional efforts. Customers who can accept 

longer delivery lead-time could be enticed by price discount to move from the short 

lead-time class to the long lead-time class. 

 

The third model aims at extending the supply hub logistics arrangement which is 

already prominent in certain industry sectors. Many companies in the high tech 

electronics industry have set up supply hubs to house the components, parts and 

materials, necessary for assembling and manufacturing the final product. Global PC 

players like Compaq, Hewlett Packard, Apple and Dell have supply hubs in one 

geographical region or another. One key reason for using supply hubs is to support 

JIT or MTO production when demand varies and is uncertain.  

 

Thus, the industry sector which is suitable for the implementation of the third model 

could be one where the 3PL is already managing the supply hubs or similar, and is 

ready for consolidation hubs to be added near the suppliers, to perform consolidation. 

Improved consolidation can be achieved when the 3PL company serves multiple 
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clients who share the same suppliers, or have suppliers located near to each other 

geographically. 

 

 

5.1.2 TRANSPORTATION INFORMATION 
 

The delivery lead-time is highly dependent on the transportation mode, the shipping 

frequency and shipping lead time between the locations. In order to explore all 

possible combinations of demand classes and delivery lead-times, 3PL companies 

must have good knowledge of all the options available.  

 

In offering the price discount, the transportation cost incurred serving the short LT 

customers and long LT customers will affect how much discount to offer. The 3PL 

company must be aware of the pricing trends in the different categories of 

transportation including air, sea, rail and truck.  

 

In a recent report by Hayes (2005), the air cargo market is shifting to using wide-body 

freighter planes which can carry more than 100 tons of pay-load. Such a shift will 

open up new services on routes and consolidate businesses. More cities will be joined 

by "next day" freight services, and door-to-door delivery times will be substantially 

reduced. Such trends in the transportation market are also critical in planning the 

network design 

 

The third model provides quantitative benefits in network cost mainly from shipment 

consolidation using concave LTL shipping cost. Thus, it is extremely important for 

3PL companies to have good knowledge of the transportation market, so as to use the 

model to make sound decisions on the consolidated network design. 
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5.1.3 FACILITIES INFORMATION 
 

The first model explores the use of facility grouping method to encourage more than 

one facility to serve the same demand location within the short delivery lead-time. 

Such an arrangement is possible when the facilities are located relatively near to the 

demand location, or when faster shipping modes are available. The implication of 

using this model on the facilities is that local warehouses must be ready to expand its 

reach to serve regions other than its own. The added technological and operational 

issues that come with this expansion will be discussed in later sub-sections. 

 

The second model offers price discount based on the cost savings that can be derived 

from serving long LT customers directly from the hub. Other than transportation cost 

savings, the cost savings from the facilities are also important. The 3PL company 

needs to understand all the cost factors attributable to serving the long and short LT 

demands, so as to offer a price discount that is within an acceptable range. 

 

The third model involves adding consolidation hubs near the suppliers to consolidate 

shipments. The assumption used in this model is that the consolidation hub operates 

like a cross-dock, and thus does not hold inventory. The operations and procedures for 

a cross-docking facility differ from a typical warehouse. A cross-dock facility 

typically does not hold inventory for more than 48 hours. There will be more 

processes and procedures required for break-bulk and consolidation, and such 

activities are performed within 48 hours. Napolitan (2001) provides a guide on 

planning, designing and implementing a cross-dock operation. 

 

 

5.1.4 OPERATIONAL ISSUES 
 

The first and third models are appropriate in situations where there is a great deal of 

global trade involving moving components, raw materials and finished goods across 

the different borders. When operating and managing such a global supply chain, a 

3PL company will be faced with complex operational issues. Some of the important 

ones are: 
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• Additional documentation 

Cross border trade involves custom clearance which requires additional 

documentation. Nowadays, a single global shipment may require 35 

documents, be handled by 15 parties, and involve 200 or more data elements 

that are keyed in multiple times (Byrne, 2005). When using the first model to 

implement multiple-facility grouping, a warehouse could be assigned to serve 

demand in regions other than its own. As such, the warehouse must have the 

procedures to prepare the additional documentation required. 

 

• Security 

After the September 2001 terror attack, security has been tightened 

tremendously. A container entering a port could be a modern day Trojan horse. 

Authorities in almost every country have become more vigilant in checking 

cross-border imports. With increased security, 3PL companies will incur 

additional costs when serving their clients (Erera, 2003). These costs are 

attributed to, 

• increased documentation and transactions costs 

• cost of information systems adjustment 

• cost of personnel training to be familiar with the new security 

requirements 

• additional inventory holding cost due to carrying more inventory to 

curb the expected delays at the ports and customs 

 

• Regulatory and Cultural Barriers 

Different countries regulate their logistics business differently. Min (1996) 

reported the unique characteristics of the Japanese logistics distribution 

channel. It is characterized as long and complicated, involving relation-driven 

middle men who have close interactions with wholesalers, brokers, 

manufacturers, importers and retailers. It is not uncommon to find as many as 

four layers of wholesalers, who control the distribution channels through 

vertical integration, financial linkage and reciprocity dealings. To succeed in 

the Japanese market and prevent unnecessary trade conflicts, it is necessary for 

3PL companies to understand the Japanese culture and entry barriers. 
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5.1.5 TECHNOLOGICAL ISSUES 
 

Designing and operating a supply chain network involves both the material flow and 

information flow. To ensure proper information flow, data needs to be captured 

accurately and made available to every stage in the supply chain. In doing so, 

visibility of the supply chain will be improved, which will increase the supply chain 

performance tremendously. 

 

We proposed new models for network design to improve the effectiveness of the 

resulting network, by segmenting demand, using price discount and consolidating 

more than one network. The resulting network designs from our models will have the 

following effect, 

• From the first model involving segmented demand and multiple-facility 

grouping, demand information will be divided into classes, warehouses will 

need to serve more than one customer locations, handling more customer 

demand information; 

• From the second model, price discount is used to entice demand to split into 

two classes, again dividing the demand information into classes, and 

additional pricing information needs to be captured; and 

• From the third model, consolidation hubs are added and this involves break-

bulk and consolidation activities which are information demanding. There are 

inventory and shipping cost information to be stored and made available. 

 

To handle the voluminous and inter-related information in these resulting networks, 

the 3PL company must have advanced technological capabilities. Two of the more 

important ones are, 

• Information Systems 

The Warehouse Management System (WMS) and Transport Management 

System (TMS) are software systems used by large logistics companies to 

manage the warehousing and transportation operations and assets. The WMS 

contains data such as supplier/customer warehouse inventory levels and key 

customer ordering pattern, while the TMS contains information pertaining to 

the location of products and vehicles. 
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The WMS provides information on operational efficiencies and cross-docking 

requirements. Such information can be utilized for order management and 

consolidation, as well as managing the exploding list of product SKUs. With 

WMS, information on the shipment such as dimensions, location, and 

destination, can help to increase the logistics companies’ ability to handle 

more shipment (Source: WMS: Flexibility and Visibility Matter, 2000). 

 

The TMS is often regarded as the glue that holds the supply chain together by 

tracking the physical flow of the goods. This system is often used as a decision 

support tool in planning and optimization, as well as transportation execution. 

The TMS can help to determine the transportation mode and manage freight 

consolidation operations and coordinate company shipments. The TMS can 

also help in carrier load tendering, routing and scheduling, shipment tracking 

and tracing, freight payment and auditing. Studies show that savings of 10% to 

40% of transportation costs can be expected upon first implementation of the 

TMS system (Source: TMSs to the Rescue, 2000). 

 

There have been recent developments to explore the integration of the WMS 

and TMS systems so that logistics companies can be gain better global 

inventory visibility. Mason et al. (2003) discussed the total cost benefits that 

can be achieved by suppliers and warehouses provided by an integrated 

system. They developed a discrete event simulation model of a multi-product 

supply chain and their experimental results demonstrated the potential 

improvement in efficiencies, reduced costs and reduced lead-time variability. 

 

• RFID Technology 

Radio frequency identification (RFID) tags are increasingly used in supply 

chain management to address the issue of capturing and transmitting supply 

chain data. As a result, every case and item has the potential to become an 

intelligent, communicative object, sending information contained in those tags 

via antennae out over the Internet, where it can be accessed by any number of 

supply chain management applications. Wal-Mart has required its top 100 
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consumer packaged-goods suppliers to attach RFID tags to the cases and 

pallets by 2005.  

(http://www.walmartstores.com/wmstore/wmstores/Mainnews.jsp). 

 

Due to the high cost incurred in implementing RFID technology, this 

technology is appealing to medium and high-value products, such as the 

pharmaceutical industry (Byrne, 2004). In this industry, the major applications 

of RFID are in returns management, operational productivity, and product 

security and consumer safety. In terms of returns management, RFID helps in 

improving expiration date management, lot and batch tracking, and recall 

expediting. For operational productivity, RFID can help to monitor and control 

shipping accuracy, receiving accuracy and provide visibility. For product 

security and consumer safety, RFID can support anti-counterfeiting measures, 

theft and shrinkage management. 

 

 

5.2 CONCLUSIONS 
 

The objective of the three models presented in this thesis is to help 3PL companies 

design more effective logistic networks to support their clients. The first two models 

are applicable to the order fulfillment business process, while the third model is 

applicable to managing suppliers for manufacturers. 

 

The first model explored the benefits of designing a network according to demand 

classes segmented according to their sensitivity to delivery lead time. The results 

showed that potential network cost savings can be achieved by designing a network 

with segmented customer demand as compared to a network without segmented 

demand. For the segmented demand case, the short LT demand customers are served 

from their local warehouse or a nearby warehouse which can satisfy the delivery lead 

time requirement; while the long LT demand customers are served directly from the 

hub which is located further away. In addition, the model explored the multiple-

facility grouping method which groups facilities which can serve the same customer 

location within the short LT requirement. It was shown that multiple facility grouping 
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can reduce the network cost, especially for networks with lower inventory holding 

cost and high fixed facility cost. 

 

The second model was built upon the analysis in the first model by using price 

discount to entice customer demand to move from the short LT demand class to the 

long LT demand class. We considered a single-location model with one hub and one 

warehouse, and with all customers desiring a short delivery LT. We compared the net 

profit from three potential logistics network. The first was a base case (No-discount 

deisng) in which no price discounts was offered and all demand was served from the 

local warehouse. For the second case (WH-open design), we found the optimal price 

discount that segments the customers into two classes; the hub served the long LT 

customers, while the local warehouse served the remaining short LT customers. In the 

third case (WH-closed design), we closed the local warehouse and offered a price 

discount to entice some or all the customers to accept the long delivery LT provided 

by service from the hub. The demand from the remaining customers was lost. We 

used the single-location model to characterize the benefits from segmenting the 

customer demand into two classes, based on the delivery lead time. We characterized 

the optimal discount for the WH-open and WH-closed network designs. We described 

how these findings extended directly to larger networks with one hub and multiple 

demand locations with their corresponding warehouses. 

 

We applied the first and second models to a chemical industry case study, where we 

analyzed the network design for the order fulfillment of chemical dyes by a 3PL 

company. For the first model, we performed four experimental runs for single- and 

multiple-facility grouping, with different percentages of long versus short LT demand. 

We developed the optimal network design and compared it with network designs 

without segmentation. It was shown that we can achieve network cost savings of 

between 13% and 70%. We also studied the sensitivity of the percentage of network 

cost savings to lost sales cost. 

 

When applying the second model to the chemical industry case study, we assumed 

three different demand functions and derived the optimal network design for each 

function. Insights on the network design decisions for each customer location were 

provided. It was shown that network cost savings of 3% to 6 % can be achieved. 



© 2005 Nanyang Technological University. All rights reserved. 134 

The third model was developed to support the supply hub concept, used widely in JIT 

production. Here, consolidation hubs were added upstream of the dedicated 

warehouses (known as supply hubs) to consolidate the flows of materials and 

components from suppliers, before shipping to the warehouses. The model located 

appropriate number of consolidation hubs and assigned suppliers to the hubs. 

Available shipping options were associated with each hub and the best option was 

selected for an opened hub to minimize the network cost. The model combined 

strategic and tactical decisions by considering network design with inventory 

replenishment policy. The complexities involved in concave shipping cost and 

inventory holding cost were taken care by the definition of shipping option. The 

model provided answers to the consolidated network design with inventory 

replenishment policy from the suppliers to the hubs, and from the hubs to the 

warehouses. 

 

We applied the third model to a personal computer assembly industry case study. We 

assumed a three-segment piecewise linear concave shipping cost for LTL shipping 

from the supplier to the hub and from the supplier to the warehouse directly. We 

determined the optimal consolidation hub locations and the assignment of the 

suppliers to the hubs and the hubs to the warehouses. We compared the network cost 

with and without consolidation hubs. By varying the percentages of variable costs and 

shipping lead-time, we computed the network cost for nine non-consolidated network 

designs and showed that we can achieve network cost savings of between 6% and 

12% by consolidation. 

 

We also discussed the implications of the three models for 3PL business practices, 

highlighting the information that should be captured and understood, the 

technological and operational capabilities the network must have, and the cultural and 

security issues that are crucial for implementing these models. 
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5.3 LIMITATIONS AND FUTURE WORK 
 

In our models, we have included several simplifying assumptions which limit the 

applicability of the models to real life situations. The first model examined the 

benefits of designing a network with segmented demand for a single product, and we 

assumed that the demand was deterministic. This assumption allowed us to illustrate 

the quantitative benefits and derived insights in the network design decision making 

process, without having to consider variations in demand. A study involving multiple 

products and stochastic demand could be done to assess if similar benefits as the 

deterministic, single product case, can be derived. 

 

Our second model also assumed a single product with deterministic demand at each 

customer location. This assumption can be relaxed to look at demand which depends 

on the pricing policy. We also assumed a concave demand function, and this 

assumption could also be relaxed to look at other forms of the demand function. 

Lastly, by ignoring capacity constraints in the facilities and the shipping links, and 

assuming that all demand are independent; we could extend results for the single-

location model to larger networks. This assumption could also be relaxed to add 

capacity limits at the facilities and shipping links, to represent the actual industry 

situations. 

 

Our third model has several assumptions which simplified the modeling and analysis. 

We did not allow direct shipments from the suppliers to the warehouses, as this 

simplified the model to take care of assigning all suppliers to open hubs only. We also 

allowed each open hub to operate with only one shipping option, to ignore inventory 

holding at the hubs, and to simply the coordination of shipping lot sizes from every 

suppliers to the hubs. 

 

There are several possible future extensions to the research work discussed in this 

thesis. These include: 

1. Developing an auxiliary model to determine the optimal number of demand 

classes and the optimal delivery lead time interval for each demand class, for 

the first and second models. 
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2. Analyze the first and second model for multiple products and/or stochastic 

demand. 

3. Adding capacity constraints to the first and second models, which would 

represent capacity limits on the shipping links and facilities. For the first 

model, it will be modified to allow alternative facilities and links to handle any 

spillover in demand and shipping, which cannot be handled by the least cost 

option. For the second model, the capacity limit on the hub for large network 

will limit how much long LT demand it can handle, and affect the discounted 

price set for the customer locations. 

4. Adding multiple-facility grouping to the second model to allow nearby 

facilities to serve the same customer location with short LT requirement. 

5. Extending the second model to include demand functions in which the total 

demand value (instead of the enticed long LT demand value) is dependent on 

the discounted price. 

6. Analyze the second model for other forms of demand functions. 

7. Relaxing the assumption for the third model which states that suppliers 

assigned to an open hub with a selected shipping option, must ship with the 

same shipping frequency. We can allow the suppliers to ship in multiples of 

the selected shipping frequency and the consolidation hubs to carry some 

inventory. For instance, the shipping frequency of a hub might be 6 days, then 

we could consider letting the suppliers assigned to the hub to ship every 3 days, 

every 6 days, every 9 days, and so on. 

8. For the third model, allow some suppliers to ship directly to the warehouse, 

bypassing the consolidation hubs, to lower network cost further. 

9. Splitting the consolidation hubs in the third model into 2 layers: consolidation 

hubs and break-bulk hubs, where the consolidation hubs are located near to the 

suppliers and the break-bulk hubs are located near to the warehouses. This 

would be if interest because it would allow us to consider hub-and-spoke 

networks, where there are economies of scale in transportation from the break-

bulk hubs to the warehouse. 

10. Benchmarking the models in more real life settings and in a variety of industry 

settings. 

11. Analyze the models when the problem size becomes large. 
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APPENDIX 3-1 – Linear Approximation of Inventory Holding Cost 
 

 

Model for “Logistics Network Design with Differentiated Delivery Lead Time” 

assumes linear inventory holding cost in the objective function given by, 

Cycle stock inventory * Unit inventory holding cost = 0.5X H
SF

 

Where,  H = unit inventory holding cost 

  X = flow quantity 

  SF = shipment frequency 

 

Here, the safety stock inventory is ignored.  This simplified representation is also used 

in the research by Jayaraman (1998).  However, to give a better representation, one 

could include the safety stock inventory when computing the inventory holding cost, 

as illustrated below. 

 

Let decision variables,     

• UjiS= 1 if XjiS (for short LT demand) is 

positive 

• UjiL = 1 if XjiL (for long LT demand) is 

positive 

• UkiS = 1 if XkiS (for short LT demand) is 

positive 

• UkiL = 1 if XkiL (for long LT demand) is 

positive 

• Ukj = 1 if Xkj (replenishment) is positive 

 

Let parameters, 

• Tx = external supply lead time to hub, 

assumed independent of hub 

• Tkj = lead time between k and j 

 

Demand is given by, 
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Thus, network safety stock holding cost at the hub and all the open warehouses is 

given by, 
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Finally, the model will be modified into the non-linear form given by, 
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The objective function trades off the fixed and variable costs of operating the network 

to satisfy demand, versus the lost sales cost of not satisfying demand.  

• First term – total annual fixed cost for facilities that are open 

• Second term – total annual variable cost and cycle stock inventory holding 

cost involved in shipping product from facility to customer. For variable cost, 

we compute by multiplying the unit variable cost with the quantity shipped per 

year.  

• Third term – total annual shipping cost involved in shipping product from 

facility to customer, computed by summing all the shipping cost per trip using 

either LCL and FCL shipping rates, then multiplied by the annual shipping 

frequency. 

• Fourth term – similar to the second term, this is the annual variable cost and 

cycle stock inventory holding cost involved in shipping product from hub to 

warehouse 

• Fifth term – similar to the third term, this is the annual shipping cost involved 

in shipping product from hub to warehouse 

• Sixth term – total annual safety stock inventory holding cost at the hub 

• Seventh term – total annual safety stock inventory holding cost all the open 

warehouses 

• Eighth term – total annual lost sales cost when demand is not satisfied. We 

compute this term by summing for each demand class and each customer 

location, the unsatisfied demand multiplied by its respective lost sales cost. 
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The constraints include, 

(1) – ensures that quantity shipped is less than the demanded quantity 

(2) – ensures that sum of quantity shipped out of facility f to customer i for each 

demand lead time equals the total quantity shipped out of facility f to customer 

i 

(3) – to relate the binary decision variables Yf to the flow decision variables Xfi 

and Xkj, and assure that if there is flow from a facility, then the facility is open 

(4) – to relate the binary decision variables UfiS , UfiL and Ukj to the flow decision 

variables XfiS , XfiL and Xkj, and assure that if there is flow from a facility, then 

the binary decision variables is set to 1 

(5) – flow constraints that assure that the flow out of each facility does not exceed 

the flow into each facility 

(6) – sets the shipped quantity per trip according to either LCL or FCL.  

(7) – forcing constraints to set the decision variables Rkj or Rfi to 1 if the shipment 

quantity is larger than the tonnage for FCL shipping, and 0 if otherwise. M is a 

very large number. Together with constraints (5), they force the decision 

variables Xkj
FCL and Xfi

FCL to take 0% or 100% of the quantity shipped per trip. 

This will in turn set the values for Xkj
LCL and Xfi

LCL accordingly. 

(8) and (9) – sets the decision variables to binary or real 

 

With this non-linear model, we could develop a measure to test of how good the linear 

model solution approximates the non-linear model solution, as future research work. 
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APPENDIX 3-2 – Experimental Input Data for Network Design with 

Differentiated Delivery Lead-Time 
 

 

For Result 1, a total of 72 experiments are run based on varying the five parameters, 

1. Demand variation among the 5 locations (high or low) 

2. Facility fixed cost (high, medium or low) 

3. Holding cost (high or low) 

4. Facility grouping (1, 2 or 3 neighboring facility grouping for short LT) 

5. Lost sales cost (high or low) 

 

 Demand 

variation 

Fixed 

cost 

WH 

holding 

cost 

Facility 

grouping 

Lost sales 

cost 

Total 

number 

of runs 

Levels 2 3 2 3 2 72 

 

 

We consider two different demand scenarios, 

• Scenario 1 = 30% Long LT demand, 70% Short LT demand 

• Scenario 2 = 70% Long LT demand, 30% Short LT demand 

We will compare the results of network segmentation for scenarios 1 and 2 with 

networks without segmentation, namely Case A (both demand classes get short LT 

service) and Case B (short LT demand is lost; long LT demand is served). 

 

Similarly for Result 2, a total of 72 experiments are run based on varying the five 

parameters, 

1. Demand variation among the 5 locations (high or low) 

2. Percentage of long LT demand (high or low) 

3. Facility fixed cost (high, medium or low) 

4. Holding cost (high or low) 

5. Facility grouping (1, 2 or 3 neighboring facility grouping for short LT) 
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 Demand 

variation 

% long 

LT 

demand 

Fixed 

cost 

WH 

holding 

cost 

Facility 

grouping 

Total 

number 

of runs 

Levels 2 2 3 2 3 72 

 

For each experiment, we examined how the network design decisions change as we 

increase the lost sales cost; in each instance, we increased the lost sales cost until all 

demand was satisfied in the optimal solution to the network design problem. 

 

1. Demand variation 

The demand values are randomly generated using the normal distribution given by, 

Di ~ Normal (3000, 2500) for high demand variation 

Di ~ Normal (3000, 300) for low demand variation 

 

Thus, the generated values used for the experimental runs are, 

 D1 D2 D3 D4 D5 

High 4962 3465 4844 340 1530 

Low 3640 2947 2879 3188 2665 

 

2. Facility fixed cost 

Facilities are either leased or owned 

• When owned, the fixed cost (FC) will be high and variable cost (VC) will be 

low 

• When leased, the fixed cost (FC) will be low and the variable cost (VC) will 

be high 

 

The values used for the experimental runs are, 

 Hub WH1 WH2 WH3 WH4 WH5 

High FC 50000 30000 25000 25000 30000 27500 

Low VC 1 2 2 2 2 2 

Med FC 25000 15000 12500 12500 15000 13750 

Med VC 1.5 3 3 3 3 3 

Low FC 5000 3000 2500 2500 3000 2750 

High VC 2 4 4 4 4 4 
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3. Holding cost 

 Hub WH1 WH2 WH3 WH4 WH5 

High 5 10 10 10 10 10 

Low 0.5 1 1 1 1 1 

 

4. Facility grouping 

This grouping method groups facilities which can serve the same location within the 

same short LT period into the same group.  Three different sets of grouping are used 

as follow, 

• 1-facility grouping (local WH only) 

• 2-facility grouping (local WH plus neighboring WH on the left and right) 

• 3-facility grouping (local WH plus 2 neighboring WH on the left and right) 

 

1-facility grouping is also known as single-facility grouping, while 2- and 3-facility 

grouping are also known as multiple-facility grouping. 

 
 

From the grouping above, we can see that the possible favorable networks for 2-

facility grouping are: open WH1 and WH4, or open WH2 and WH4, or open WH2 

and WH5.  The optimal selection will be decided by the model.  Whereas for 3-

facility grouping, it appears that the most favorable network is to open WH3 to serve 

all customer locations.  However, the results of the runs (in Result 2) show that in 

some cases, this selection may not be the best.  

 

5. Lost sales cost 

Lost sales cost is defined as the profit forgone plus other perceived cost of not 

satisfying the customers.  The perceived cost is usually very difficult to estimate.  

Therefore, the lost sales cost used here is N times the cost of involved in sending a 
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unit product from a facility to the customer directly from the hub or via a local 

warehouse.  The values given in the table below is computed using high facility 

variable cost, low holding cost and LCL shipping cost.  For high lost sales cost, we 

use 10X the values in the table; and for low lost sales cost, we use 3X the values in 

the table. 

 Short LT demand Long LT demand 

Customer 1 9.1 4 

Customer 2 9.4 4.3 

Customer 3 9.6 4.4 

Customer 4 9.8 4.6 

Customer 5 9.6 4.5 

 

Other input parameters include, 

1. Shipping cost from facility to customer 

A two-segment piecewise linear shipping cost is used here, namely as LCL (less-than-

container-load) and FCL (full-container-load). 

 

a) LCL shipping cost from facility to customer 

 Customer 1 Customer 2 Customer 3 Customer 4 Customer 5 

Hub 1.5 1.8 1.9 2.1 2 

WH 1 0.6 0.9 1 1.3 1.4 

WH 2 0.8 0.7 0.9 1.1 1.2 

WH 3 1 0.9 0.8 0.9 1 

WH 4 1.3 1.1 0.9 0.8 0.9 

WH 5 1.4 1.3 1.1 1 0.7 

 

b) FCL shipping cost from facility to customer 

 Customer 1 Customer 2 Customer 3 Customer 4 Customer 5 

Hub 1.4 1.6 1.7 1.9 1.8 

WH 1 0.4 0.7 0.8 1.1 1.2 

WH 2 0.6 0.5 0.7 0.9 1 

WH 3 0.8 0.7 0.6 0.7 0.8 

WH 4 1.1 0.9 0.7 0.6 0.7 

WH 5 1.2 1.1 0.9 0.8 0.5 
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2. Shipment frequency from facility to customer 

In terms of shipment frequency, we assumed that the further the facility is from the 

customer location, the lower the frequency, and vice versa. 

 

 Customer 1 Customer 2 Customer 3 Customer 4 Customer 5 

Hub 1 1 1 1 1 

WH 1 10 8 6 4 2 

WH 2 8 10 8 6 4 

WH 3 6 8 10 8 6 

WH 4 4 6 8 10 8 

WH 5 2 4 6 8 10 

 

3. Shipping cost and shipment frequency from hub to facility 

From hub to .. WH 1 WH 2 WH 3 WH 4 WH 5 

LCL cost 1 1.2 1.3 1.5 1.4 

FCL cost 0.8 1 1.1 1.3 1.2 

Shipment frequency 1 1 1 1 1 
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APPENDIX 3-3A – Network Cost Savings Comparing Network with 

Segmentation (Scenarios 1 and 2) with Network which Provides 

Delivery Service that Assumes 100% Short LT Demand (Case A) 
 

 

Percentage savings computed as, _1 A C

A

NW NW
Measure

NW
−

=  

Where, NWA = network cost for Case A (providing delivery service by 

assuming  

100% short LT demand) 

  NWC = network cost for segmented demand scenario 1 or 2 

 

[DV = demand variation, FC = fixed cost, HC = holding cost, FG = facility grouping, 

LS = lost sales cost] 

 

      Measure_1 

Run # DV FC HC FG  LS

30% long LT / 70% short LT 

(Scenario 1) 

70% long LT / 30% short LT 

(Scenario 2) 

1 H H H 1 H 12.7% 29.7% 

2 H H H 1 L 13.6% 38.7% 

3 H H H 2 H 13.5% 31.6% 

4 H H H 2 L 16.0% 37.4% 

5 H H H 3 H 15.0% 35.1% 

6 H H H 3 L 15.0% 35.1% 

7 H H L 1 H 9.8% 23.3% 

8 H H L 1 L 10.1% 27.2% 

9 H H L 2 H 9.9% 23.2% 

10 H H L 2 L 9.9% 30.4% 

11 H H L 3 H 11.6% 27.3% 

12 H H L 3 L 11.6% 27.3% 

13 H M H 1 H 14.8% 36.6% 

14 H M H 1 L 16.1% 39.4% 

15 H M H 2 H 17.0% 39.7% 
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16 H M H 2 L 17.0% 42.1% 

17 H M H 3 H 18.0% 42.0% 

18 H M H 3 L 18.0% 42.0% 

19 H M L 1 H 12.3% 31.2% 

20 H M L 1 L 13.5% 33.9% 

21 H M L 2 H 15.0% 35.1% 

22 H M L 2 L 15.0% 36.7% 

23 H M L 3 H 16.3% 38.2% 

24 H M L 3 L 16.3% 38.2% 

25 H L H 1 H 19.5% 45.4% 

26 H L H 1 L 19.7% 46.1% 

27 H L H 2 H 20.1% 46.9% 

28 H L H 2 L 20.1% 46.9% 

29 H L H 3 H 20.0% 47.1% 

30 H L H 3 L 20.0% 47.1% 

31 H L L 1 H 18.8% 44.0% 

32 H L L 1 L 18.8% 44.7% 

33 H L L 2 H 19.8% 46.1% 

34 H L L 2 L 19.8% 46.1% 

35 H L L 3 H 19.6% 46.6% 

36 H L L 3 L 19.6% 46.6% 

37 L H H 1 H 10.5% 24.7% 

38 L H H 1 L 11.8% 42.9% 

39 L H H 2 H 13.4% 31.7% 

40 L H H 2 L 13.4% 32.6% 

41 L H H 3 H 14.7% 35.0% 

42 L H H 3 L 14.7% 35.0% 

43 L H L 1 H 6.8% 16.2% 

44 L H L 1 L 6.8% 30.2% 

45 L H L 2 H 9.7% 23.3% 

46 L H L 2 L 9.7% 23.3% 

47 L H L 3 H 11.2% 27.0% 

48 L H L 3 L 11.2% 27.0% 

49 L M H 1 H 14.7% 34.5% 

50 L M H 1 L 14.7% 39.6% 
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51 L M H 2 H 16.8% 39.7% 

52 L M H 2 L 16.8% 39.7% 

53 L M H 3 H 17.7% 41.8% 

54 L M H 3 L 17.7% 41.8% 

55 L M L 1 H 12.1% 28.5% 

56 L M L 1 L 12.1% 28.5% 

57 L M L 2 H 14.7% 35.1% 

58 L M L 2 L 14.7% 35.1% 

59 L M L 3 H 15.9% 37.9% 

60 L M L 3 L 15.9% 37.9% 

61 L L H 1 H 19.2% 45.1% 

62 L L H 1 L 19.2% 45.1% 

63 L L H 2 H 19.8% 46.8% 

64 L L H 2 L 19.8% 46.8% 

65 L L H 3 H 19.8% 47.2% 

66 L L H 3 L 19.8% 47.2% 

67 L L L 1 H 18.5% 43.6% 

68 L L L 1 L 18.5% 43.6% 

69 L L L 2 H 19.4% 46.0% 

70 L L L 2 L 19.4% 46.0% 

71 L L L 3 H 19.4% 46.6% 

72 L L L 3 L 19.4% 46.6% 
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APPENDIX 3-3B – Network Cost Savings Comparing Network with 

Segmentation (Scenarios 1 and 2) with Network which Provides 

Delivery Service that Assumes 100% Long LT Demand (Case B) 
 

 

Percentage savings computed as,  _ 2 B C

B

NW NW
Measure

NW
−

= , where the cost for 

Case B is the network cost to serve the long LT demand, plus the lost sales cost for 

not serving the short LT demand. 

 

@ For 1-facility grouping, each local WH serves its corresponding customer location 

only.  For 2- and 3-facility grouping, the numbers in parentheses represents the 

customer locations served by the warehouse which is opened.  For example, Scenario 

1 in Run # 3 below, WH2 is opened to serve customer locations 1, 2 and 3; while 

WH5 is opened to serve customer locations 4 and 5 

 

      Measure_2 Local Warehouse Opened@ 

Run 

# DV FC HC FG LS 

30% long / 

70% short 

(Scenario 1) 

70% long / 

30% short 

(Scenario 2) 

30% long /  

70% short 

(Scenario 1) 

70% long / 

30% short 

(Scenario 2) 

1 H H H 1 H 66.7% 46.0% 1,2,3,5 1,2,3,5 

2 H H H 1 L 12.0% 0.0% 1,2,3 Nil 

3 H H H 2 H 73.5% 57.7% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

4 H H H 2 L 26.2% 11.8% 2(1,2,3) 2(1,2,3) 

5 H H H 3 H 75.8% 62.7% 3(1,2,3,4,5) 3(1,2,3,4,5) 

6 H H H 3 L 30.3% 14.7% 3(1,2,3,4,5) 3(1,2,3,4,5) 

7 H H L 1 H 74.4% 54.4% 1,2,3,5 1,2,3,5 

8 H H L 1 L 30.8% 2.7% 1,2,3 3 

9 H H L 2 H 81.4% 67.0% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

10 H H L 2 L 45.7% 27.1% 2(1,2,3),5(4,5) 2(1,2,3) 

11 H H L 3 H 83.8% 72.2% 3(1,2,3,4,5) 3(1,2,3,4,5) 

12 H H L 3 L 52.7% 32.4% 3(1,2,3,4,5) 3(1,2,3,4,5) 

13 H M H 1 H 71.2% 56.1% 1,2,3,4,5 1,2,3,5 

14 H M H 1 L 17.6% 2.2% 1,2,3 1,3 

15 H M H 2 H 75.0% 62.9% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 
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16 H M H 2 L 25.2% 14.1% 2(1,2,3),5(4,5) 2(1,2,3) 

17 H M H 3 H 76.1% 65.3% 3(1,2,3,4,5) 3(1,2,3,4,5) 

18 H M H 3 L 28.3% 16.6% 3(1,2,3,4,5) 3(1,2,3,4,5) 

19 H M L 1 H 79.2% 65.4% 1,2,3,4,5 1,2,3,5 

20 H M L 1 L 39.7% 17.1% 1,2,3,5 1,2,3 

21 H M L 2 H 83.2% 72.7% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

22 H M L 2 L 48.7% 31.3% 2(1,2,3),5(4,5) 2(1,2,3) 

23 H M L 3 H 84.3% 75.4% 3(1,2,3,4,5) 3(1,2,3,4,5) 

24 H M L 3 L 52.1% 36.4% 3(1,2,3,4,5) 3(1,2,3,4,5) 

25 H L H 1 H 75.2% 65.2% 1,2,3,4,5 1,2,3,4,5 

26 H L H 1 L 23.2% 13.6% 1,2,3,5 1,2,3,5 

27 H L H 2 H 75.8% 66.7% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

28 H L H 2 L 24.8% 16.3% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

29 H L H 3 H 75.9% 67.0% 1(1,2),3(3,4,5) 3(1,2,3,4,5) 

30 H L H 3 L 25.2% 17.1% 1(1,2),3(3,4,5) 3(1,2,3,4,5) 

31 H L L 1 H 83.4% 75.4% 1,2,3,4,5 1,2,3,4,5 

32 H L L 1 L 47.5% 33.8% 1,2,3,4,5 1,2,3,5 

33 H L L 2 H 84.1% 77.0% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

34 H L L 2 L 49.6% 37.6% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

35 H L L 3 H 84.2% 77.5% 1(1,2,3),3(4,5) 3(1,2,3,4,5) 

36 H L L 3 L 50.0% 38.7% 1(1,2,3),3(4,5) 3(1,2,3,4,5) 

37 L H H 1 H 66.0% 42.5% 1,2,3,4,5 1,2,3,4,5 

38 L H H 1 L 3.7% 0.0% Nil (even Hub) Nil 

39 L H H 2 H 73.6% 58.1% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

40 L H H 2 L 24.1% 5.2% 2(1,2,3),5(4,5) 2(1,2,3) 

41 L H H 3 H 75.9% 63.0% 3(1,2,3,4,5) 3(1,2,3,4,5) 

42 L H H 3 L 30.7% 15.2% 3(1,2,3,4,5) 3(1,2,3,4,5) 

43 L H L 1 H 73.8% 50.8% 1,2,3,4,5 1,2,3,4,5 

44 L H L 1 L 23.2% 0.0% 1,2,3,4,5 Nil 

45 L H L 2 H 81.6% 67.3% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

46 L H L 2 L 45.9% 20.2% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

47 L H L 3 H 84.0% 72.5% 3(1,2,3,4,5) 3(1,2,3,4,5) 

48 L H L 3 L 53.0% 32.9% 3(1,2,3,4,5) 3(1,2,3,4,5) 

49 L M H 1 H 71.4% 55.0% 1,2,3,4,5 1,2,3,4,5 

50 L M H 1 L 14.1% 0.0% 1,2,3,4,5 Nil 

51 L M H 2 H 75.2% 63.1% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

52 L M H 2 L 25.5% 11.2% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

53 L M H 3 H 76.2% 65.6% 3(1,2,3,4,5) 3(1,2,3,4,5) 
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54 L M H 3 L 28.6% 17.0% 3(1,2,3,4,5) 3(1,2,3,4,5) 

55 L M L 1 H 79.4% 64.3% 1,2,3,4,5 1,2,3,4,5 

56 L M L 1 L 36.9% 7.8% 1,2,3,4,5 1,2,3,4,5 

57 L M L 2 H 83.3% 72.9% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

58 L M L 2 L 48.8% 29.9% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

59 L M L 3 H 84.4% 75.6% 3(1,2,3,4,5) 3(1,2,3,4,5) 

60 L M L 3 L 52.3% 36.8% 3(1,2,3,4,5) 3(1,2,3,4,5) 

61 L L H 1 H 75.3% 65.2% 1,2,3,4,5 1,2,3,4,5 

62 L L H 1 L 23.2% 12.6% 1,2,3,4,5 1,2,3,4,5 

63 L L H 2 H 75.9% 66.8% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

64 L L H 2 L 25.1% 16.7% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

65 L L H 3 H 75.9% 67.2% 1(1,2),3(3,4,5) 3(1,2,3,4,5) 

66 L L H 3 L 25.3% 17.5% 1(1,2),3(3,4,5) 3(1,2,3,4,5) 

67 L L L 1 H 83.4% 75.3% 1,2,3,4,5 1,2,3,4,5 

68 L L L 1 L 47.5% 32.9% 1,2,3,4,5 1,2,3,4,5 

69 L L L 2 H 84.1% 77.1% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

70 L L L 2 L 49.6% 37.8% 2(1,2,3),5(4,5) 2(1,2,3),5(4,5) 

71 L L L 3 H 84.2% 77.5% 3(1,2,3,4,5) 3(1,2,3,4,5) 

72 L L L 3 L 50.0% 39.0% 3(1,2,3,4,5) 3(1,2,3,4,5) 

 

 

Special cases occur in Runs # 2, 38, 44 and 49 as shown below, 

 

      Measure_2 Local Warehouse Opened@ 

Run 

# DV FC HC FG LS 

30% long / 

70% short 

(Scenario 1)

70% long / 

30% short 

(Scenario 2) 

30% long / 

70% short 

(Scenario 1) 

70% long /  

30% short 

(Scenario 2) 

2 H H H 1 L 12.0% 0.0% 1,2,3 Nil 

38 L H H 1 L 3.7% 0.0% Nil (even Hub) Nil 

44 L H L 1 L 23.2% 0.0% 1,2,3,4,5 Nil 

50 L M H 1 L 14.1% 0.0% 1,2,3,4,5 Nil 

 

When the lost sales cost is low, and the percentage of long LT demand is high (as in 

Scenario 2), the optimal network design is to only open the hub and close all local 

warehouses.  This is the same network design for Case B.  In these special cases, 

segmenting the customers does not provide much benefit at all. 
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For Scenario 1 in Run # 38, the optimal network design is to close all facilities 

including the hub and lose all demand.  Comparing to Case B, where the hub is open 

to serve all demand by assuming 100% of the demand has long LT requirement, 

Scenario 1 is still better than Case B since the network cost for Scenario 1 is lower 

than Case B by 3.7%. 



© 2005 Nanyang Technological University. All rights reserved. 154 

APPENDIX 3-4 – Network Design Decisions in Response to 

Increasing Lost Sales Cost 
 

 

Parameter 1 2 3 4 5 

Run # 

Demand 

Variation 

% LDLT 

Demand Fixed Cost

WH Holding 

Cost Facility Grouping 

1 H H H H 1 

2 H H H L 1 

3 H H M H 1 

4 H H M L 1 

5 H H L H 1 

6 H H L L 1 

7 H H H H 2 

8 H H H L 2 

9 H H M H 2 

10 H H M L 2 

11 H H L H 2 

12 H H L L 2 

13 H H H H 3 

14 H H H L 3 

15 H H M H 3 

16 H H M L 3 

17 H H L H 3 

18 H H L L 3 

19 H L H H 1 

20 H L H L 1 

21 H L M H 1 

22 H L M L 1 

23 H L L H 1 

24 H L L L 1 

25 H L H H 2 

26 H L H L 2 

27 H L M H 2 

28 H L M L 2 
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29 H L L H 2 

30 H L L L 2 

31 H L H H 3 

32 H L H L 3 

33 H L M H 3 

34 H L M L 3 

35 H L L H 3 

36 H L L L 3 

37 L H H H 1 

38 L H H L 1 

39 L H M H 1 

40 L H M L 1 

41 L H L H 1 

42 L H L L 1 

43 L H H H 2 

44 L H H L 2 

45 L H M H 2 

46 L H M L 2 

47 L H L H 2 

48 L H L L 2 

49 L H H H 3 

50 L H H L 3 

51 L H M H 3 

52 L H M L 3 

53 L H L H 3 

54 L H L L 3 

55 L L H H 1 

56 L L H L 1 

57 L L M H 1 

58 L L M L 1 

59 L L L H 1 

60 L L L L 1 

61 L L H H 2 

62 L L H L 2 

63 L L M H 2 
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64 L L M L 2 

65 L L L H 2 

66 L L L L 2 

67 L L H H 3 

68 L L H L 3 

69 L L M H 3 

70 L L M L 3 

71 L L L H 3 

72 L L L L 3 
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APPENDIX 3-5 – Network Cost Reduces as Facility Grouping 

Increases 
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 Network Cost for   
 Different Facility Grouping Network Cost Reduction 

Run 1 2 3 From 1 to 2 From 2 to 3 
HHHHX 308,408 224,394 198,024 27.2% 11.8% 
HHHLX 251,848 167,492 140,751 33.5% 16.0% 
HLHHX 366,814 284,067 259,475 22.6% 8.7% 
HLHLX 280,143 196,597 171,138 29.8% 12.9% 
LHHHX 311,591 226,787 200,345 27.2% 11.7% 
LHHLX 254,363 169,231 142,342 33.5% 15.9% 
LLHHX 370,469 287,560 262,529 22.4% 8.7% 
LLHLX 282,932 199,259 173,185 29.6% 13.1% 

HHMHX 231,317 189,803 177,182 17.9% 6.6% 
HHMLX 174,756 132,900 119,909 24.0% 9.8% 
HLMHX 301,888 261,641 171,138 13.3% 34.6% 
HLMLX 215,217 174,171 162,463 19.1% 6.7% 
LHMHX 234,697 192,392 179,701 18.0% 6.6% 
LHMLX 177,469 134,836 121,698 24.0% 9.7% 
LLMHX 305,820 265,412 254,130 13.2% 4.3% 
LLMLX 218,284 177,111 164,786 18.9% 7.0% 
HHLHX 172,975 165,461 163,841 4.3% 1.0% 
HHLLX 116,415 108,559 106,568 6.7% 1.8% 
HLLHX 255,713 249,466 248,299 2.4% 0.5% 
HLLLX 169,042 161,996 160,778 4.2% 0.8% 
LHLHX 176,552 168,248 166,556 4.7% 1.0% 
LHLLX 119,324 110,692 108,553 7.2% 1.9% 
LLLHX 259,922 253,513 252,980 2.5% 0.2% 
LLLLX 172,385 165,212 163,888 4.2% 0.8% 

 

As shown in the graphs above, the network cost reduces as the number of facilities 

serving the short LT demand increases in the facility grouping.  This cost reduction is 

because more short LT demand at several customer locations can be served from the 

same facility.  This reduction is more significant from 1- to 2-grouping, than from 2- 

to 3-grouping. From 1- to 2-grouping, the reduction percentage ranges from 2.5% to 

33.5%, while from 2- to 3-grouping, the reduction percentage ranges from 0.2% to 

16%. 

 

One exceptional case occurs for the combination HLMHX inclusive of Runs # 21, 27 

and 33 for.  In this case, the network cost increases when facility grouping increases 

from 1 to 2; and decreases when facility grouping increases from 2 to 3. 
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APPENDIX 3-6 – Networks with Lower Holding Cost can Expect 

Higher Percentage Reduction in Network Cost, with Increased 

Facility Grouping 
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 Network Cost for   
High Holding Different Facility Grouping Network Cost Reduction
Cost Group 1 2 3 From 1 to 2 From 2 to 3

HHHHX 308,408 224,394 198,024 27.2% 11.8% 
HLHHX 366,814 284,067 259,475 22.6% 8.7% 
LHHHX 311,591 226,787 200,345 27.2% 11.7% 
LLHHX 370,469 287,560 262,529 22.4% 8.7% 
HHMHX 231,317 189,803 177,182 17.9% 6.6% 
HLMHX 301,888 261,641 171,138 13.3% 34.6% 
LHMHX 234,697 192,392 179,701 18.0% 6.6% 
LLMHX 305,820 265,412 254,130 13.2% 4.3% 
HHLHX 172,975 165,461 163,841 4.3% 1.0% 
HLLHX 255,713 249,466 248,299 2.4% 0.5% 
LHLHX 176,552 168,248 166,556 4.7% 1.0% 
LLLHX 259,922 253,513 252,980 2.5% 0.2% 

 

 Network Cost for   
Low Holding Different Facility Grouping Network Cost Reduction
Cost Group 1 2 3 From 1 to 2 From 2 to 3

HHHLX 251,848 167,492 140,751 33.5% 16.0% 
HLHLX 280,143 196,597 171,138 29.8% 12.9% 
LHHLX 254,363 169,231 142,342 33.5% 15.9% 
LLHLX 282,932 199,259 173,185 29.6% 13.1% 
HHMLX 174,756 132,900 119,909 24.0% 9.8% 
HLMLX 215,217 174,171 162,463 19.1% 6.7% 
LHMLX 177,469 134,836 121,698 24.0% 9.7% 
LLMLX 218,284 177,111 164,786 18.9% 7.0% 
HHLLX 116,415 108,559 106,568 6.7% 1.8% 
HLLLX 169,042 161,996 160,778 4.2% 0.8% 
LHLLX 119,324 110,692 108,553 7.2% 1.9% 
LLLLX 172,385 165,212 163,888 4.2% 0.8% 

 

Networks with lower holding cost can expect higher percentage reduction in network 

cost, with increased number of facilities in the facility grouping.  The reason is 

because as the number of facilities in the facility grouping increases, the same facility 

can serve more short LT demand at several customer locations and thus need to hold 

more inventories, which takes greater advantage of the lower holding cost. For 

networks with higher holding cost, the percentage reduction in network cost ranges 

from 0.2% to 27.2%; while for networks with lower holding cost, the percentage 

reduction ranges from 0.8% to 33.5%. 
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APPENDIX 3-7 –Networks with High Facility Fixed Cost can Benefit 

the Most from Multiple-Facility Grouping 
 

 

Networks with high fixed cost 

can benefit the most from 

multiple-facility grouping. 

Multiple-facility grouping 

allows more demand to share 

the fixed cost of the facility. 

This sharing becomes more 

beneficial when the fixed cost 

is high. For high fixed cost, the 

network cost reduction ranges 

from 8.7% to 33.5%; for 

medium fixed cost, the 

network cost reduction ranges 

from 4.3% to 24%; and for low 

fixed cost, the network cost 

reduction ranges from 0.2% to 

7.2%. 
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 Network Cost for   

High Fixed Different Facility Grouping Network Cost Reduction 
Cost Group 1 2 3 From 1 to 2 From 2 to 3 
HHHHXX 308,408 224,394 198,024 27.2% 11.8% 
HHHLXX 251,848 167,492 140,751 33.5% 16.0% 
HLHHXX 366,814 284,067 259,475 22.6% 8.7% 
HLHLXX 280,143 196,597 171,138 29.8% 12.9% 
LHHHXX 311,591 226,787 200,345 27.2% 11.7% 
LHHLXX 254,363 169,231 142,342 33.5% 15.9% 
LLHHXX 370,469 287,560 262,529 22.4% 8.7% 
LLHLXX 282,932 199,259 173,185 29.6% 13.1% 

 

 Network Cost for   
Medium Fixed Different Facility Grouping Network Cost Reduction 

Cost Group 1 2 3 From 1 to 2 From 2 to 3
HHMHXX 231,317 189,803 177,182 17.9% 6.6% 
HHMLXX 174,756 132,900 119,909 24.0% 9.8% 
HLMHXX 301,888 261,641 171,138 13.3% 34.6% 
HLMLXX 215,217 174,171 162,463 19.1% 6.7% 
LHMHXX 234,697 192,392 179,701 18.0% 6.6% 
LHMLXX 177,469 134,836 121,698 24.0% 9.7% 
LLMHXX 305,820 265,412 254,130 13.2% 4.3% 
LLMLXX 218,284 177,111 164,786 18.9% 7.0% 

 

 Network Cost for   
Low Fixed Different Facility Grouping Network Cost Reduction 
Cost Group 1 2 3 From 1 to 2 From 2 to 3 
HHLHXX 172,975 165,461 163,841 4.3% 1.0% 
HHLLXX 116,415 108,559 106,568 6.7% 1.8% 
HLLHXX 255,713 249,466 248,299 2.4% 0.5% 
HLLLXX 169,042 161,996 160,778 4.2% 0.8% 
LHLHXX 176,552 168,248 166,556 4.7% 1.0% 
LHLLXX 119,324 110,692 108,553 7.2% 1.9% 
LLLHXX 259,922 253,513 252,980 2.5% 0.2% 
LLLLXX 172,385 165,212 163,888 4.2% 0.8% 
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APPENDIX 4 – Industry Case Study Input Data for Network Design 

with Differentiated Delivery Lead Time 
 

 

Facility Fixed Cost, Variable Cost, Inventory Holding Cost and Annual Demand 

 Warehouse (j) 
  1 2 3 4 5 6 7 8 9 10 
  Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2 
Demand 
(kg per 
year) 3176760 2557824 2927040 2827284 2400000 4140612 303084 2299308 6817392 6000000
Fixed 

Cost ($ 
per year) 210996 240264 38352 365436 1640964 226812 0 124800 494208 0 
Variable 
Cost ($ 
per kg) 0.4 0.3 0.6 0.4 0.15 0.4 0.6 0.5 0.3 0.8 
Holding 

Cost 
($ per kg 
per  year) 2 2 2 2 2 2 2 2 2 2 
Variable cost at Hub is $0.6 per kg and holding cost at hub is $1 per kg per year 

 

LCL and FCL Shipping Cost from Hub to Warehouse 

 Warehouse 
 Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2 
LCL  ($/kg) 0.009 0.01 0.0119 0.0119 0.0327 0.0219 0 0.2521 0.009 0.014 
FCL ($/kg) 0.0011 0.0021 0.0011 0.0021 0.0193 0.0171 0 0.084 0.0011 0.0032 
 

LCL Shipping Cost from Warehouse to Customer ($/kg) 

 Customer (i) 
Facility Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2 
RDC 0.009 0.01 0.0119 0.0119 0.0327 0.0219 0 0.2521 0.009 0.014 

Indonesia 0 0.1254 0.0927 0.0981 99999 0.2073 0.0273 0.0765 0.0381 0.1638 
Taiwan 0.1065 0 99999 0.1065 99999 0.1473 0.1065 0.1065 0.1065 0.1065 
China 2 0.0165 0.06 0 0.0165 99999 0.1638 0.0165 0.0273 0.0165 0.0165 
Korea 0.0819 0.0438 0.0354 0 99999 0.3 0.0273 0.0546 0.0054 0.0273 

Japan 1 99999 99999 99999 99999 0 99999 99999 99999 99999 0 
India 99999 0.0546 99999 99999 99999 0 99999 0.0546 99999 99999 

Singapore 0.009 0.01 0.0119 0.0119 0.0327 0.0219 0 0.2521 0.009 0.014 
Thailand 0.1038 0.0438 299997 0.0327 99999 0.18 99999 0 99999 0.0219 
China 1 99999 99999 99999 0.0588 99999 99999 99999 99999 0 99999 
Japan 2 99999 0.0438 99999 99999 0 99999 99999 0.1092 99999 0 

 

“99999” input signifies that there is no shipment route available between the two 

locations. 
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FCL Shipping Cost from Warehouse to Customer ($/kg) 

 Customer (i) 
Facility Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2
RDC 0.0011 0.0021 0.0011 0.0021 0.0193 0.0171 0 0.084 0.0011 0.0032

Indonesia 0 0.0418 0.0309 0.0327 99999 0.0691 0.0091 0.0255 0.0127 0.0546
Taiwan 0.0355 0 99999 0.0355 99999 0.0491 0.0355 0.0355 0.0355 0.0355
China 2 0.0055 0.02 0 0.0055 99999 0.0546 0.0055 0.0091 0.0055 0.0055
Korea 0.0273 0.0146 0.0118 0 99999 0.1 0.0091 0.0182 0.0018 0.0091

Japan 1 99999 99999 99999 99999 0 99999 99999 99999 99999 0 
India 99999 0.0182 99999 99999 99999 0 99999 0.0182 99999 99999 

Singapore 0.0011 0.0021 0.0011 0.0021 0.0193 0.0171 0 0.084 0.0011 0.0032
Thailand 0.0346 0.0146 99999 0.0109 99999 0.06 99999 0 99999 0.0073
China 1 99999 99999 99999 0.0196 99999 99999 99999 99999 0 99999 
Japan 2 99999 0.0146 99999 99999 0 99999 99999 0.0364 99999 0 

 

 

Shipping Frequency from Hub to Warehouse (per year) 

 Warehouse (j) 
 Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2

RDC 96 48 48 96 24 48 144 48 96 24 
 

Shipping Frequency from Warehouse to Customer (per year) 

 Customer (i) 
Facility Indonesia Taiwan China 2 Korea Japan 1 India Singapore Thailand China 1 Japan 2
RDC 96 48 48 96 24 48 144 48 96 24 

Indonesia 360 48 48 24 24 48 96 72 48 24 
Taiwan 48 360 96 72 72 24 48 48 96 48 
China 2 48 96 360 96 72 24 48 48 96 72 
Korea 24 72 96 360 96 24 48 48 72 96 

Japan 1 24 72 72 96 360 24 48 48 72 96 
India 48 24 24 24 24 360 48 48 24 24 

Singapore 96 48 48 96 24 48 360 48 96 24 
Thailand 48 48 48 24 24 48 48 360 48 24 
China 1 48 96 96 48 48 24 96 48 360 48 
Japan 2 24 48 72 96 96 24 24 24 48 360 
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APPENDIX 5 – Industry Case Study Input Data for Network Design 

with Price Discount 
 

 

Location 

 
Annual 
Demand  

(kg) 

 
Facility 

Fixed Cost  
($) 

Variable 
cost 

($/kg) 

Holding 
Cost 

($/kg/year)

Shipping Cost 
from Hub to 
warehouse 

($/kg) 

Shipping frequency 
From hub to 
warehouse 
(per year) 

Japan 1 2,400,000 $1,640,964 0.15 2 0.0327 24 
China 1 6,817,392 $494,208 0.3 2 0.009 96 

India 4,140,612 $226,812 0.4 2 0.0219 48 
Indonesia 3,176,760 $210,996 0.4 2 0.009 96 

Korea 2,827,284 $365,436 0.4 2 0.0119 96 
Japan 2 6,000,000 $0 0.8 2 0.014 24 
China 2 2,927,040 $38,352 0.6 2 0.0119 48 

Singapore 303,084 $0 0.6 2 0 144 
Taiwan 2,557,824 $240,264 0.3 2 0.0119 48 

Thailand 2,299,308 $124,800 0.5 2 0.2521 48 
RDC  $0 0.6 1   

 

We can compute QS and QL using the equations below, 

0.5 0.5 0.5
2

0.5

j j k
S j k ji kj

ji kj kj

k
L k ki

ki

H H H
Q W W C C

SF SF SF

H
Q W C

SF

= + + + + + +

= + +

 

Where, 

i, j, k = indices for customer location, warehouse and hub respectively 

Wj, Wk = warehouse and hub variable cost respectively 

Hj, Hk = warehouse and hub inventory holding cost 

Cji = shipping cost from warehouse j to customer i, where j = i, and we assume this 

cost to be negligible 

Ckj = shipping cost from hub to warehouse j 

Cki = shipping cost from hub to customer location i, and we assume Cki = Ckj 

SFji = shipping frequency from warehouse j to customer i, and we assume SFji = 360 

for all locations 

SFkj = shipping frequency from hub to warehouse j 

SFki = shipping frequency from hub to customer location i, and we assume SFki = SFkj 



© 2005 Nanyang Technological University. All rights reserved. 171

APPENDIX 6 – Comparison of Network Design Solutions for 

Network Design with Price Discount 
 

 

Demand Function [A] 

All locations selected the WH-Open design. 

 No-Discount WH-Open WH-Closed NW Design
Location DS G0 DS DL PL G1 DL PL G2 Decision 
Japan1 2400000 $19,963,889 1986667 413333 9.828 $20,035,075 2400000 9 $20,031,520 WH-Open
China 1 6817392 $59,312,026 4727199 2090193 9.693 $59,952,874 6817392 9 $57,169,229 WH-Open

India 4140612 $35,150,876 2435485 1705127 9.588 $35,853,057 4140612 9 $34,647,330 WH-Open
Indonesia 3176760 $27,022,088 1885098 1291662 9.593 $27,547,274 3176760 9 $26,639,648 WH-Open

Korea 2827284 $23,863,532 1677718 1149566 9.593 $24,330,942 2827284 9 $23,700,815 WH-Open
Japan 2 6000000 $46,324,333 1066667 4933333 9.178 $50,380,630 6000000 9 $50,191,000 WH-Open
China 2 2927040 $23,828,944 1136261 1790779 9.388 $24,924,552 2927040 9 $24,521,814 WH-Open

Singapore 303084 $2,481,290 119761 183323 9.395 $2,592,175 303084 9 $2,544,853 WH-Open
Taiwan 2557824 $22,151,112 1760280 797544 9.688 $22,399,791 2557824 9 $21,428,639 WH-Open

Thailand 2299308 $18,531,491 1122509 1176799 9.488 $19,133,783 2299308 9 $18,710,581 WH-Open
 

Demand Function [B] 

Nine locations selected the WH-Closed design, while only China1 selected the WH-

Open design 

 No-Discount WH-Open WH-Closed 
NW 

Design 
Location DS G0 DS DL PL G1 DL PL G2 Decision

Japan 1 2400000 $19,963,889 1573333 826667 9.828 $20,106,260 2400000 9.5 $21,231,520 
WH-

Closed 

China 1 6817392 $59,312,026 2637005 4180387 9.693 $60,593,721 6817392 9.5 $60,577,925 
WH-
Open 

India 4140612 $35,150,876 730358 3410254 9.588 $36,555,238 4140612 9.5 $36,717,636 
WH-

Closed 

Indonesia 3176760 $27,022,088 593436 2583324 9.593 $28,072,460 3176760 9.5 $28,228,028 
WH-

Closed 

Korea 2827284 $23,863,532 528152 2299132 9.593 $24,798,352 2827284 9.5 $25,114,457 
WH-

Closed 

Japan 2 6000000 $46,324,333 0 6000000 9.500 $53,191,000 6000000 9.5 $53,191,000 
WH-

Closed 

China 2 2927040 $23,828,944 0 2927040 9.500 $25,985,334 2927040 9.5 $25,985,334 
WH-

Closed 

Singapore 303084 $2,481,290 0 303084 9.500 $2,696,395 303084 9.5 $2,696,395 
WH-

Closed 

Taiwan 2557824 $22,151,112 962737 1595087 9.688 $22,648,469 2557824 9.5 $22,707,551 
WH-

Closed 

Thailand 2299308 $18,531,491 0 2299308 9.500 $19,860,235 2299308 9.5 $19,860,235 
WH-

Closed 
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Demand Function [C] 

Nine locations selected WH-Open design, while only Japan1 selected the WH-Closed 

design. 

 No-Discount WH-Open WH-Closed 
NW 

Design 
Location DS G0 DS DL PL G1 DL PL G2 DL Decision

Japan 1 2400000$19,963,889 1439321 960679 9.843 $20,144,252 2390748 9.1568 $20,282,904 9252 
WH-

Closed 

China 1 6817392$59,312,026 27963064021086 9.743 $60,744,315 6791211 9.1566 $57,882,273 26181 
WH-
Open 

India 4140612$35,150,876 12864942854118 9.677 $36,580,535 4124680 9.1567 $35,080,693 15932 
WH-
Open 

Indonesia 3176760$27,022,088 10001982176562 9.680 $28,096,209 3164560 9.1566 $26,971,911 12200 
WH-
Open 

Korea 2827284$23,863,532 11799251647359 9.747 $24,786,867 2816426 9.1566 $23,996,558 10858 
WH-
Open 

Japan 2 6000000$46,324,333 765404 5234596 9.503 $52,332,835 5976913 9.1567 $50,819,027 23087 
WH-
Open 

China 1 2927040$23,828,944 567269 2359771 9.579 $25,722,214 2915799 9.1566 $24,828,050 11241 
WH-
Open 

Singapore 303084 $2,481,290 59657 243427 9.582 $2,673,943 301922 9.1565 $2,576,541 1162 
WH-
Open 

Taiwan 2557824$22,151,112 10343921523432 9.740 $22,704,287 2548001 9.1566 $21,696,247 9823 
WH-
Open 

Thailand 2299308$18,531,491 558933 1740375 9.624 $19,658,752 2290239 9.158 $18,953,292 9069 
WH-
Open 

 

DL = demand lost 
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APPENDIX 7-1 – Input Data for Personal Computer (PC) 

Manufacturing Case Study 
 

 

Supplier i and Warehouse k, BOM quantity Φik, Manufacturer daily demand with 

mean µk and standard deviation σk, value of components, and shipping capacity 

required per unit of component Ui 

Suppliers i Malaysia Shenzhen Korea Singapore Taiwan Suzhou
Daily 

Demand  
Φik MB-1 Fan-1 RAM Video Card MB-2 Fan-2 µk σk Warehouse k

k = 1 1 1 4 1 0 0 200 10 Philippines 
k = 2 0 0 2 1 1 1 150 8 Indonesia 

Value ($) 62 16 85 115 50 11    
Ui  

(shipping 
units) 5 3 1 2 5 3    

  

 

Inventory holding cost of component i at warehouse k ($ per unit of component i per 

year) 

hik i = 1 2 3 4 5 6   
k = 1 12.4 3.2 17 23 0 0   Assume 
k = 2 0 0 17 23 10 2.2 0.2  of value of component 

 

 

Shipping lead time from supplier i to hub j, Sij (days) 

Sij i = 1 2 3 4 5 6 
j = 1 1 3 5 0.5 3 4 

2 3 0.5 4 2 1.5 2 
3 5 2 2 4 1.5 0.5 
4 4 3 3 3 0.5 1.5 

 

Annual fixed cost of opening hub j and operating with shipping option m, Fjm ($) 

Fjm Hubs m = 1 2 3 
j = 1 Singapore 50000 45000 40000 

2 Guangzhou 40000 35000 30000 
3 Shanghai 35000 30000 25000 
4 Taiwan 100000 95000 85000 
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Shipping options available at each hub defined with, 

• Shipping frequency, tjm (days between shipment) where we can compute the 

number of shipments per year = Int (365/ tjm) 

• Shipping capacity available from hub j to warehouse k, Gjkm (number of 

shipping units, where each shipping unit is 0.01m3) 
• Shipping lead time from hub j to warehouse k, Sjkm(days) 

• Annual fixed cost for shipping from hub j to warehouse k, CSjkm($) 

There are 3 shipping options for each hub and each hub can ship to both warehouses 

(k = 1 or k = 2) 

jkm  m =1 2 3 
j = 1 tjm = 2 4 6 

Singapore # shipment = 182 91 60 
 Gj1m = 5000 10000 20000 
 Gj2m = 4000 8000 16000 
 Sj1m = 3 3 3 
 Sj2m = 2 2 2 
 CSj1m = 60000 50000 40000 
 CSj2m = 70000 60000 50000 

j = 2 tjm = 3 5 7 
Guangzhou # shipment = 121 73 52 

 Gj1m = 8000 12000 20000 
 Gj2m = 7000 11000 18000 
 Sj1m = 2 2 2 
 Sj2m = 4 4 4 
 CSj1m = 70000 65000 60000 
 CSj2m = 90000 80000 70000 

j = 3 tjm = 3 5 7 
Shanghai # shipment = 121 73 52 

 Gj1m = 8000 12000 20000 
 Gj2m = 7000 11000 18000 
 Sj1m = 4 4 4 
 Sj2m = 6 6 6 
 CSj1m = 65000 60000 50000 
 CSj2m = 80000 70000 60000 

j = 4 tjm = 4 6 8 
Taiwan # shipment = 91 60 45 

 Gj1m = 4000 6000 8000 
 Gj2m = 3500 5000 6000 
 Sj1m = 3 3 3 
 Sj2m = 5 5 5 
 CSj1m = 95000 92500 90000 
 CSj2m = 100000 97500 95000 
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Variable cost of handling a unit of component i from supplier i to warehouse k via 

hub j, Vijk ($per unit of component i expressed in terms of shipping capacity) 

Vijk         
i = 1 k = 1 k = 2 i = 2 k = 1 k = 2 i = 3 k = 1 k = 2 
j = 1 0.2 0.1 j = 1 0.4 0.5 j = 1 0.6 0.5 

2 0.3 0.4 2 0.2 0.3 2 0.4 0.5 
3 0.4 0.6 3 0.25 0.45 3 0.3 0.4 
4 0.4 0.5 4 0.4 0.5 4 0.4 0.5 
         

i = 4 k = 1 k = 2 i = 5 k = 1 k = 2 i = 6 k = 1 k = 2 
j = 1 0.1 0.05 j = 1 0.6 0.55 j = 1 0.5 0.4 

2 0.4 0.5 2 0.43 0.48 2 0.3 0.4 
3 0.5 0.6 3 0.42 0.47 3 0.2 0.3 
4 0.4 0.5 4 0.41 0.46 4 0.3 0.4 

 

 

Safety stock factor z based on service level requirement 

z Φ(z)  
1.282 0.9  
1.645 0.95  
1.96 0.975  

2.054 0.98  
2.326 0.99  
2.576 0.995  
3.09 0.999  

safety stock level z = 2.054 
 

 



© 2005 Nanyang Technological University. All rights reserved. 176 

APPENDIX 7-2 – Computed values for Cijm, CIijkm and µijkm 

 

 

Computed values for Cijm 

m = 1     
Cij1 j = 1 2 3 4 
i = 1 236600 338800 411400 364000 

2 236600 121000 153670 183820 
3 567840 378730 298870 367640 
4 114660 277090 327910 274820 
5 359450 251680 248957.5 216580 
6 198380 142780 110110 140140 

m = 2     
Cij2 j = 1 2 3 4 
i = 1 218400 321200 394200 348000 

2 227500 116800 149650 175200 
3 546000 361350 281050 348000 
4 105560 270100 321200 261600 
5 350350 242725 239987.5 202200 
6 189280 138700 105850 135600 

m = 3     
Cij3 j = 1 2 3 4 
i = 1 204000 306800 379600 333000 

2 218400 108160 140920 169200 
3 524400 343200 263120 333000 
4 94200 261040 312000 255600 
5 334500 233740 231010 196200 
6 184200 135460 102700 131400 
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Computed values for CIijkm 

k = 1 m = 1     k = 2 m = 1    
CIij11 j = 1 2 3 4  CIij21 j = 1 2 3 4 
i = 1 3104 4440 4602 5805  i = 1 0 0 0 0 

2 826 1114 1157 1488  2 0 0 0 0 
3 14704 21448 21448 28304  3 5938 8576 8576 11168 
4 5708 8150 8467 10694  4 4252 6309 6538 8209 
5 0 0 0 0  5 1935 2729 2782 3506 
6 0 0 0 0  6 432 603 606 777 

k = 1 m = 2     k = 2 m = 2    
CIij12 j = 1 2 3 4  CIij22 j = 1 2 3 4 
i = 1 5680 7005 7153 8358  i = 1 0 0 0 0 

2 1488 1780 1818 2148  2 0 0 0 0 
3 28410 35158 35158 42010  3 11126 13757 13757 16345 
4 10494 12917 13203 15437  4 7864 9878 10089 11764 
5 0 0 0 0  5 3493 4282 4331 5057 
6 0 0 0 0  6 774 945 948 1118 

k = 1 m = 3     k = 2 m = 3    
CIij13 j = 1 2 3 4  CIij23 j = 1 2 3 4 
i = 1 8245 9562 9699 10906  i = 1 0 0 0 0 

2 2148 2443 2477 2806  2 0 0 0 0 
3 42107 48859 48859 55707  3 16307 18932 18932 21517 
4 15256 17667 17930 20168  4 11452 13438 13633 15312 
5 0 0 0 0  5 5045 5831 5876 6604 
6 0 0 0 0  6 1115 1285 1288 1458 
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Computed values for µijkm 

k = 1 m = 1     k = 2 m = 1    
µij11 j = 1 2 3 4  µij21 j = 1 2 3 4 
i = 1 2000 3000 3000 4000  i = 1 0 0 0 0 

2 1200 1800 1800 2400  2 0 0 0 0 
3 1600 2400 2400 3200  3 600 900 900 1200 
4 800 1200 1200 1600  4 600 900 900 1200 
5 0 0 0 0  5 1500 2250 2250 3000 
6 0 0 0 0  6 900 1350 1350 1800 

k = 1 m = 2     k = 2 m = 2    
µij12 j = 1 2 3 4  µij22 j = 1 2 3 4 
i = 1 4000 5000 5000 6000  i = 1 0 0 0 0 

2 2400 3000 3000 3600  2 0 0 0 0 
3 3200 4000 4000 4800  3 1200 1500 1500 1800 
4 1600 2000 2000 2400  4 1200 1500 1500 1800 
5 0 0 0 0  5 3000 3750 3750 4500 
6 0 0 0 0  6 1800 2250 2250 2700 

k = 1 m = 3     k = 2 m = 3    
µij13 j = 1 2 3 4  µij23 j = 1 2 3 4 
i = 1 6000 7000 7000 8000  i = 1 0 0 0 0 

2 3600 4200 4200 4800  2 0 0 0 0 
3 4800 5600 5600 6400  3 1800 2100 2100 2400 
4 2400 2800 2800 3200  4 1800 2100 2100 2400 
5 0 0 0 0  5 4500 5250 5250 6000 
6 0 0 0 0  6 2700 3150 3150 3600 
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