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ABSTRACT 

  

The optimization of delivery plan is a critical issue, especially for multiple perishable 

products in any profitable organization. This paper develops a model for the efficient 

implementation of supply chain systems for multiple perishable products. The mathematical 

model developed maximizes the profit while taking into consideration shelf life and the cost of 

transportation.  The price or value of products is affected by its remaining shelf-life. An optimal 

delivery plan is developed based on shelf-life, time to transport the perishable products within 

the network reaching to retailer, while including the minimization of transportation cost in the 

model. In addition, the optimal delivery plan identifies the right quantity of each type of 

perishable products to be delivered. In this research, a mathematical model is utilized for solving 

the multi-objective mathematical problem, which includes revenue maximization, and 

minimization of transportation models to perform an optimal delivery plan. This paper’s central 

aim is to maximize the gross profit while identifying the best delivery method for multiple 

perishable products. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Introduction 

Maintaining an efficient supply chain is of immense significance to the success of any 

enterprise.  Supply chain system (SCS) is aimed at fulfilling retailers/customers’ demands for 

certain products/services for a required period at the lowest price. To make this goal achievable, 

one should develop an efficient network, which consists of customers, retailers, and depots. When 

dealing with perishable products, the range of challenges associated with the products’ restricted 

shelf life and time limits related to product distribution increases the need for effective and efficient 

supply chain management.  Most importantly, the distribution of perishable food does not tolerate 

the slightest delay (Hsu, Hung, & Li, 2007).  

Supply chain networks (SCN) typically involve the following decision categories: (a) 

production; (b) distribution; (c) inventory; and (d) location-allocation. Thus, this dissertation deals 

with two decision-making problems. The first problem is related to distribution, or routing. The 

second one is associated with location-allocation of perishable products with multiple type of 

products. It has to be noted that the different types of perishable products make problem more 

complex when having various cases and stages which could contribute in making delivering plan 

through supply chain network. In turn, these cases can be identified in accordance with the 

following stages: number of depot, number of trucks, number of retailers, and different types of 

products. As a result, each case, the impact on the products’ price is obvious and affected because 

of the involved factors. 
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The problem of distribution, which is also defined as vehicle routing problem (VRP), 

involves the design of effective transportation routes that link depots and customers/retailers. The 

VRP is a variation of the travelling salesman problem (TSP).  Solving the VRP makes it possible 

to determine the most efficient transportation routes that link the depot and the customer/retailer 

and return the vehicle to the initial depot. Hence, the reduction of the total transportation cost is 

the main purpose of the VRP. In turn, the location-allocation problem implies a range of depots 

and retailers/customers. This problem aims to reduce distribution cost by locating a range of depots 

and allocating a range of retailers/customers. 

 

1.2 Background of the Study and Motivation 

The complicatedness of supply chain has become obvious due to the necessity of effective 

perishable products distribution. Notably, perishable products typically involve dairy, beverages, 

fresh flowers, fresh fruit, or live seafood. Thus, it is worth mentioning that retailers, depots, and 

distribution systems are likely to experience a set of considerable losses in the context of supply 

chain. Therefore, the importance of supply chain’s coordination is obvious in the field of delivering 

perishable products (Cai, Chen, Xiao, & Xu, 2010). Several researchers have substantiated the 

significance of the relationship between perishable products and transportation time. To be more 

precise, 20-60% of the total food production is estimated to be either wasted or lost in the food 

supply chain (Shukla & Jharkharia, 2013). In addition, the necessity of increasing the availability 

of products has been raised to be considered as well (Lemma & Gatew, 2014).  

Shelf-life violations of perishable products lead to negative environmental effects. As a 

result, such violations affect the global economic system as well as all the companies and 

consumers involved in the supply chain (Mena, Adenso-Diaz, & Yurt, 2011). Various sources 
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always an effective factor for reports and research findings which associated with managing 

perishable products in the SCS (Deniz, 2007). The improvement of the distribution of perishable 

products comprises the following variables: (a) inventory cost; (b) transportation cost; and (c) 

deadlines.  Hemmelmayr, Doerner, Hartl, and Savelsbergh (2009) thoroughly examined the 

essence of product delivery schedules and highlighted the most effective routing in terms of 

delivering blood supplies within a certain region. In turn, Bräysy & Gendreau (2005) established 

a metaheuristic algorithm for finding solution to the VRP with time windows. Notably, their 

purpose was to identify the least expensive routes linking depots and customers/retailers. Studies 

focused on perishable products’ supply chain have substantiated the role of managing/shipping 

perishable products from depots to retailers or customers and emphasized the necessity of 

inventory management in the context of the routing problem. However, such factors as 

transportation time and shelf life play a decisive role in determining the products’ price and 

demand in the context of most situations related to perishable products (Algannas & krishnan, 

2016). For instance, one should take into account the delivery of newspapers, since the demand 

for newspapers is typically affected by delivery time. In other words, late delivery of a newspaper 

to a retailer leads to reduced demand. Furthermore, the late delivery decreases the likelihood of a 

successful sale, and therefore, the retailer is most likely to require price reduction. Similar 

scenarios can occur in SCSs that involve products requiring climate-controlled and/or refrigerated 

storage.  

 

1.3 Research Aim and Objective 

 The objective of this research is to develop a model for maximizing the total profit of the 

SCS, which involves perishable products. More precisely, the study is aimed at developing such 
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model by taking into account the rout, shelf life, and varying price and demand, which are 

dependent on products’ shelf life and the type of product. To achieve the research’s objective, one 

should address the following questions: 

1. What are the ways of designing a SCS that meets the system’s requirements and leads to 

the increase of revenue while taking into account the product’s shelf life and type of 

product? 

2. What is the optimal quantity of delivered products, which is needed for preserving their 

high quality during the delivery from depots to retailers? 

3. What is the best way of planning SCS that reduces the supply chain’s transportation cost 

and time with considering multi-types of products factor? 

4. What is the optimal time for delivering products from depots to retailers while taking into 

account the different types of products? 

5. What are the effects of restricting vehicle capacity?  

6. What is the optimal number of depots in the context of products’ shelf life?  

7. What must be considered while designing an SCS that leads to the minimization of the 

transportation system and quantity of open depots and takes into account the multi-types 

of products factor? 

 

1.4 Structure of the Dissertation 

The first chapter provides an introduction to the study as well as the background, 

motivation, and objectives of this research. In addition, the first chapter briefly discusses the case 

of multiple product perishable products and provides an overview of routing, products’ location-

allocation, and terminologies/methods applied in the research. The second chapter is dedicated to 
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current tendencies related to design optimization as well as analysis techniques associated with the 

design of perishable products’ supply chain systems, perishable products’ shelf life, and their 

transportation. Chapter 3 highlights specific models aimed at maximizing profit within SCSs 

characterized by effective delivery of multi-types of perishable products. In addition, the third 

chapter discusses the models that determine delivery schedules by taking into account price and 

demand variability, which is affected by products’ shelf life. Chapter 4 explains location-allocation 

of new depots through supply chain network for multi- perishable products. This study focuses on 

identifying the best number of depots and delivery planning approaches to transport perishable 

products with knowing important variables such as demand, price and expiration date. Finally, 

chapter 5 involves both conclusion of the current study and discussion of future work. To be more 

precise, this chapter highlights a proposed design for the adequate number of depots and their 

effective allocation. Notably, the main purpose of the proposed design is to reduce expenses 

associated with shipping perishable products. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 Introduction 

 Cost restrictions that promote companies’ success in the field of a certain product has 

resulted in the supply chain’s becoming an essential phenomenon. Nonetheless, the transportation 

of perishable products to various retailers is a complicated issue, and thus, the supply chain is 

expected to increase the efficiency of shipping from suppliers to retailers. Different sources were 

reviewed for the establishment of a model, which is aimed at designing an SCS for perishable 

products. Notably, the following aspects pertaining to the practical problem were considered: (a) 

time window based delivery system; (b) replenishment strategy for both single- and multi-types of 

perishable products; and (c) transportation of perishable products. When analyzing the concept of 

perishability in terms of production and distribution, one must point out that this concept is based 

on products’ certainty, which requires accuracy of processes related to supply chains (Cagliano, 

2015). In fact, the concept of perishability is relevant to such areas as the chemical industry, food 

manufacturing/processing, agricultural food businesses, and blood banks. In a modern competitive 

environment, customer satisfaction and efficiency are top priorities for businesses dealing with 

perishable products. Consequently, a larger dimension in perishable products’ supply chain 

becomes a necessity, since the likelihood of damages, which cause substantial financial losses to 

industries, is increased when it comes to perishable products (Deep, Nagar, Pant, & Bansal, 2012). 

Moreover, the relationship between products’ quality and customer satisfaction is obvious, and 

therefore, efficient management of perishable items is a tool, which is needed for remaining 

successful among aggressive competitors. In addition, perishability is of immense significance in 

terms of establishing good relationships between organizations and SCNs and promoting their 
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integration in future. Noteworthy, food supplies are mostly dependent on transportation. Hence, 

effective links between various transportation channels are beneficial. Furthermore, the 

involvement of a vendor-managed inventory as well as suppliers of perishable unprocessed 

products and food processing companies is an indispensable condition of a proper supply chain, 

since such chain leads to a decreased likelihood of spoilage and significant cost reduction 

(Cagliano, 2015). 

 Section 2.2 highlights time window based transportation. Section 2.3 addresses perishable 

product factors in the SCS. Section 2.4 deals with perishable products’ shipping within an SCS. 

Section 2.5 is dedicated to the single and multiple perishable products. Finally, Section 2.6 is 

focused on expenditures associated with shipping as well as logistics for perishable products in an 

SCS. 

2.2. Delivery Time Windows 

A time window is a predetermined period that implies pauses during the transportation 

route (e.g. 8 am and 5 pm). For a transportation manager, it is important to design a route in which 

every stop is planned in accordance with the corresponding time window. Besides, the use of 

specific criteria enables advanced routing services to create optimal routes. Notably, these criteria 

are as follows: (a) vehicle characteristics (e.g. size, height, etc.); (b) the road’s physical condition 

(e.g. number of lanes, speed limit, etc.); and (c) traffic status (e.g. real time, historical, or predicted) 

(Qi, Shen, & Dou, 2013). Indeed, time windows are of great importance when pressing deadlines 

are experienced. Indeed, delivery and/or repair are typical circumstances that lead to pressing 

deadlines, and therefore, these circumstances should not be neglected.  

Either a salesperson or a person who majors in transportation’s contribution is needed for 

increasing deliveries’ effectiveness by means of assessing the logistics and delivery schedules. It 
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is crucial to consider an event in which one receives the approximate delivery date in a shopping 

cart (Zhang, Ma, Luo, & Luo, 2012). In fact, it is important to keep in mind that the guarantee of 

the order’s delivery time is not provided. Such factors as delivery zip codes and/or the number of 

deliveries can lead to a prolongation of specific areas. Hence, a system calculates the approximate 

delivery date by considering the average time, which is needed for processing the order. Notably, 

considering the average time means that the products’ packaging, transit time to the delivery 

supplier, and transit time to the delivery address are taken into account (Emmanouilidis, Taisch, 

& Kiritsis, 2013).  

After receiving the order/request, a delivery supplier becomes involved in delivery date 

planning (Zhang, Qiu, & Yi, 2012). Afterwards, they contact the client and inform him/her of a 

probable delivery date. Hence, deliveries are possible between the specified hours on the delivery 

day, which are selected by the client. The next step will be a delivery company’s offering an 

estimated delivery time window before the delivery is scheduled. To achieve an on-time delivery 

of perishable products, one should make sure that the delivery of such products is provided in 

accordance with the predetermined time window (Deep et al., 2012). 

2.2.1 Vehicle Routing Problem  

 The classical vehicle routing problem is applied for designing optimal routes, which are 

based on the principles of time and cost efficiency. This problem, which involves integer 

programming and combinational optimization, is aimed at answering the question regarding the 

number of optimal routes to a network for delivering products to a predetermined group of 

customers. Notably, the VRP originates from the traveling salesman problem (TSP). The essence 

of the TPS is the need for effective combination of routes, which originate from numerous depots 

and are required for serving a group of retailers who share similar demands. It is important to 
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understand that each customer should be visited once, and one should return all vehicles to the 

initial depot. In addition, customers’ demands concerning a certain route should not be of greater 

importance than the vehicle’s capacity (Yuan, 2012).  

2.2.2 The Vehicle Routing Problem with Time Windows  

 The vehicle routing problem with time windows (VRPTW) should be viewed as an 

extension of the VRP. Indeed, the VRPTW problem is typically simpler than problems caused by 

limitations in the real life. Despite the fact that the majority of real-life limitation are often omitted, 

the research model identifies the essential properties. In such a way, it provides key results, which 

are considered in the system’s adoption and analysis in terms of real-life issues. The TSP, which 

is known as one of the simplest problems, is a widespread routing problem, indeed (Gao & Ryan, 

2014). When designing a route, one should consider the significance of reducing the distance 

traveled by salespersons who are expected to return to the metropolis, which was their starting 

point.  

To solve the VRPTW problem under various restraints, a number of 

heuristics/metaheuristics have been highlighted. Nonetheless, several actions related to methods 

of solution have taken place in the context of demand volatility, which is a factor of time. Deep et 

al. (2012) overviews the formulation as well as the exact algorithm of the VRPTW problem and 

divides the formulations in accordance with the following methods: (a) spanning free time 

formulation; (b) path formulation; (c) arc formulation; and (d) arc-node formulation. The essence 

of the arc formulation is relating a basic directed graph’s arcs to a binary variable (Gao & Ryan, 

2014). During the arc-node formulation of the VRPTW problem, the binary variables are related 

to nodes. In turn, the spanning free time formulation is aimed at obtaining lower boundaries for 

the VRPTW problem (Cagliano, 2015). In addition, the method of the path formulation is also 



12 
 

applied for obtaining lower constraints for the aforementioned problem. In the context of current 

combinational formulations of the VRPTW problem, which are based on integer and mixed-integer 

approaches, linking arcs to the correct order is essential, since the identification of sequence of 

vehicles’ visits is impossible without it. Consequently, one can analyze visits’ order in every route 

as soon as the solution is acquired. In turn, the utilization of this solution is impossible if node 

visits’ sequence within the route (e.g. demand) leads to various factors that, in turn, are seen as a 

basis on which costs incurred are relied (Liu & Ma, 2008). In addition, some experts share the 

opinion that the node-based formulation approach surmounts this deficiency. Furthermore, it is 

believed that the arc-node-based formulation of the problem is the most suitable method despite 

the visits’ order being caused by additional costs. Noteworthy, another research has substantiated 

the effectiveness of a time-dependent parameter when dealing with the VRPTW problem. 

However, only one type of time-dependent demand parameter might be applied when it comes to 

choosing among the four formulation techniques (Qi et al., 2013). Hence, the main objective of 

the VRPTW implies reduction of the quantity of vehicles, the average time spent on traveling, and 

the average distance covered by vehicles. Notably, the essence of the arc-node formulation is the 

arcs’ representing the links between depots and customers (Bai, 2010). 

2.3 Effect of Perishable Product Factor in Supply Chain System 

 Generally, perishable products are referred to as products for whom the likelihood of 

becoming unsafe is increased considerably if they face improper refrigeration and/or 

transportation. Thus, such products are meat, dairy products, eggs, vegetables, glasses, etc. In fact, 

proper refrigeration is an indispensable measure that is required for controlling bacterial growth, 

while proper transportation is needed for preventing perishable products from spoiling (Deep et 

al., 2012). 



13 
 

 Noteworthy, many researchers have established a mixed-integer Nonlinear programming 

(MINLP) system that helps identify the most appropriate method of perishable products’ 

transportation from a depot (producer) to a retailer (vendor). This system implies a heuristic 

algorithm that is based on principle of the shortest shipping time and the “first come-first served” 

approach. Therefore, this system enables researchers to achieve positive results in terms of 

reducing the total delivery cost and inventory cost between the producer and the vendor. For 

instance, Yuan (2012) examined the transportation of perishable products and scheduling 

approaches, and thus, established a nonlinear model, which was based on combining vehicle 

routing and production planning problems that implied time windows for perishable products. 

Afterwards, a research conducted by Gao and Ryan (2014) demonstrated that the increase in the 

total turnover from the supplier to the right customer is the main goal of studying perishable items. 

In addition, the research showed that such objective could be achieved if the proper number of 

products is chosen at the right time and transported to the right location.  

2.3.1 Changeability of Perishable Items with Different Arrival Time 

 The following categories have been distinguished in terms of defining the inventory’s 

deteriorating properties: (a) deterioration (e.g. fruit, vegetables, flowers, etc.); (b) physical 

depletion (e.g. gasoline and/or alcohol); and (c) obsolescence (various radioactive items as well as 

those that contain uranium) (Liu & Ma, 2008). Besides, Ma et al. (2012) emphasized the relevance 

of the associated utility loss and differentiated two main categories of products. The first category 

implies the products whose functionality and quality degrade over time. Milk, vegetables, fruit, or 

meat belong to this category. The second category implies products whose customer-related utility 

degrades over time. The print media, clothes, or high-technology items characterized by a 

restricted life cycle belong to this category. In turn, Wang (2012) categorized perishability into 
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two types: (a) those with fixed lifetime and (b) with random one. Items that belong to the first 

category are characterized by their lifespan’s having been specified earlier. Therefore, the process 

of fixing such items is based on considering the effects of depreciating factors. In other words, the 

value of such products declines over time until a complete perishability occurs. As a result, such 

products become of no use to customers (e.g. yoghurt, blood, etc.) (Zhang et al., 2012). To the 

contrary, products that belong to the random lifetime category have no lifetime (Bourlakis, 

Vlachos, & Zeimpekis, 2011). Gasoline is an example of such products. As a result, the product’s 

lifetime can be considered as a model, which is variable in proportion to a predetermined 

probability distribution. Certainly, the description of dependency between age and perishability is 

a challenge when it comes to these products. This challenge is determined by the fact that an 

indefinite storage of products is possible regardless of the products’ undergoing natural wear and 

tear. Hence, the status of these products degrades (Vijayakumar, 2014).  

 Another essential criterion, which is closely related to perishability and deterioration, is 

shelf life (Algannas & Krishnan, 2016). Indeed, shelf life is a term used to denote the period during 

which a product’s state of quality is satisfactory. In other words, it is an acceptable period of 

product’s staying on a market shelf. However, it is important to keep in mind that shelf life is not 

necessarily associated with a product’s physical condition, since many products become spoilt 

occasionally after the expiration date. Nevertheless, the saleable life of the product might be taken 

into account (Bourlakis et al., 2011).  

2.3.2 Supply Chain Management in Perishable Products 

 Environment and time are two principal challenges that remain relevant for the 

management of perishable products’ supply chain. To be more exact, temperature and humidity 

should never be neglected in this process.  



15 
 

 Furthermore, model-dependent models are more acceptable than traditional production 

ones in terms of perishable items and transporting them all over the world. The vulnerability of 

perishable products within the supply chain is determined by such factors as environmental 

change, economic hardships, and managerial errors caused by lack of knowledge. In future, 

perishable items will have to obtain four essential features, which are needed for the achievement 

of customer satisfaction and the increase in demand. These features are: (a) resilience; (b) 

sustainability; (c) competitiveness; and (d) capability (Liu & Ma, 2008).  

 The losses associated with the delay in shipping perishable products have led to customers’ 

being aware of the necessity of checking the products’ origin and nutritional content. Hence, food’s 

quality, traceability, and freshness require constant control and improvement. For this reason, 

manufacturers have increased the range of products to meet customers’ desires and expectations. 

Such strategies are accompanied by enhanced transportation costs and more complicated decisions 

(Deep et al., 2012).  

 In addition to the above-mentioned factors, one should also highlight the importance of 

industries’ considering the population’s unstructured aging. Indeed, this factor is a crucial one, 

since it affects security and food availability. Hence, it is required to integrate public records in 

the SCM. For instance, dealing with live seafood, vegetables, flowers, and other fresh products 

becomes a challenging issue. Thus, Emmanouilidis et al. (2013) argues that insufficient logistics 

leads to significant losses for a transporter both before and during the delivery.  

2.4 Managing Transfer of Perishable Products in Supply Chain System 

 Bourlakis et al. (2011) extended the VRPTW by considering certain perishability 

properties in the process of dispatching and established a stochastic vehicle routing problem along 

with the time window (SVRPTW) to achieve the reduction of total costs. They prove that the 
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effectiveness of their proposed model is higher than that of traditional VRPTWs. Their 

encompassing inventory and energy costs leads to a meaningful cost reduction in the delivery 

process.  

 In addition to the aforementioned studies, one should highlight the one conducted by 

Vijayakumar (2014) as well, since this study involves a model blend of the vehicle routing problem 

with a time window and time-dependent travel time (VRPTWTD). Besides, he applied a heuristic 

method to find a solution to the delivery problem. Thus, he defined quality as an integral measure 

required for decreasing total transportation costs by taking into account the number of vehicles, 

travel time, and quality loss.  

2.4.1 Transportation Planning Mission in Supply Chain System  

 In general, transportation planning tasks are based on solutions associated with delivery 

frequencies or fleet properties. Companies specializing in producing perishable products are most 

likely to strive for the increase in supplies’ frequencies to enhance the quality of service that, in 

turn, can affect fleet dimensioning (Peng, 2011). Likewise, perishable products’ varied shelf lives 

can affect their distribution between producers and transportation centers in the course of the mid-

term planning prospect. Moreover, perishability can also affect a transport strategy, which is 

focused on identifying the number of distributions between the outbound vehicle routings’ classes 

and the supply chain (Yuan, 2012). 

Besides, replenishment issues are integrated as well, since several inventory management 

researchers are not able to determine whether procurement section orders imply items originating 

from outside the supplier or whether warehouse delivery orders implied processed items from the 

production area (Liu & Ma, 2008). 
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Noteworthy, the delivery of ready-mixed concrete (RMC) has become an important topic, 

since this product is extremely perishable. However, the experience has proven that transportation 

is an intensive process, and therefore, the perishability problem is solved by means of enforcing 

limited time windows and supplying concrete on a continuous basis (Emmanouilidis et al., 2013). 

 It is worth noting that the VRPTW model considers the perishability’s effect in terms of 

general distribution costs. In addition, the randomness of the perishable food shipment process is 

taken into account and presented in the context of a stochastic VRPTW model. The aim of this 

process is to identify routes, loading, vehicle, departure, and delivery frequencies within delivery 

centers. In turn, the objective function takes into consideration inventory costs and views them as 

an outcome of perishable products’ deterioration that occurs in consequence of distribution 

vehicles’ cooling (Wang, 2012). Hsu (2007) and colleagues stated that their study widened the 

VRPTW by taking into account the random character of perishable items’ delivery process. They 

developed the SVRPTW model for obtaining effective delivery routes, loads, fleet dispatching, 

and departure times (Hsu, Hung, & Li, 2007). They aimed to reduce the dispatching vehicles’ fixed 

cost as well as transportation time, inventory, energy, and penalties for not adhering to the schedule 

of time windows. Notably, the distance covered by a vehicle affects transportation costs. In turn, 

the deterioration of perishable items has an impact on inventory costs. Both transportation and 

inventory costs can be referred to as stochastic ones (Hsu et al., 2007). 

2.5 Single and Multiple perishable products in Supply Chain System. 

Nahmias (1982) writes that classified the perishability into two main classifications 

which are fixed lifetime and random lifetime. Fixed lifetime means that the products have 

determined and specific expired date, so the factors of deterioration are taken into consideration 

when the products are produced. Random lifetime means that determined lifetime is not there, so 

the lifetime of products is represented by probability distribution such as vegetables, fruits, and 
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flowers. Afterwards, Raafat (1991) provides a perishability classification based on the relation 

between value and time of the products being in inventory. These classifications are utility 

constant, utility increasing, utility decreasing where the time is constant, increase, or decrease 

depending on type of products. Another research focus on the related utility loss and differentiate 

two types of products which are product functionality deteriorate over time such as vegetables, 

fruits, or milk; and products without functionality deteriorating, however, clients judge utility 

deteriorates over time such as fashion clothes, high technology products with a short life cycle, 

newspapers (Ferguson and Koenigsberg, 2007). It is significant to note that different types of 

products have serious impact in classifying the problem. Therefore, multiple types of products 

make the mathematical problem more complex when it comes to modelling and solving. Most of 

previous works have not provided a practical and mathematical model to solve this kind of 

problem. 

2.6 Cost and Logistics of Transportation of Perishable Product in Supply Chain.  

One of the most important decisions made by a decision maker is the ways of transporting 

an industry’s products. Undeniably, inexpensive and fast transportation leads to customer 

satisfaction. Thus, logistics plays an important role, since one is expected to be aware of current 

tendencies in the transport sector if he/she strives to maximize the return. A good example is some 

companies’ shifting shipping centers and supply chains to areas characterized by effective cost 

(Cagliano, 2015). 

 Bai (2010) points out that perishable products’ transportation is a challenging process 

within a supply chain. Furthermore, fast transportation, which is aimed at keeping perishable 

products fresh, as well as monitoring environmental factors (e.g. temperatures and humidity) 
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increase costs. For this reason, carrying out a systematic logistics is a crucial step that must be 

taken before the delivery.  
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CHAPTER 3 

 

Optimal Renewal Plan with Multi Perishable Products  

 

3.1       Abstract  

 

 An improved delivery plan is an absolute need for companies that deal with multiple 

perishable products. This study provides a mathematical model for delivering multi-perishable 

products through supply chain network based on profitable factors. Shelf life, transportation cost, 

and maximum income are taken into account when utilizing the mathematical model. The price of 

product is impacted by shelf-life of the product which is included in the model which reduces the 

gross profit of perishable products when time increases. An optimal delivery plan is developed 

based on shelf-life and transportation duration of the perishable products through the network. 

Also, the minimization of transportation cost in the model is considered in the model as well. The 

produced optimal delivery plan ensures delivering the right quantity of each kind of perishable 

product to the right retailer. In this paper, a mathematical model is applied in order to solving a 

multi-objective problem which covers cost transportation minimization and income maximization 

to implement an optimal delivery plan. This work aims to maximize the gross profit while 

providing the delivery plan for a multiple perishable products problem. Case studies are used to 

illustrate the efficacy of the model. 

  

 

3.2 Introduction 

As mentioned in Chapter 2 “Literature Review”, it is important to improve supply chain 

models associated with delivery and distribution of multiple perishable products in an efficient 

manner.  Perishable products are goods that tend to spoil deteriorate with time, becoming unsafe 

for their original usage upon the end of expiration date. This may also lead to zero or negative 
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value of products, especially when disposal costs are enacted. If the selected supply chain fails to 

properly deliver these products, the price as well as profits from selling these products is going to 

decrease. Examples of perishable products include composite materials, food products, flowers, 

newspaper etc. It is important to note that each type of perishable product has a unique expiration 

time period (known as shelf life), which identifies the exact period that guarantees a safe use of 

the product.  Typically, it is recommended to not use the product after the termination of shelf life. 

Since the beginning of the new millennium, supply chains have turned into a fundamental element 

of the manufacturing sector. For this reason, the given chapter is going to describe distribution 

networks (with selecting location) and allocation of perishable products when multiple products 

are in the system. In another word, selecting the right retailer with the right amount of perishable 

products to be delivered through the right route. The context, or rather the different perishable 

products implies that there are multiple products that might affect condition of products factor 

upon their actual delivery. Therefore, multiple perishable products is a new condition that plays a 

big role in solving the problem. A lot of specialists in research have recently actualized the 

significance of positive correlation between perishable products and time of delivery. For example, 

Shukla and Jharkharia (2013) indicated that food supply chain has lost or wasted approximately 

20% to 60% of total food manufacturing. According to Yared Lemma and Gatew (2014), there is 

an urgent necessity to increase the amount and presence of food products for a huge part of 

population. If perishable products are not utilized within their expiration date, they instead become 

imminent sources of environmental pollution, what eventually influences global economy and 

causes impact on commercial organizations engaged in mass supply chain networks, where end-

users are final stakeholders (Mena et al., 2011). 
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Delivery of perishable products with a restricted expiration date to retailers results in more 

complicated models of supply chain design. The nature of these products technically causes extra 

limitations on various supply chain components, including production planning, logistics, 

inventory management, and overall administration of the supply chain network. When considering 

the yogurt industry, for instance, the product’s high perishable status affects all units and processes 

within the selected supply chain, from acquiring raw supplies to manufacturing of the final 

product. For this reason, the supply chain management has to optimize the shipping practice of 

perishable products by taking into thorough consideration their expiration date.  

Perishable products’ shelf life is categorized by a random or a fixed status. Products with 

a random status of expiration date (fruits, vegetables, etc.) exemplify the process of constant 

degradation, with having dependable shelf life periods. In turn, a fixed expiration date product 

(dairy, juice, etc.) receives its shelf life during the production stage; it is distinguished from other 

perishable products by being usable until the end of the expiration date (Madduri, 2009). It was 

Madduri (2009) who designed a model for inventory order regulations associated with perishable 

products having a fixed status of expiration date. In terms of the model, fixed expiration date 

exemplifies the timeframe - starting from product manufacturing stage until the end of the shelf 

life - during which the product keeps its original qualities for usage (Valero, Carrasco, & García-

Gimeno, 2012). Technically, the fixed expiration date refers to a time period for a selected 

perishable product to terminate (Ministry for Primary Industries, 2014). Because of the limited 

shelf life for perishable products, specifically ones with a fixed status, the optimized delivery 

planning should guarantee additional advantages and savings in management of logistics. In a 

similar way, streamlining transportation routes essentially helps in distribution of perishable 

products, is becoming a considerable element of supply chain optimization research. 
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The central issue in the decision-making system of transporting perishable goods is the 

preparation of schedule and capacity for vehicles. Therefore, this paper aims at reducing shipping 

cost while considering the quantity of products being transported (calculating vehicle capacity, for 

example) and actual expenditures on shipping (routing costs, vehicle dispatch costs, etc.). A lot of 

research sources in supply chain management focus mainly on vehicle routing challenges, 

including the issue of time window limitations. Deep et al. (2012) analyzed the original specific 

(complete/optimal solution) algorithm of the VRPTW, classifying its design by four key 

approaches: arc formulation, spanning free tree formulation, path formulation, and arc-node 

formulation. The first approach presumes that each arc of an original graph is attributed to a binary 

factor or variable (Gao & Ryan, 2014). In this model, binary factors are correlated with nodes in 

the arc-node design of the VRPTW issue. The third approach reminds a second one with getting 

the similar lower limits. In this combinative (integer and mixed-integer) designs of the VRPTW 

issue, the succession of visits to each nodes are not identified, unless the arcs are tied to a specific 

order.  In this sense, evaluation of the succession of visits on every itinerary can be done properly 

once the solution is obtained and cannot be used as input, especially when undergoing costs depend 

on factors, such as demand or others, that are influenced by the succession of node visits in terms 

the selected route (Liu & Ma, 2008). It is estimated that the node-related design method succeeds 

in handling this drawback. Thus, even if the sequence of visits provokes auxiliary expenditures, 

the arc-node issue formulation approach becomes sort of a perfect solution to this challenge. In 

turn, other studies incorporated a time-dependent variable into the VRPTW issue. However, with 

reference to the mentioned four approaches, only one type of time-dependent demand variable was 

found to be useful and efficient (Qi et al., 2013).  The main goal of VRPTW is to decrease the 

amount of transportation vehicles necessary, as well as the average time of traveling and the 
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average transportation distance covered by trucks. It should be clarified that the set of arcs typically 

exemplify relations between the depot and retailers in terms of the arc-node formulation (Bai, 

2010).  

This work is aimed at extending and improve an existing model, which was created by 

Algannas and Krishnan (2016) which deals with single perishable product and single demand. 

However, in this presented research, the model deals with multi-perishable products and multi-

demand at the same time. Also, it determines the optimal number of vehicles that can be used to 

gain maximum profit.  In addition, this paper emphasizes identifying the best delivery approach 

for multiple perishable products, reviewing diverse contexts and scenarios of transportation with 

a factor of expiration date affecting demand and price variables. It is assumed that the product has 

its full shelf life before leaving the depot. The deterioration of the product starts as soon as the 

product leaves the depot.  The shelf-life for all products is known. The objective function consists 

of two terms: the first term attempts to increase the total income during the planning horizon 

(which is income from selling the product) while the second term is attempts to reduce total costs 

of transportation. The formulation is an MINLP and is solved using BARON (computational 

solver). The objective function thus maximizes gross profit, by subtracting the transportation costs 

from the income. In the end, a profound experimental test of issue is completed to have a clearer 

understanding over the model’s dynamics. 

 

3.3 Mathematical Model (Maximize Gross Profit) 

The selected MGP model tends to increase the gross profit towards maximum with using 

the time-indexed variable design. There is the discretion of the planning horizon into N intervals, 

each representing one unit length. The proposed objective function contains two diverse parts: the 
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one to maximize income (MGP-I) and the second one to minimize transportation costs (MGP-T). 

The overall MGP model is designed to be a mixed-integer math computational layout. When each 

part of the objective function is to be solved, the MGP-I objective will be taken away from the 

MGP-T objective for the purpose of getting the desired profit upon the planning horizon.  

3.3.1 Problem Description 

This paper’s central aim is to provide a maximizing gross profit model that would help to 

identify the best delivery method for multiple perishable products, considering the factor of 

expiration date which affect demand and price variables. A lot of retailers are connected to a central 

depot through a single supply chain network. A park of trucks is projected to deliver the selected 

product from the depot to a bunch of retailers. Each retailer deals with deterministic inventory 

capacity and basic inventory tools. The product’s daily demand is identified, with clarifying 

dependencies on the product’s remaining expiration date. Formally, the product incorporates its 

maximum expiration date at time zero upon leaving the depot. Nevertheless, it is suggested that 

the selected product begins to worsen once it gets the truck’s board. The product’s expiration date 

becomes less than or equal to the order time (i.e.,𝝉 ≤ 𝑡). Supposedly, the depot keeps abundant 

amounts of the product to match the expected demand. The planning horizon’s length is estimated 

to exceed the expiration date period (i.e., |T| > | 𝝉|). Moreover, the product is associated with unit 

price that depends on the expiration date beyond the planning horizon. Additionally, it is suggested 

that the inventory-holding expenditures and costs on loading/unloading are insignificant. The goal, 

therefore, is to streamline (maximize) profit by increasing income (hence, increase product 

amounts with expiration date 𝜏 delivered to a retailer 𝑚 during a timescale 𝑡) and reducing 

expenditures on shipping. 
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3.3.2 Notation and Formulation 

Records associated with the MGP-I and MGP-T models are presented below: 

Sets 

 𝑁(𝑡): set of nodes in space-time network  

 A(t): set of arcs in space-time network 

 K: a park (set) of trucks 

 T: set of space-time 

Indices 

 𝑘 ∈ 𝐾: truck index 𝑘 = 1, … , 𝐾 

 𝑡, 𝑡′ ∈ 𝑇: time period index 𝑡, 𝑡′ = 1, … , 𝑇 

 𝝉 ∈ 𝑻: a product’s expired shelf life that includes a quantity of days for which the product 

has come to its deteriorated status 𝝉 = 𝟎, … , 𝑻 

 𝑚, 𝑚′ ∈ 𝑁(𝑡): index for retailer 𝑚, 𝑚′ ∈ 0, … , 𝑀, where m= 0 and 𝑚′ = 0 indicates of the 

depot 

 ℓ ∈ 𝑁(𝑡): set of retailers (𝑚) whose needs are met at specific time period (𝑡) 

 𝑖, 𝑗 ∈ 𝑁(𝑡): nodes (𝑚) to (𝑚′) 

Parameters 

 𝐵k:  a truck’s capacity 𝑘 

 𝐷τt
mg

: demand for products  with expired shelf life 𝜏 at certain retailer 𝑚 during time period 

𝑡   

 𝑃τg: the product’s price with expired shelf life 𝜏     

 𝐼τ0
mg

: original inventory with expired shelf life 𝜏 at certain retailer 𝑚  

 𝑂𝑚𝑔: a retailer’s inventory capacity 𝑚   
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 𝑄k: fixed cost attributed to a departing truck 𝑘 

 𝐶𝑖𝑗: traveling cost from node i to node j (𝑖 = 𝑚, 𝑗 = 𝑚′) 

 𝒯𝑚𝑚′: traveling time from retailer 𝑚 to 𝑚′,  

 Gs : upper bound on 𝑥 vector values 

 𝐺 ∶ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 . 

Decision Variables 

 𝑥𝑡𝑡′
𝑚𝑔

: number of items to deliver from the depot at time period 𝑡 to be transported to 

retailer 𝑚 at time period 𝑡′; all decision variables’ aggregate vector 𝑥 = {𝑥
𝑡𝑡′
𝑚𝑔

: 𝑚 =

1, … , 𝑀, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡, … , 𝑇} demonstrates the product delivery strategy for achieving 

the planning horizon; 

 𝑒𝜏𝑡
𝑚𝑔

∈ {0,1}: binary variable; 𝑒𝜏𝑡
𝑚𝑔

= 1 if demand for product with expiration date 𝜏 during 

time period 𝑡 at retailer 𝑚 whose needs are met; otherwise, 𝑒𝜏𝑡
𝑚𝑔

= 0  

 𝐼𝜏𝑡
𝑚𝑔

: inventory stage with expired shelf life 𝜏 at retailer 𝑚 at end of time period 𝑡   

 𝑆𝜏𝑡
𝑚𝑔

:  product with expired shelf life 𝜏 transported to retailer 𝑚 during time period 𝑡  

It should be underlined that in order to identify other decision factors, the truck index should be 

first enhanced with the pair of values (𝑘, 𝑡) showing truck 𝑘 that dispatched from the depot at 

specific time period 𝑡. 

 ukt  ∈ {0,1}: binary variable; ukt = 1 if truck (𝑘) is departed at time 𝑡; otherwise, ukt = 0  

 y(i,j)
kt ∈ {0,1}: binary variable; y(i,j)

kt = 1 if truck (𝑘) is departed at time 𝑡 upong traveling 

arc (𝑖, 𝑗)  ∈ 𝐴(𝑡); otherwise, y(i,j)
kt = 0  

Auxiliary Variables  
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 vℓ
kt ∈ {0,1}: binary variable; vℓ

kt = 1 if truck (𝑘) arrives at node ℓ ∈ 𝑁(𝑡) at time 𝑡; 

otherwise, vℓ
kt = 0  

 zkt: truck’s return time (𝑘, 𝑡) to the depot 

 𝜂𝑡𝑡′
𝑚 ∈ {0,1}: binary variable showing if retailer 𝑚 𝜖 𝑀 gets any delivery on day 𝑡′, which 

was originally sent on day 𝑡. Specifically, 

𝜂𝑡𝑡′
𝑚 = {

1      𝑥
𝑡𝑡′
𝑚𝑔

> 0  
   

   0      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

3.3.3 Maximize Gross Profit Model 

The main aim of the MGP model is to increase gross profit in terms of the planning horizon, 

representing the difference between the MGP-I model’s objective function and the same function 

of the MGP-T model: 

                       𝑀𝑎𝑥 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐹𝑀𝐺𝑃−𝐼 - 𝐹𝑀𝐺𝑃−𝑇 

 

3.3.3.1 Maximize Gross Profit -Income Model 

The MGP-I term in the objective function maximizes the gross income. 

𝑀𝑎𝑥 ∑ ∑ ∑ ∑ 𝑃𝜏𝑔𝑆𝜏𝑡
𝑚𝑔

𝑀

𝑚=1

𝑇−1

𝜏=0

𝑇

𝑡=1

𝐺

𝑔=1

                                   ( 𝟑. 𝟏) 

s.t. 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= 𝑋𝑡−𝜏,𝑡 
𝑚𝑔

         𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 0,  𝑔 = 1,  … , 𝐺             (3.2) 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= 𝐼𝜏−1,𝑡−1
𝑚𝑔

+ 𝑋𝑡−𝜏,𝑡 
𝑚𝑔

    𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 1, … , 𝑡 − 1,  𝑔 = 1,  … , 𝐺     (3.3) 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= 𝐼𝜏−1,𝑡−1
𝑚𝑔

         𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                     (3.4) 

∑ 𝑒𝜏𝑡
𝑚𝑔

≤ 1

𝑇−1

𝜏=0

     𝑚 = 1, … , 𝑀,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                         (3.5) 
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∑ 𝐼𝜏𝑡
𝑚𝑔

≤ 𝑂𝑚𝑔

𝑇−1

𝜏=0

     𝑚 = 1, … , 𝑀,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                 (3.6) 

𝑆𝜏𝑡
𝑚𝑔

≤ 𝑒𝜏𝑡
𝑚𝑔

𝐷𝜏𝑡
𝑚𝑔

    𝑚 = 1, … , 𝑀, 𝜏 = 0, … , 𝑇,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                             (3.7) 

𝑋𝑡 𝑡′ 
𝑚𝑔

≤ 𝑚𝑎𝑥𝑘𝐵𝑘   𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝑡′ = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                  (3.8) 

𝑋𝑡 𝑡′ 
𝑚𝑔

, 𝐼𝜏𝑡
𝑚𝑔

, 𝑆𝜏𝑡
𝑚𝑔

≥ 0   𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝑡′ = 1, … , 𝑇, 𝜏 = 0, … , 𝑇,  𝑔 = 1,  … , 𝐺         (3.9) 

𝑒𝜏𝑡
𝑚𝑔

∈ {0,1}     𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝜏 = 0, … , 𝑇,  𝑔 = 1,  … , 𝐺                  (3.10)  

The first formula (3.1) tends to maximize gross income. Inventory limitation sets (3.2), 

(3.3), and (3.4) provide a harmony in the inventory stage with expired shelf life а at each retailer 

𝑚 at the end of time period 𝑡. Limitation set (3.5) guarantees that every retailer picks up only a 

single demand for the item with expired shelf life τ during time period 𝑡. Limitation set (3.6) 

guarantees that the inventory stage with expired shelf life а at retailer 𝑚 at end of time period 𝑡  

will not prevail over the each retailer’s inventory capacity m. Limitation set (3.7) indicates that the 

chosen units of product purchased per time period 𝑡 should be less than or equal to demand. 

Limitation set (3.8) provides a restriction to the packs of products transported to any retailer 𝑚 

over time period 𝑡 to avoid surpassing the highest truck capacity. Eventually, limitation sets (3.9) 

and (3.10) represent integrality and non-negativity, accordingly. 

Upon solving the MGP-I model, the objective value as well as delivery strategy to visit 

each retailer (𝑋𝑡 𝑡′ 
𝑚𝑔

 , i.e., number of items to deliver from the depot at time period 𝑡 and visit 

retailer 𝑚 at time period 𝑡′) are derived to bring solution to the entire MGP-T model.  

 

3.3.3.2 Maximize Gross Profit -Transportation Model 

The MGP-T model minimizes the gross transportation expenditures for the purpose of 

implementing a selected replenishment project (𝑋𝑡 𝑡′ 
𝑚𝑔

). Analysis of this model demands resolving 
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an embedded optimization problem that defines the best itineraries and sets of products involved 

in transportation. Specifically, this can be projected like the modeling of the VRPTW limitations. 

The VRP is responsible for identifying the best number and optimal capacity of vehicles, the travel 

routs, and starting/ending time periods for trips to meet the retailer’s demand along with possible 

minimizing shipping cost.  

The model representing supply chain network incorporates a set of nodes (𝑁) containing 

retailers 𝑚 and the depot, including a set of arcs (𝐴) associated with routes. For the purpose of 

describing routes, Τ space-time networks attributed to a time period 𝑡 = 1, … , 𝑇 in the planning 

horizon are designed (Figure 3.1). Evidently, the horizontal and vertical nodes (𝑁(𝑡), A(𝑡)) 

demonstrate space (retailer index) and time (time period index), accordingly. The first and final 

nodes (0, 𝑡) symbolize the depot. Every two nodes keep an arc between them, but only if the 

distinction between the time intervals is equal to the traveling time between the related retailers 

(or the depot and retailer). The route’s last arc is tied to the depot to make the route complete. In 

the end, the arc costs indicate of the distance between the associated nodes (or the depot and 

retailer). 
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Figure 3.1: Space-time network (𝑁(𝑡), 𝐴(𝑡)) 

 

The space-time network presented in Figure 3.1 is marked by (𝑁(𝑡), 𝐴(𝑡))(𝑡 = 1, … , 𝑇), 

where 𝑁(𝑡) and 𝐴(𝑡) are the sets of nodes and arcs, accordingly. Specifically, in terms of the 

network (𝑁(𝑡), 𝐴(𝑡)), the set of nodes shows pairs of retailers and time periods as follows:  

𝑁(𝑡) = { (𝑚, 𝑡′): 𝑚 = 1, . . . , 𝑀 , 𝑡′ = 𝑡, . . . , 𝑇} 

A node associated with the depot is included as: 

𝑁0(𝑡) = 𝑁(𝑡) ∪ {(0, 𝑡)} 

Moreover, an arc takes place between every two nodes (𝑚1, 𝑡1) and (𝑚2, 𝑡2), when a truck is able 

to cover the distance from retailer 𝑚1 to 𝑚2 in a specific (𝑡2 − 𝑡1) time. Additionally, the set of 

arcs is identified as: 

𝑅(𝑡) = {((𝑚1, 𝑡1), (𝑚, 𝑡2)): 𝑚1 = 0, . . . , 𝑉, 𝑚2 = 1, . . . , 𝑀, 𝑚1 ≠  𝑚2, 𝑡1 = 𝑡, . . . , =  𝑡1 + 𝒯𝑚𝑚′} 

A separate arc between all nodes in 𝑁(𝑡) and the depot is presented to make the connection 

completed (Figure 3.1): 

𝐴0(𝑡) = 𝐴(𝑡) ∪ {(𝑖, (0, 𝑡)): 𝑖 ∈ 𝑁(𝑡) } 

Or, by using simplified notes, it will be as follows: 
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𝑅𝑠((𝑚1, 𝑡1), (𝑚2, 𝑡2)) = 𝑚1  

𝑅𝑒((𝑚1, 𝑡1), (𝑚2, 𝑡2)) = 𝑚2  

where retailer 𝑚 is related to the beginning and end of the arc ((𝑚1, 𝑡1), (𝑚2, 𝑡2)), accordingly. 

Concluding, with a minimal alteration of notes, 𝒯𝑚𝑚′  𝐶mm indicates of time and 

expenditures of traversing arc (𝑖, 𝑗) ∈ 𝐴0(𝑡), accordingly, which is to be derived from the travel 

time and cost matrices, correspondingly: 

𝒯(𝑖,𝑗) = 𝒯𝑅𝑠(𝑖,𝑗),𝑅𝑒(𝑖,𝑗) 

𝐶(𝑖,𝑗) = 𝐶𝑅𝑠(𝑖,𝑗),𝑅𝑒(𝑖,𝑗) 

 

 

The MGP-T math projection is as follows: 

𝑀𝑖𝑛 ∑ ∑ ∑ 𝐶(𝑖,𝑗)𝑦(𝑖,𝑗)
𝑘𝑡

(𝑖,𝑗)∈𝐴0(𝑡)

𝐾

𝑘=1

𝑇

𝑡=1

 + ∑ ∑ 𝑄𝑘𝑢𝑘𝑡

𝐾

𝑘=1

𝑇

𝑡=1

         (3.11)        

s.t. 

∑ 𝑦(𝑖,ℓ)
𝑘𝑡

(𝑖,ℓ)∈𝐴(𝑡)

= ∑ 𝑦(𝑙,𝑗)
𝑘𝑡

(ℓ,𝑗)∈𝐴(𝑡)

     ℓ ∈ 𝑁(𝑡), 𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇             (3.12)     

∑ 𝑦((0,1),ℓ)
𝑘𝑡

ℓ∈𝑁(𝑡)

= ∑ 𝑦(𝑘,(0,1))
𝑘𝑡

ℓ∈𝑁(𝑡)

≤ 1     𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇            (3.13)           

∑ 𝑦(𝑖,𝑗)
𝑘𝑡

(𝑖,𝑗)∈𝐴(𝑡)

= 𝑣𝑗
𝑘𝑡    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇             (3.14)  

∑ 𝒯(𝑖,𝑗)𝑦(𝑖,𝑗)
𝑘𝑡

(𝑖,𝑗)∈𝐴(𝑡)

= 𝑧𝑘𝑡    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇          (3.15)  



35 
 

𝑋𝑡 𝑡′ 
𝑚𝑔

≤ 𝐺𝑠𝜂𝑡𝑡′
𝑚           𝑚 = 1, … , 𝑀, 𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇,                 (3.16)   

∑ 𝑋𝑡 𝑡′ 
𝑚𝑔

𝑣(𝑚,𝑡′)
𝑘𝑡

(𝑚,𝑡′)∈𝑁(𝑡)

≤ 𝐵𝑘𝑢𝑘𝑡    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇             (3.17)     

∑ 𝑣(𝑚,𝑡′)
𝑘𝑡

𝐾

𝑘=1

≤ 𝜂𝑡𝑡′
𝑚           ∀ (𝑚, 𝑡′) ∈ 𝑁(𝑡), 𝑡 = 1, … , 𝑇        (3.18)   

(𝑡 + 𝑧𝑘𝑡) − 𝑡′  ≤ 𝑇(1 − 𝑢𝑘𝑡′
)    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡 + 1, … , 𝑇    (3.19)   

𝑢𝑘𝑡, 𝑦(𝑖,𝑗)
𝑘𝑡 , 𝑣ℓ

kt, 𝜂𝑡𝑡′
𝑚 ∈ {0,1}   𝑣 = 1, … , 𝑉, 𝑙 = 1, … 𝐿, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡 + 1, … , 𝑇      (3.20)   

(𝑧𝑘𝑡) ≥ 0    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇   (3.21) 

𝑋𝑡 𝑡′ 
𝑚ṡ , 𝐼τ𝑡

𝑚ṡ, 𝑆τ𝑡
𝑚ṡ ≥ 0   𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇, 𝑡′ = 1, … , 𝑇, τ = 0, … , 𝑇,       (3.22)     

 

The first formula (3.11) aims at reducing total cost on shipping, including variable and 

fixed expenditures. The balance limitation set (3.12) guarantees that if the truck arrives at node 

(retailer) with avoiding the depot, it has to leave this node (retailer). Limitation set (3.13) 

guarantees that each itinerary occurs and ends at the node associated with the depot(0, 𝑡). 

Limitation sets (3.14), (3.15), and (3.16) provide that the additional variables are attributed to the 

key decision variables, showing that Gs is an upper bound on the 𝑥-vector values. Limitation set 

(3.17) indicates that the number of units transported is below the vehicle’s capacity. Limitation set 

(3.18) guarantees that the network’s each node is visited, if the associated retailer is involved into 

the delivery strategy. Limitation set (3.19) makes sure that a truck can be used for the next time 

only after vehicle’s return to the depot. This limit is to be presented under typical limitations: ∀𝑡′ ≥
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𝑡 if zkt > 𝑡′, then ukt = 0. In conclusion, limitation sets (3.20), (3.21) and (3.22) serve as 

integrality and non-negativity, accordingly. 

3.3.3.2 Maximize Gross Profit (MGP) 

The MGP-model’s objective is as follows: 

                                     𝑀𝑎𝑥 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐹𝑀𝐺𝑃−𝐼 - 𝐹𝑀𝐺𝑃−𝑇 

𝑀𝐺𝑃 =  𝑀𝑎𝑥 ((∑ ∑ ∑ ∑ 𝑃𝜏𝑔𝑆𝜏𝑡
𝑚𝑔

𝑀

𝑚=1

𝑇−1

𝜏=0

𝑇

𝑡=1

𝐺

𝑔=1

 ) − ( 𝑀𝑖𝑛(∑ ∑ ∑ 𝐶(𝑖,𝑗)𝑦(𝑖,𝑗)
𝑘𝑡

(𝑖,𝑗)∈𝐴0(𝑡)

𝐾

𝑘=1

𝑇

𝑡=1

 + ∑ ∑ 𝑄𝑘𝑢𝑘𝑡

𝐾

𝑘=1

𝑇

𝑡=1

))) 3.23 
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3.4 Case Studies. 

This case study is provided to give more explanation and understanding of the 

mathematical model. BARON solver is utilized to solve the problem with providing more details 

to the way of solving the case and the outcomes as well. The model helps in determining the 

optimal solution which includes amount of delivered demand, gained profits, and other required 

outcomes for the case of having multi type products. The case study has one depot, multi retailers, 

multi trucks, and multi products. This case study has three main cases and each main case study 

has a set of sub cases as below: 

 

 

Figure 3.2: The cases that consisting of the mathematical problem. 

3.4.1 First Case Study  

This case study consists of a series of case studies.  By varying the number of retailers, 

vehicles, and products different sub-case studies are conducted.  All case studies considered in this 

are multi-stage.  The first sub-case study includes a consists of three retailers, 2 vehicles.  The 

number of types of products considered are 2, 4, and 10. The second sub case is to have 3 retailers, 
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4 trucks, and number of types of products as 2, 4, and 10. The third sub-case consists of 3 retailers, 

6 trucks, and number of types of products as 2, 4, and 10. Figure 3.3 shows the details of the sub-

cases of the first case study.  It shows the number of sub-case studies that has been designed, for a 

3-period planning horizon for delivering different multiple types of products.  The maximum 

expiration date is 2. Table 3.1 to Table 3.3 shows the demand for each retailer while placing orders 

on multiple products with identified shelf lives 𝜏 on a daily basis. It is assumed that retailers are 

able to place orders every day (𝑡) for products with expired shelf life of 0 to 𝜏 = 𝑡 − 1. 

 

 

Figure 3.3:  Sub-Case in the First Case Study 

 

 

 

 



39 
 

Table 3.1: 𝐷τt
mg

 , Demand for two Products with Expired Shelf Life 𝜏 at Retailer 𝑚   

1

0 0 1 0 1 2

A 65 55 70 80 90 30

B 65 55 70 80 90 30

A 92 73 71 90 85 50

B 92 73 71 90 85 50

A 56 66 73 96 110 135

B 56 66 73 96 110 135R

 τ

P

T 2 3

Q

 

 

Table 3.2: 𝐷τt
mg

 , Demand for Four Products with Expired Shelf Life 𝜏 at  Retailer 𝑚  

1

0 0 1 0 1 2

A 65 55 70 80 90 30

B 65 55 70 80 90 30

C 65 55 70 80 90 30

D 65 55 70 80 90 30

A 92 73 71 90 85 50

B 92 73 71 90 85 50

C 92 73 71 90 85 50

D 92 73 71 90 85 50

A 56 66 73 96 110 135

B 56 66 73 96 110 135

C 56 66 73 96 110 135

D 56 66 73 96 110 135

3

 τ

P

Q

R

T 2
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Table 3.3: 𝐷τt
mg

 , Demand for Ten Products with Expired Shelf Life 𝜏 at Retailer 𝑚  

T 1 2 3 

τ 0 0 1 0 1 2 

P 

A 65 55 70 80 90 30 

B 65 55 70 80 90 30 

C 65 55 70 80 90 30 

D 65 55 70 80 90 30 

E 65 55 70 80 90 30 

F 65 55 70 80 90 30 

G 65 55 70 80 90 30 

H 65 55 70 80 90 30 

I 65 55 70 80 90 30 

J 65 55 70 80 90 30 

Q 

A 92 73 71 90 85 50 

B 92 73 71 90 85 50 

C 92 73 71 90 85 50 

D 92 73 71 90 85 50 

E 92 73 71 90 85 50 

F 92 73 71 90 85 50 

G 92 73 71 90 85 50 

H 92 73 71 90 85 50 

I 92 73 71 90 85 50 

J 92 73 71 90 85 50 

R 

A 56 66 73 96 110 135 

B 56 66 73 96 110 135 

C 56 66 73 96 110 135 

D 56 66 73 96 110 135 

E 56 66 73 96 110 135 

F 56 66 73 96 110 135 

G 56 66 73 96 110 135 

H 56 66 73 96 110 135 

I 56 66 73 96 110 135 

J 56 66 73 96 110 135 
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Table 3.4 provides the cost of ten types of products for given remaining shelf life. 

 

        Table 3.4: 𝑃𝜏𝑔Cost of Products for given Shelf-Life  

G τ Cost G τ Cost 

A 0 $30.00 F 0 $80.00 

A 1 $25.00 F 1 $75.00 

A 2 $20.00 F 2 $70.00 

B 0 $40.00 G 0 $90.00 

B 1 $35.00 G 1 $85.00 

B 2 $30.00 G 2 $80.00 

C 0 $50.00 H 0 $100.00 

C 1 $45.00 H 1 $95.00 

C 2 $40.00 H 2 $90.00 

D 0 $60.00 I 0 $110.00 

D 1 $55.00 I 1 $105.00 

D 2 $50.00 I 2 $100.00 

E 0 $70.00 J 0 $120.00 

E 1 $65.00 J 1 $115.00 

E 2 $60.00 J 2 $110.00 

 

 

The vehicle capacity is 1000 units each and it is assumed that the fixed cost associated with 

dispatching each vehicle (k) is $100. 

Every stage in the network represents a link that connect two nodes. Table 3.5 presents the 

time (𝒯𝑚𝑚′) necessary for traveling from retailer 𝑚 to retailer 𝑚′ (𝑚, 𝑚′ = 0, … , 𝑀, where 0 

represents the depot). Table 3.6 shows the traveling distance (in miles) from retailer 𝑚 to 𝑚′ (𝑚, 

𝑚′ = 0, … , 𝑀, where 0 represents the depot).  The cost per mile for this case study is assumed to 

be five cents per mile. 
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Table 3.5: Time (Days) for Travel from Depot or Retailer 𝑚 to Retailer 𝑚′ (𝒯𝑚𝑚′)  

 

 Depot 0 M1 M2 M3 

Depot 0 0 1 1 1 

M1 1 0 1 2 

M2 1 1 0 1 

M3 1 2 1 0 

 

Table 3.6: Distance (miles) of Travel from Depot or Retailer 𝑚 to Retailer 𝑚′ 𝐶𝑚𝑚′   

 

 Depot 0 M1 M2 M3 

Depot 0 0 2000 2000 2000 

M1 2000 0 500 1000 

M2 2000 500 0 500 

M3 2000 1000 500 0 

 

The Results of First Case Study. 

The results from optimization provides the optimal quantities and the time of delivery of 

products to various retailers.  Table 3.7 represents the optimal quantity that should be delivered 

and the optimal shelf life at time of delivery which maximizes the gross profit.  The highlighted 

values in Table 3.7 are the results from the optimization.  For instance, 65 units of Products A is 

delivered at time 1 to Retailer P at time period 0. Also, 80 units of Products A is delivered at 

time 3 to Retailer P at time period 0.   

 

Table 3.7 Optimal Quantity Delivery for the 3_2_2 Problem ((# of Retailers_#of Vehicles_# of 

Product Types) 
 

1

0 0 1 0 1 2

A 65 55 70 80 90 30

B 65 55 70 80 90 30

A 92 73 71 90 85 50

B 92 73 71 90 85 50

A 56 66 73 96 110 135

B 56 66 73 96 110 135

3

Q

R

 τ

P

T 2
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From the results obtained, the vehicle routing map for the optimal delivery consists of two 

clusters. The first cluster uses vehicle 1 to deliver the required quantities from depot to Retailer P.  

And, the second cluster includes two retailers, Q & R, whose demands are satisfied by the second 

vehicle.  

 

 

 

 

 

 

 

 

 

 

This small sub-case has detailed the concept of vehicle routing problem for multi-type 

perishable products.  The other sub-cases are not detailed here.  However, the results of the sub-

cases are shown in Figures 3.5, 3.7, 3.8, 3.9, 3.10, 3.11, and 3.12.  
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Figure 3.4: Delivering Map 3_2_2 
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Figure 3.5: Delivery Map 3_2_4 
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Figure 3.6: Delivery Map 3_2_10  
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Figure 3.8: Delivery Map 3_4_4 
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Figure 3.7: Delivery Map 3_4_2 
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Figure 3.10: Delivery Map 3_6_2 
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Figure 3.9: Delivery Map 3_4_10  
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Figure 3.11: Delivery Map 3_6_4   
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Figure3.12: Delivery Map 3_6_ 10 
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The mathematical model was utilized to ensure delivering multiple perishable products to 

set of retailers through supply chain network.  The case study was examined to verify the model 

which is solved using GAMS (BARON Solver). Table 3.7 shows the maximum gross profit, 

transportation cost, and computational time for obtaining the optimal solution for each case. 

 

Table 3.8: Maximum gross profit, transportation cost, and time period of obtaining the optimal 

solution for Three Retailers  
 

Case  MGP Transportation cost  Time  

3_2_2 37755 900 0.98 

3_2_4 87275 925 4 

3_2_10 309830 1200 206 

3_4_2 45525 1525 300 

3_4_4 108355 1550 400 

3_4_10 479310 2350 500 

3_6_2 45580 1560 650 

3_6_4 108360 1820 800 

3_6_10 515555 2550 1010.6 

 

 

The chart below illustrates the relationship between number of variables (retailers, trucks, 

types of product) with the computational time for obtaining the solution.  It can be seen that as the 

number of variables increase, the computational time increases geometrically. 
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Figure 3.13:  Relationship between number of variables and Computational Time for Three 

Retailers 
 

To further analyze the impact of variables on computational time, the results for the 3 

retailer, and 2 product case, and allowing the number of vehicles to increase is provided in Table 

3.8.   

Table 3.9: Results for 3_X_2 Cases 

(When number of Product Types are varied) 

Case  MGP Transportation cost  Time  

3_2_2 37755 900 0.98 

3_4_2 45525 1525 300 

3_6_2 45580 1560 650 
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Figure 3.14: Relationship between MGP and Transportation Cost (TC) for 3_X_2 

This graph shows relationship between MGP and number of vehicles.  In order to improve 

the objective function value, the increase in number of vehicles initially allows for a high increase 

in profit.  However, it can be seen that the marginal increase in the profit when having the third 

vehicles is less.  Thus by increasing the number of vehicles in the model, the optimal number of 

vehicles required can be identified. 

Also, for four products, the table and graph below contain results after running four 

products in the model with providing changes to the inputs, to see how the results will change and 

what is the appropriate interpretation for the outputted results. 

Table 3.10: Maximum gross profit, transportation cost for 3_X_4 Problems   

Cases  MGP Transportation cost  Time  

3_2_4 87275 925 4 

3_4_4 108355 1550 400 

3_6_4 108360 1820 800 
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Figure 3.15: Relationship between MGP and Transportation Cost (TC) for 3_X_4 Cases  

Similar to the 3_X_2 cases, the gross profit increases with increases the number of vehicles.  

However, as in the 3_X_2 case, the marginal improvement in the profit has to be compared against 

the cost of the vehicles.  

Finally, to see how the results will change and what is the appropriate interpretation for the 

outputted results, the model worked at ten products with providing changes to the inputs. 

Table 3.11: Maximum gross profit, transportation cost for 3_X_10   

Cases MGP Transportation cost Time  

3_2_10 309830 1200 206 

3_4_10 479310 2350 500 

3_6_10 515555 2550 1010.6 
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Figure 3.16: Relationship between MGP and Transportation Cost (TC) for 3_X_10 

The graph above illustrates the relationship between MGP and TC and how this model works to 

maximize MGP and minimize TC. To gain high income and low expenses, the model increases 

revenue and minimizes transportation cost. Consequently, this case illustrates how MGP increased 

from 309830 at (3_2_10) to 479310 at (3_4_10), and for the same case the MGP raised up to 

515555 at (3_6_10) which means increasing the number of truck leads to improving and 

maximizing in MGP. 
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3.4.2 Second Case Study  

The Second main case study includes a multi-stage network which started with 8 retailers, 

2 trucks and three cases (2,4,10) of having different types of products. The second sub case is to 

have 8 retailers, 4 trucks, and set of multiple products as (2,4,10). The third sub case is to includes 

8 retailers, 6 trucks, and set of multiple products as (2,4,10) number of products. The time 

horizon’s length is |𝑇| =6, while the maximum expiration date is 5. It should be outlined that a 

retailer is able to make orders every day (𝑡) with expired shelf life of 0 to 𝜏 = 𝑡 − 1. 

In terms of giving more explanation to the examined case, the following diagram (figure 

3.17) explains the multi-stages network which has been designed, relating to time period 𝑡 =

1, . . . , 6 within the planning horizon for delivering different type of products. 

 

Figure 3.17: The Eight Retailers cases that consisting of the mathematical problem. 

Results of Second Case Study 

In this case study, the mathematical model was utilized to ensure delivering multiple 

perishable products to set of retailers through supply chain network. The case study was examined 



52 
 

to verify the model which built by using GAMS (BARN Solver). Table 3.12 shows the maximum 

gross profit, transportation cost, and time period of obtaining the optimal solution for each case 

which designed based on number of depot, number of trucks, and types of products 

Table 3.12: Maximum gross profit, transportation cost, and time period of obtaining the optimal 

solution for Eight Retailers  

 

Cases MGP Transportation cost Time   

8_2_2 47615 2330 686 

8_2_4 398355 2390 700 

8_2_10 1944220 2615 873 

8_4_2 188855 4295 1008 

8_4_4 531925 4605 1110 

8_4_10 2586300 4680 1413 

8_6_2 208915 7735 1800 

8_6_4 591920 8770 2287 

8_6_10 2808315 8870 10030 

 

The chart below illustrates the relationship between number of variables (retailers, trucks, 

types of product) with the computational time for obtaining the solution.  It can be seen that as the 

number of variables increase, the computational time increases geometrically. 

 

Figure 3.18: Relationship between number of variables and Computational Time for Eight 

Retailers   
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To further analyze the impact of variables on computational time, the results for the 8 

retailer, and 2 product case, and allowing the number of vehicles to increase is provided in Table 

3.13. 

Table 3.13: Results for 8_X_2 Cases 

(When number of Product Types are varied) 

Case MGP Transportation cost Time  

8_2_2 47615 2330 686 

8_4_2 188855 4295 1008 

8_6_2 208915 7735 1800 

 

 

Figure 3.19: Relationship between MGP and Transportation Cost (TC) for 8_X_2 

 

This graph shows relationship between MGP and number of vehicles.  In order to improve 

the objective function value, the increase in number of vehicles initially allows for a high increase 
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vehicles is less.  Thus by increasing the number of vehicles in the model, the optimal number of 

vehicles required can be identified.   

Also, for four products, the table and graph below contain results after running four 

products in the model with providing changes to the inputs, to see how the results will change and 

what is the appropriate interpretation for the outputted results. 

 

 

Table 3.14: Maximum gross profit, transportation cost for 8_X_4 Problems 

 

 

 

 

 

Figure 3.20: Relationship between MGP and Transportation Cost (TC) for 8_X_4 Cases 
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Similar to the 8_X_2 cases, the gross profit increases with increases the number of vehicles.  

However, as in the 8_X_2 case, the marginal improvement in the profit has to be compared against 

the cost of the vehicles.  

Finally, to see how the results will change and what is the appropriate interpretation for the 

outputted results, the model worked at ten products with providing changes to the inputs. 

 

Table 3.15: Maximum gross profit, transportation cost for 8_X_10 

 

 

 

 

Figure 3.21: Relationship between MGP and Transportation Cost (TC) for 8_X_10 

The graph above illustrates the relationship between MGP and TC and how this model 

works to maximize MGP and minimize TC. To gain high income and low expenses, the model 

increases revenue and minimizes transportation cost. Consequently, this case illustrates how MGP 

increased from 1944220 at (8_2_10) to 2586300 (8_4_10) and for the same case the MGP raised 

0

2000

4000

6000

8000

10000

0

500000

1000000

1500000

2000000

2500000

3000000

8_2_10 8_4_10 8_6_10

Tc

M
G

P

Number of Truck 

MGP TC

Case MGP Transportation cost Time 

8_2_10 1944220 2615 873 

8_4_10 2586300 4680 1413 

8_6_10 2808315 8870 10030 



56 
 

up to 2808315 at (8_6_10) which means increasing the number of truck leads to improving and 

maximizing in MGP. 

3.4.3 Third Case Study   

The Third main case study includes a multi-stage network which has sixteen retailers, 2 

trucks and three cases (2,4,10) of having different types of products. The second sub case is to 

have 16 retailers, 4 trucks, and set of multiple products as (2,4,10). The third sub case is to includes 

16 retailers, 6 trucks, and set of multiple products as (2,4,10) number of products. The time 

horizon’s length is |𝑇| =6, while the maximum expiration date is 5. It should be outlined that a 

retailer is able to make orders every day (𝑡) with expired shelf life of 0 to 𝜏 = 𝑡 − 1. 

In terms of giving more explanation to the examined case, the following layout (Figure  

3.22) explains the multi-stages network which has been designed, relating to time period 𝑡 =

1, . . . , 6 within the planning horizon for delivering different type of products. 

 

Figure 3.22: The Sixteen Retailers cases that consisting of the mathematical problem. 

 



57 
 

 

The Results of Third Case Study  

First of all, the mathematical model was utilized to ensure delivering multiple perishable 

products to set of retailers through supply chain network. The case study was examined to verify 

the model which built by using GAMS (BARN Solver). Table 3.16 shows the maximum gross 

profit, transportation cost, and time period of obtaining the optimal solution for each case which 

designed based on number of depot, number of trucks, and types of products. 

 

Table 3.16: Maximum gross profit, transportation cost, and time period of obtaining the optimal 

solution for Sixteen Retailers  

 

Case MGP Transportation cost Time 

16_2_2 229790 3320 6822 

16_2_4 232700 4360 8675 

16_2_10 1766635 1880 9000 

16_4_2 262435 4145 10005 

16_4_4 701525 4500 11030 

16_4_10 3029715 4785 14025 

16_6_2 312705 7370 17832 

16_6_4 836335 7710 22674 

16_6_10 4020475 8680 100288 

 

 

The chart below illustrates the relationship between number of variables (retailers, trucks, 

types of product) with the computational time for obtaining the solution.  It can be seen that as the 

number of variables increase, the computational time increases geometrically. 
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Figure 3.23: Relationship between number of variables and Computational Time 16 Retailers   

 

To further analyze the impact of variables on computational time, the results for the 16 

retailer, and 2 product case, and allowing the number of vehicles to increase is provided in Table 

3.17.   

 

Table 3.17: Results for 16_X_2 Cases 

(When number of Product Types are varied) 

Case MGP Transportation cost Time 

16_2_2 229790 3320 6822 

16_4_2 262435 4145 10005 

16_6_2 312705 7370 17832 
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Figure 3.24: Relationship between MGP and Transportation Cost (TC) for 16_X_2 

This graph shows relationship between MGP and number of vehicles.  In order to improve 

the objective function value, the increase in number of vehicles initially allows for a high increase 

in profit.  However, it can be seen that the marginal increase in the profit when having the third 

vehicles is less.  Thus by increasing the number of vehicles in the model, the optimal number of 

vehicles required can be identified.   

Also, for four products, the table and graph below contain results after running four 

products in the model with providing changes to the inputs, to see how the results will change and 

what is the appropriate interpretation for the outputted results. 

 

Table 3.18: Maximum gross profit, transportation cost for 16_X_4 Problems   

Cases MGP Transportation cost Time 

16_2_4 232700 4360 8675 

16_4_4 701525 4500 11030 

16_6_4 836335 7710 22674 
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Figure 3.25: Relationship between MGP and Transportation Cost (TC) for 16_X_4 

 

Similar to the 16_X_2 cases, the gross profit increases with increases the number of 

vehicles.  However, as in the 16_X_2 case, the marginal improvement in the profit has to be 

compared against the cost of the vehicles.  

Finally, to see how the results will change and what is the appropriate interpretation for the 

results, the model worked at ten products with providing changes to the inputs. 

 

Table 3.19: Maximum gross profit, transportation cost for 16_X_10   

Case MGP Transportation cost Time 

16_2_10 1766635 1880 9000 

16_4_10 3029715 4785 14025 

16_6_10 4020475 8680 100288 
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Figure 3.26: Relationship between MGP and Transportation Cost (TC) for 16_X_10 

 

The graph above illustrates the relationship between MGP and TC and how this model 

works to maximize MGP and minimize TC. To gain high income and low expenses, the model 

increases revenue and minimizes transportation cost. Consequently, this case illustrates how MGP 

increased from 1766635 at (16_2_10) to 3029715 at (16_4_10), and for the same case the MGP 

raised up to 4020475 at (16_6_10) which means increasing the number of truck leads to improving 

and maximizing in MGP. 
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3.5 Conclusion  

This paper makes the following central contributions: (1) designing a model to increase 

gross income in context of the planning horizon with diverse scenarios of shipping perishable 

products; (2) exploiting of mixed-integer linear method of computation to develop the original 

model; (3) implementing a profound experimental test of issue to have a clearer understanding 

over the model’s dynamics by selecting distinct parameters; and (4) using the BARON solver to 

solve the designated model. 

This section presents a mathematical model for an optimal replenishment strategy for a 

multi- perishable product that has short shelf life. The used model is consisted of two objective 

functions. The first part aimed to maximize the gross profit (Income model) which affected by the 

shelf life of the product. The second part is aimed to minimize the gross transportation expenditures 

in the model. In this chapter, a mixed-integer linear programming model is introduced to formulate 

the model sequentially, and is solved using BARON. The model characteristics, behavior, and 

effectiveness are tested by providing case studies and enough interpretation. The presented model 

(MGP-I) had the ability to increase the total gross profit when achieving the optimal quantity with 

considering different products of delivery and a factor of expiration date which affect demand and 

price variables. In addition, the MGP-T model also had the ability to minimize gross transportation 

expenditures when choosing the optimal link (route) to deliver the product to the right retailers. 

Last but not least, the MGP model had the ability to inform the decision maker with an inclusive 

view about the plan of delivery whilst maximizing the gross profit for the intended problem. In the 

current case studies, the MGP model could provide the optimal solution by maximizing the gross 

profit and minimizing the gross transportation expenditures synchronically. 
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CHAPTER 4 

LOCATION-ALLOCATION OF NEW DEPOTS THROUGH SUPPLY CHAIN 

NETWORK FOR MULTI- PERISHABLE PRODUCTS. 

4.1      Abstract  

Location allocation problem has become very important in building supply chain network 

where products are being transport from node to another. Depot is a stage that receives and 

distributes products from manufacturer to retailer. Locating depots among SCN can be very 

useful to reduce cost and time of delivering perishable products. The purpose of the research is to 

present a location allocation model for the location of depot, the allocation of depots to retailers, 

and finding the number of multi-perishable products to deliver (demand) and the required vehicle 

in order to minimize total transportation costs, maximize gross profit. This model is expected to 

be used to decide of opening new depot and determine the best strategy on location-allocation 

decisions, which ensures the optimal delivery plan. 

4.2 Introduction 

As it was mentioned previously in Chapter 3, the process of allocating multi-perishable 

products leads to an extra issue in the logistic chain because of their established expiration date.  

To explain deeply, the quantity of perishable products supplied to the retailers from a specific 

depot is quite restricted by their fixed expiration date. In this sense, the amount of depots involved 

and their positions might expand the expenditures and add complexity in building transportation 

routes to meet demand. Because of pitfalls associated with delivery and allocation of perishable  

products, the depots’ location and transportation routes become essential issues to be resolved. The 

comprehensive transportation network is substantial in distributing perishable products in terms of 

such factors as time of delivery, satisfaction of demand, and securing a lower level of expenditures 

(Alghamdi, Alquraish, & Krishnan, 2017). Supplying perishable products via the distribution 
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system presumes a presence of an optimal amount of depots located appropriately to meet retailer’s 

need with having the least cost spent. A lot of recent studies have emphasized on significance of 

relations between the perishable products’ delivery process, allocation of depot’s positions, and 

routes of supply. Within a supply chain oriented on perishable products, there should be an 

exhaustive and well-structured plan based on proper depot locations and well-calculated time of 

transportation routes (Khalili-Damghani, Abtahi, & Ghasemi, 2015). According to Alumur and 

Kara (2007), there is a huge linkage between the supply chain expenditures and cost on 

transportation. Technically, the need in depots and the overall amount of depot complexes for 

delivery of perishable products have grown in recent years (Tsao, 2013; Amorim, Meyr, Almeder, 

& Almada-Lobo, 2013). Thus, designing a strategic plan for optimal delivery of perishable 

products remains to be a relevant step in supply chain planning.  

Multi perishable products are categorized as the products that incorporate either a random 

or an established expiration date. products with a random status - fruits and vegetables, for instance 

- involve shelf life cycle attributed to their time of deterioration and spoilage. Products 

incorporating an established expiration date – juices and milk, for instance - get their shelf life 

upon the date of production with quality that lasts unchangeable until the end of its expiration date 

(Madduri, 2009). The factor of expiration date is relevant in resolving the issues of location 

allocation in relation to any food delivery network (Sahai & Nambiar, 2013). This report discusses 

the issue of improving the distribution process, the amount of depots, transportation expenses, the 

level of revenues from multiple products with an established expiration date, and their overall 

quality. In the paper, the established expiration date implies the time that covers a start from food 

production (in the same time of transporting from a depot) until the end of shelf life, i.e. it is the 

period representing good quality of a product in continuum (Valero, Carrasco, & García-Gimeno, 
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2012).  Formally, the established expiration date is the time of life for a specific perishable product 

to deteriorate and become expired (Ministry for Primary Industries, 2014).  Since certain products 

are perishable in their nature, an optimized supply chain planning and the proper amount of depots 

as well as their adequate positioning can guarantee more savings in supply chain operations. In the 

same way, the normalization of transportation routes may enhance delivery of perishable products, 

which is a good topic for conducting research to optimize the entire distribution network. 

Over the last decade, the issue of location and positioning of supply chain units has 

attracted a huge attention of academic community. Moreover, a lot of specialists and businesses 

have actualized the issue of a unit position with increasing the delivery system’s value. Referring 

to studies focusing on unit location, it becomes clear that multiple interpretations for the unit 

location issue and the fixed-cost unit positioning issue exist to date. Hence, the unit location 

issue is an optimization challenge of supply chain optimization that reduces expenditures by 

defining best amount and best positions of depots to meet a specific number of 

retailers/customers (Wu, Zhang, & Zhang, 2006). This sum of expenditures might incorporate 

the fixed expenses on establishing a depot and the transportation expenses to deliver from a 

depot to end-users. The fixed-cost unit position challenge is a conventional positioning concept 

that lays a foundation for a variety of the location models applied to supply chain planning 

(Daskin, Snyder, & Berger, 2005). As Beasley (1990) stated, the unit location issue is a mix of 

multiple locations related to multiple retailers/customers, meaning that every retailer/customer 

has to be served by a specific depot, which is deliberately selected and identified for this 

purpose.  
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In the past, the location issue was additionally split into four sub-classes with specialized 

goals (Owen and Daskin, 1998): median-problems, covering-problems, center-problems and 

extra unit location problems. 

Hakimi was the first to identify the p-median and the p-center issues in 1964. As the 

concepts were much alike, the p-median model was designed to reduce the total expenses on 

transporting from the unit to a range of locations; in the meantime, the goal of the p-center model 

was to reduce the particular longest route between a unit and a location selected (ReVelle et al., 

2008). 

Both conceptual models were presented as NP-hard (Kariv and Hakimi, 1979a, Kariv and 

Hakimi, 1979b), implying that it is quite complicated to bring the solution to apply to a specific 

model in optimal conditions and rational time. Due to complexity identified, it is vital to revise 

the issue and provide a reasonable way out. Designing and presenting a final set of potential 

locations is a proper option in this case with saving time and without searching unnecessary 

alternatives. 

Toregas et al. (1971) first offered the set covering model to identify the exact number of 

units necessary to meet needs of all clients. The calculation of units came from a variety of 

potential positioning with reducing the overall distance of routes. In this research, the covering-

problem strategy is viewed as a philosophy that requires some adjustments to become 

sophisticated and functional in a broader sense. The last fourth model is very alike to the other 

three, excepting the fact it incorporates set-up cost for a unit. Two potential approaches are 

available: 1) the uncapacitated facility location problem (UFLP) proposed by Balinski (1965), 

and 2) the capacitated facility location problem (CFLP). 
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The central issue of the decision-making in delivering perishable products is planning the 

correct timetable for a vehicle responsible for this transportation operation. Nevertheless, the given 

study stresses on reducing transportation expenses by designing the optimal vehicle planning 

solution in addition to a number of various product types being transported, namely vehicle 

dispatch expenses and routing costs. In common, the vehicle planning issue is viewed as a 

conventional challenge that has been examined for years. To solve VRP with time frames and 

related time constraints, there are numerous approaches designed for this purpose. For instance, 

Deep (2012) revised the creation and specific (complete/optimal resolution) algorithm of the 

VRPTW, leading to its division into four core approaches: spanning free tree formulation, path 

formulation, arc formulation, and arc-node formulation. In context of arc formulation, every basic 

graph’s arc is associated with a specific binary variable (Gao & Ryan, 2014). This graph 

incorporates binary variables associated with nodes in the arc-node formula of the VRPTW issue. 

In turn, the spanning free tree method is an approach for minimizing constraints related to the 

VRPTW issue (Cagliano, 2015).   

In addition, this study focuses on identifying the best number of depots and delivery 

planning approaches to transport perishable products with knowing important variables such as 

demand, price and expiration date. A scenario presumes that the product’s life has zero 

deterioration status upon leaving a depot, meaning that food is fresh in the start, yet its freshness 

gets deteriorated after leaving a depot. The product’s expiration date is intentionally adjusted to a 

time continuum, beginning from time zero (leaving a depot) to the defined duration of shelf life.  

In time of zero, the product is fresh yet it starts deteriorating, decreasing its nominal price 

throughout the transportation cycle. To resolve this issue, the objective function is split into two 

directions: increasing total revenues in time of the planning horizon at maximum (revenue due to 
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purchase of the products) and reducing expenses on establishing depots and transportation 

expenses (expenses coming from establishing depots and shipping operations). The issue is 

identified as the MINLP problem and managed through the BARON solver. The solution acquired 

increases the gross profit to the maximum extent, implying the total revenue minus the overall 

expenses on establishing depots and cost on shipping. Eventually, a thorough experimental test 

issue is offered to monitor the model’s dynamics and progress. 

 

4.3 Mathematical Model (Maximize Gross Profit of Location Allocation) 

The given paper provides a model that aims at increasing gross profits from allocating 

locations in delivery of perishable products (MGP-LA). It incorporates creation of the time-

indexed variable with the planning horizon being discretized into N intervals, including a single 

length for each unit. This framework involves two separate objective functions: (a) to increase 

gross profit from allocating locations and positions (MGP-I) and (b) to reduce cost on positioning 

(establishing a depot) and shipping (MGP-LAT). Importantly to say, each function should properly 

deal with the model’s restrictions. Moreover, the MGP-LA framework has a similar design with a 

MINLP model. In terms of fulfillment, after finding a solution to both objectives, the MGP-LAT 

objective value is excluded from the MGP-I value to get necessary profits to complete the planning 

horizon.  

4.3.1 Problem Description 

This research project is going to define a right amount of depots to be established and their 

appropriate positions for transporting perishable products in terms of knowing both demand and 

price as a representation of a product’s expiration date. Regarding depots’ locations, the most 

important thing is the delivery time, since the perishable products tend to deteriorate. Hence, the 
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main goal is to identify the proper amount of depots and their positions to cut the total costs for 

delivery operation, in addition to fitting the delivery’s due dates to effectively transport various 

kinds of perishable products and addressing different prices in relation to expiration date to 

increase profits. In this scenario, a whole collection of depots serves a number of retailers in the 

network, being connected through a single supply chain system. A big park of vehicles is involved 

to deliver the product from a complex of depots to meet the needs of a number of retailers. One 

vehicle is able to serve a variety of retailers and find a returning route to the same depot. For every 

retailer, such components as inventory capacity, basic inventory, and product’s demand for 

selected expiration date in every day of delivery are identified. Presumably, the product is fresh 

upon leaving the depot. Moreover, the planning horizon’s length exceeds the similar value for the 

product’s expiration date (i.e., |T| > | 𝜏|). Additionally, there is a unit price for the product with a 

changing expiration date in relation to the planning horizon. Formally, the established expenses 

on opening a depot are depreciated throughout n time periods with interest rate constituting 0%. 

For instance, if established expenses on starting a depot are equal to $31,200 and twenty four 

months are given as a pay-back period, then established expenses are depreciated over these twenty 

four months, constituting monthly established cost as $1,200; in turn, the weekly expenses will be 

$300. Moreover, it is suggested that a depot has sufficient production to transport, while a product 

has a zero deterioration status at the moment of leaving a depot. In the end, by establishing the 

optimal amount of depots, the logistic delivery network is able to increase profit by enhancing the 

total revenue level with cutting the expenses on establishing new depots and reduce cost on 

shipping. Finally, it is presumed that the inventory-keeping expenses and costs associated with 

loading and unloading operations are insignificant in this scenario. Moreover, the transport 

capacity is similar for all trucks across all depots in the system. 
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4.3.2 Notation and Formulation 

Records associated with the MGP-I and MGP-ALT models are presented below: 

Sets  

 𝑁(𝑡): set of nodes in space-time network  

 A(t): set of arcs in space-time network 

 K: a park (set) of trucks 

 T: set of space-time 

Indices 

 𝑘 ∈ 𝐾: truck index 𝑘 = 1, … , 𝐾 

 𝑡, 𝑡′ ∈ 𝑇: time period index 𝑡, 𝑡′ = 1, … , 𝑇 

 𝝉 ∈ 𝑻: a product’s expired shelf life that includes a quantity of days for which the product 

has come to its deteriorated status 𝝉 = 𝟎, … , 𝑻 

 𝑚, 𝑚′ ∈ 𝑁(𝑡): index for retailer 𝑚, 𝑚′ ∈ 0, … , 𝑀, where m= 0 and 𝑚′ = 0 indicates of the 

depot 

 ℓ ∈ 𝑁(𝑡): set of retailers (𝑚) whose needs are met at specific time period (𝑡) 

 𝑖, 𝑗 ∈ 𝑁(𝑡): nodes (𝑚) to (𝑚′) 

Parameters 

 𝐵k:  a truck’s capacity 𝑘 

 𝐷τt
mg

: demand for an item with expired shelf life 𝜏 at certain retailer 𝑚 during time period 

𝑡 

 𝑃τg: the product’s price with expired shelf life 𝜏 

 𝐼τ0
mg

: original inventory with expired shelf life 𝜏 at certain retailer 𝑚 
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 𝑂𝑚𝑔: a retailer’s inventory capacity 𝑚 

 𝑄k: fixed cost attributed to a departing truck 𝑘 

 𝐶𝑖𝑗: traveling cost from node i to node j (𝑖 = 𝑚, 𝑗 = 𝑚′) 

 𝒯𝑚𝑚′: traveling time from retailer 𝑚 to 𝑚′,  

 Gs : upper bound on 𝑥 vector values 

 𝐺 ∶ 𝑇𝑦𝑝𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 . 

 ℎ𝑤 : Fixed cost for opening depot 𝑤 ∈ 𝑁(𝑡) 

Decision Variables 

 𝑥𝑡𝑡′
𝑚𝑔

: number of items to deliver from the depot at time period 𝑡 to be transported to 

retailer 𝑚 at time period 𝑡′; all decision variables’ aggregate vector 𝑥 = {𝑥
𝑡𝑡′
𝑚𝑔

: 𝑚 =

1, … , 𝑀, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡, … , 𝑇} demonstrates the product delivery strategy for achieving 

the planning horizon; 

 𝑒𝜏𝑡
𝑚𝑔

∈ {0,1}: binary variable; 𝑒𝜏𝑡
𝑚𝑔

= 1 if demand for product with expiration date 𝜏 during 

time period 𝑡 at retailer 𝑚 whose needs are met; otherwise, 𝑒𝜏𝑡
𝑚𝑔

= 0  

 𝐼𝜏𝑡
𝑚𝑔

: inventory stage with expired shelf life 𝜏 at retailer 𝑚 at end of time period 𝑡 

 𝑆𝜏𝑡
𝑚𝑔

:  product with expired shelf life 𝜏 transported to retailer 𝑚 during time period 𝑡 

It should be underlined that in order to identify other decision factors, the truck index should be 

first enhanced with the pair of values (𝑘, 𝑡) showing truck 𝑘 that dispatched from the depot at 

specific time period 𝑡. 

 ukt  ∈ {0,1}: binary variable; ukt = 1 if truck (𝑘) is departed at time 𝑡; otherwise, ukt = 0  

 y(i,j)
kt ∈ {0,1}: binary variable; y(i,j)

kt = 1 if truck (𝑘) is departed at time 𝑡 upong traveling 

arc (𝑖, 𝑗)  ∈ 𝐴(𝑡); otherwise, y(i,j)
kt = 0  
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 𝑔𝑠𝑤 : binary variable; 𝑔𝑠𝑤 = 1 if depot is selected ; otherwise, 𝑔𝑠
𝑤

= 0 

Auxiliary Variables  

 vℓ
kt ∈ {0,1}: binary variable; vℓ

kt = 1 if truck (𝑘) arrives at node ℓ ∈ 𝑁(𝑡) at time 𝑡; 

otherwise, vℓ
kt = 0  

 zkt: truck’s return time (𝑘, 𝑡) to the depot 

 𝜂𝑡𝑡′
𝑚 ∈ {0,1}: binary variable showing if retailer 𝑚 𝜖 𝑀 gets any delivery on day 𝑡′, which 

was originally sent on day 𝑡. Specifically, 

𝜂𝑡𝑡′
𝑚 = {

1      𝑥𝑡𝑡′
𝑚 > 0  
   

   0      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

 

4.3.3 Maximize Gross Profit of Location Allocation Model 

The main aim of the MGP_LA model is to increase gross profit in terms of the planning 

horizon, representing the difference between the MGP-I model’s objective function and the same 

function of the MGP-LAT model: 

                       𝑀𝑎𝑥 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐹𝑀𝐺𝑃−𝐼 - 𝐹𝑀𝐺𝑃−𝐿𝐴𝑇 

𝑀𝐺𝑃 =  𝑀𝑎𝑥 ((∑ ∑ ∑ ∑ 𝑃𝜏𝑔 ∗ 𝑆𝜏𝑡
𝑚𝑔

𝑀

𝑚=1

𝑇−1

𝜏=0

𝑇

𝑡=1

𝐺

𝑔=1

 ) − 𝑀𝑖𝑛 (∑ ℎ𝑤 ∗ 𝑔𝑠𝑤

𝑊

𝑤−1

+ ∑ ∑ ∑ ∑ 𝐶(𝑖,𝑗)
𝑤 ∗ 𝑦(𝑖,𝑗)

𝑘𝑡𝑤

(𝑖,𝑗)∈𝐴0(𝑡)

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

 + ∑ ∑ ∑ 𝑄𝑘 ∗ 𝑢𝑘𝑡𝑤

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

)) 

 

 

4.3.3.1 Maximize Gross Profit -Income Model 

The MGP-I term in the objective function maximizes the gross income. 

𝑀𝑎𝑥 ∑ ∑ ∑ ∑ 𝑃𝜏𝑔𝑆𝜏𝑡
𝑚𝑔

𝑀

𝑚=1

𝑇−1

𝜏=0

𝑇

𝑡=1

𝐺

𝑔=1

                                   ( 𝟒. 𝟏) 
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s.t. 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= ∑ 𝑋𝑡−𝜏,𝑡
𝑚𝑔𝑤

𝑊

𝑤−1

         𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 0,  𝑔 = 1,  … , 𝐺             (4.2) 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= 𝐼𝜏−1,𝑡−1
𝑚𝑔

+ ∑ 𝑋𝑡−𝜏,𝑡
𝑚𝑔𝑤

𝑊

𝑤−1

   𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 1, … , 𝑡 − 1,  𝑔

= 1,  … , 𝐺     (4.3) 

𝑆𝜏𝑡
𝑚𝑔

+ 𝐼𝜏𝑡
𝑚𝑔

= 𝐼𝜏−1,𝑡−1
𝑚𝑔

         𝑚 = 1 … , 𝑀, 𝑡 = 1 … ,  𝑇, 𝜏 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                     (4.4) 

∑ 𝑒𝜏𝑡
𝑚𝑔

≤ 1

𝑇−1

𝜏=0

     𝑚 = 1, … , 𝑀,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                         (4.5) 

∑ 𝐼𝜏𝑡
𝑚𝑔

≤ 𝑂𝑚𝑔

𝑇−1

𝜏=0

     𝑚 = 1, … , 𝑀,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                 (4.6) 

𝑆𝜏𝑡
𝑚𝑔

≤ 𝑒𝜏𝑡
𝑚𝑔

𝐷𝜏𝑡
𝑚𝑔

    𝑚 = 1, … , 𝑀, 𝜏 = 0, … , 𝑇,  𝑡 = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺                             (4.7) 

𝑋𝑡 𝑡′ 
𝑚𝑔𝑤

≤ 𝑚𝑎𝑥𝑘𝐵𝑘   𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝑡′ = 1, … , 𝑇,  𝑔 = 1,  … , 𝐺, 𝑤

= 1, … , 𝑊                  (4.8) 

𝑋𝑡 𝑡′ 
𝑚𝑔𝑤

, 𝐼𝜏𝑡
𝑚𝑔

, 𝑆𝜏𝑡
𝑚𝑔

≥ 0   𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝑡′ = 1, … , 𝑇, 𝜏 = 0, … , 𝑇,  𝑔 = 1,  … , 𝐺, 𝑤 =

1, … 𝑊         (4.9) 

𝑒𝜏𝑡
𝑚𝑔

∈ {0,1}     𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇,  𝜏 = 0, … , 𝑇,  𝑔 = 1,  … , 𝐺                  (4.10)  

The first formula (4.1) tends to maximize gross income. Inventory limitation sets (4.2), 

(4.3), and (4.4) provide a harmony in the inventory stage with expired shelf life а at each retailer 

𝑚 at the end of time period 𝑡. Limitation set (4.5) guarantees that every retailer picks up only a 

single demand for the item with expired shelf life τ during time period 𝑡. Limitation set (4.6) 

guarantees that the inventory stage with expired shelf life а at retailer 𝑚 at end of time period 𝑡  

will not prevail over the each retailer’s inventory capacity m. Limitation set (4.7) indicates that the 
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chosen units of product purchased per time period 𝑡 should be less than or equal to demand. 

Limitation set (4.8) provides a restriction to the packs of products transported to any retailer 𝑚 

over time period 𝑡 to avoid surpassing the highest truck capacity. Eventually, limitation sets (4.9) 

and (4.10) represent integrality and non-negativity, accordingly. 

Upon solving the MGP-I model, the objective value as well as delivery strategy to visit 

each retailer (𝑋𝑡 𝑡′ 
𝑚𝑔

 , i.e., number of items to deliver from the depot at time period 𝑡 and visit 

retailer 𝑚 at time period 𝑡′) are derived to bring solution to the entire MGP-LAT model.  

 

4.3.3.2 Maximize Gross Profit – Location Allocation Transportation Model 

The MGP-LAT model minimizes the gross transportation expenditures for the purpose of 

implementing a selected replenishment project (𝑋𝑡 𝑡′ 
𝑚𝑔𝑤

). Analysis of this model demands resolving 

an embedded optimization problem that defines the best itineraries and sets of products involved 

in transportation. Specifically, this can be projected like the modeling of the VRPTW limitations. 

The VRP is responsible for identifying the best number and optimal capacity of vehicles, the travel 

routs, and starting/ending time periods for trips to meet the retailer’s demand along with possible 

minimizing shipping cost.  

The model representing supply chain network incorporates a set of nodes (𝑁) containing 

retailers 𝑚 and the depot, including a set of arcs (𝐴) associated with routes. For the purpose of 

describing routes, Τ space-time networks attributed to a time period 𝑡 = 1, … , 𝑇 in the planning 

horizon are designed (Figure 4.1). Evidently, the horizontal and vertical nodes (𝑁(𝑡), A(𝑡)) 

demonstrate space (retailer index) and time (time period index), accordingly. The first and final 

nodes (𝑤, 𝑡) symbolize the depot. Every two nodes keep an arc between them, but only if the 

distinction between the time intervals is equal to the traveling time between the related retailers 
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(or the depot and retailer). The route’s last arc is tied to the depot to make the route complete. In 

the end, the arc costs indicate of the distance between the associated nodes (or the depot and 

retailer). 

 

 
Figure 4.1: Space-time network (𝑁(𝑡), 𝐴(𝑡)) 

 

The space-time network presented in Figure 4.1 is marked by (𝑁(𝑡), 𝐴(𝑡))(𝑡 = 1, … , 𝑇), 

where 𝑁(𝑡) and 𝐴(𝑡) are the sets of nodes and arcs, accordingly. Specifically, in terms of the 

network (𝑁(𝑡), 𝐴(𝑡)), the set of nodes shows pairs of retailers and time periods as follows:  

𝑁(𝑡) = { (𝑚, 𝑡′): 𝑚 = 1, . . . , 𝑀 , 𝑡′ = 𝑡, . . . , 𝑇} 

A node associated with the depot is included as: 

𝑁0(𝑡) = 𝑁(𝑡) ∪ {(𝑤, 𝑡)} 

Moreover, an arc takes place between every two nodes (𝑚1, 𝑡1) and (𝑚2, 𝑡2), when a truck is able 

to cover the distance from retailer 𝑚1 to 𝑚2 in a specific (𝑡2 − 𝑡1) time. Additionally, the set of 

arcs is identified as: 
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𝑅(𝑡) = {((𝑚1, 𝑡1), (𝑚, 𝑡2)): 𝑚1 = 0, . . . , 𝑉, 𝑚2 = 1, . . . , 𝑀, 𝑚1 ≠  𝑚2, 𝑡1 = 𝑡, . . . , =  𝑡1 + 𝒯𝑚𝑚′
𝑤 } 

A separate arc between all nodes in 𝑁(𝑡) and the depot is presented to make the connection 

completed (Figure 4.1): 

𝐴0(𝑡) = 𝐴(𝑡) ∪ {(𝑖, (𝑤, 𝑡)): 𝑖 ∈ 𝑁(𝑡) } 

Or, by using simplified notes, it will be as follows: 

𝑅𝑠((𝑚1, 𝑡1), (𝑚2, 𝑡2)) = 𝑚1  

𝑅𝑒((𝑚1, 𝑡1), (𝑚2, 𝑡2)) = 𝑚2  

where retailer 𝑚 is related to the beginning and end of the arc ((𝑚1, 𝑡1), (𝑚2, 𝑡2)), accordingly. 

Concluding, with a minimal alteration of notes,𝒯𝑚𝑚′
𝑤  𝐶𝑚𝑚′

𝑤   indicates of time and 

expenditures of traversing arc (𝑖, 𝑗) ∈ 𝐴0(𝑡), accordingly, which is to be derived from the travel 

time and cost matrices, correspondingly: 

𝒯(𝑖,𝑗)
𝑤 = 𝒯𝑅𝑠(𝑖,𝑗),𝑅𝑒(𝑖,𝑗)

𝑤  

𝐶(𝑖,𝑗)
𝑤 = 𝐶𝑅𝑠(𝑖,𝑗),𝑅𝑒(𝑖,𝑗)

𝑤  

 

 

The MGP-LAT math projection is as follows: 

𝑀𝑖𝑛 ∑ ℎ𝑤 ∗ 𝑔𝑠
𝑤

𝑊

𝑤−1

+ (∑ ∑ ∑ ∑ 𝐶(𝑖,𝑗)
𝑤

∗ 𝑦
(𝑖,𝑗)

𝑘𝑡𝑤

(𝑖,𝑗)∈𝐴0(𝑡)

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

 + ∑ ∑ ∑ 𝑄
𝑘

∗ 𝑢𝑘𝑡𝑤

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

         (4.11)        

s.t. 

∑ 𝑦(𝑖,ℓ)
𝑘𝑡𝑤

(𝑖,ℓ)∈𝐴(𝑡)

= ∑ 𝑦(𝑙,𝑗)
𝑘𝑡𝑤

(ℓ,𝑗)∈𝐴(𝑡)

     ℓ ∈ 𝑁(𝑡), 𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊             (4.12)     

∑ 𝑦((𝑤,1),ℓ)
𝑘𝑡𝑤

ℓ∈𝑁(𝑡)

= ∑ 𝑦(𝑘,(𝑤,1))
𝑘𝑡𝑤

ℓ∈𝑁(𝑡)

≤ 𝑔𝑠
𝑤

    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊           (4.13)           
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∑ 𝑦(𝑖,𝑗)
𝑘𝑡𝑤

(𝑖,𝑗)∈𝐴(𝑡)

= 𝑣𝑗
𝑘𝑡𝑤    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊             (4.14)  

∑ 𝒯(𝑖,𝑗)
𝑤 𝑦(𝑖,𝑗)

𝑘𝑡𝑤

(𝑖,𝑗)∈𝐴(𝑡)

= 𝑧𝑘𝑡𝑤    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊          (4.15)  

𝑋𝑡 𝑡′ 
𝑚𝑔𝑤

≤ 𝐺𝑠𝜂𝑡𝑡′
𝑚𝑤          𝑚 = 1, … , 𝑀, 𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊                 (4.16)   

∑ 𝑋𝑡 𝑡′ 
𝑚𝑔𝑤

𝑣(𝑚,𝑡′)
𝑘𝑡𝑤

(𝑚,𝑡′)∈𝑁(𝑡)

≤ 𝐵𝑘𝑢𝑘𝑡𝑤    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊              (4.17)     

∑ 𝑣(𝑚,𝑡′)
𝑘𝑡𝑤

𝐾

𝑘=1

≤ 𝜂𝑡𝑡′
𝑚𝑤          ∀ (𝑚, 𝑡′) ∈ 𝑁(𝑡), 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊         (4.18)   

(𝑡 + 𝑧𝑘𝑡𝑤) − 𝑡′  ≤ 𝑇(1 − 𝑢𝑘𝑡′𝑤)   𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡 + 1, … , 𝑇, 𝑤

= 1, … , 𝑊  (4.19)   

𝑢𝑘𝑡𝑤, 𝑦(𝑖,𝑗)
𝑘𝑡𝑤, 𝑣ℓ

ktw, 𝜂𝑡𝑡′
𝑚𝑤, 𝑔𝑠𝑤 ∈ {0,1}   𝑣 = 1, … , 𝑉, 𝑙 = 1, … 𝐿, 𝑡 = 1, … , 𝑇, 𝑡′ = 𝑡 + 1, … , 𝑇, 𝑤

= 1, … , 𝑊  (4.20)   

(𝑧𝑘𝑡𝑤) ≥ 0    𝑘 = 1, … 𝐾, 𝑡 = 1, … , 𝑇, 𝑤 = 1, … , 𝑊   (4.21) 

𝑋𝑡 𝑡′ 
𝑚ṡ , 𝐼τ𝑡

𝑚ṡ, 𝑆τ𝑡
𝑚ṡ, ℎ𝑤 ≥ 0  𝑚 = 1, … , 𝑀, 𝑡 = 1, … , 𝑇, 𝑡′ = 1, … , 𝑇, τ = 0, … , 𝑇, 𝑤

= 1, … , 𝑊  (4.22)     

 

The first formula (4.11) aims at reducing total cost on shipping, including variable and 

fixed expenditures. The balance limitation set (4.12) guarantees that if the truck arrives at node 

(retailer) with avoiding the depot, it has to leave this node (retailer). Limitation set (4.13) 
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guarantees that each itinerary occurs and ends at the node associated with the depot(𝑤, 𝑡). 

Limitation sets (4.14), (4.15), and (4.16) provide that the additional variables are attributed to the 

key decision variables, showing that Gs is an upper bound on the 𝑥-vector values. Limitation set 

(4.17) indicates that the number of units transported is below the vehicle’s capacity. Limitation set 

(4.18) guarantees that the network’s each node is visited, if the associated retailer is involved into 

the delivery strategy. Limitation set (4.19) makes sure that a truck can be exploited for the next 

time only after vehicle’s return to the depot. This limit is to be presented under typical 

limitations: ∀𝑡′ ≥ 𝑡 if zktw > 𝑡′, then uktw = 0. In conclusion, limitation sets (4.20),(4.21)and 

(3.22) serve as integrality and non-negativity, accordingly. 

4.3.3.2 Maximize Gross Profit of Location Allocation (MGP_LA) 

The MGP-model’s objective is as follows: 

                                     𝑀𝑎𝑥 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐹𝑀𝐺𝑃−𝐼 - 𝐹𝑀𝐺𝑃−𝐿𝐴𝑇 

𝑀𝐺𝑃 =  𝑀𝑎𝑥 ((∑ ∑ ∑ ∑ 𝑃𝜏𝑔𝑆𝜏𝑡
𝑚𝑔

𝑀

𝑚=1

𝑇−1

𝜏=0

𝑇

𝑡=1

𝐺

𝑔=1

 )

− (∑ ℎ𝑤 ∗ 𝑔𝑠𝑤

𝑊

𝑤−1

+ ∑ ∑ ∑ ∑ 𝐶(𝑖,𝑗)
𝑤 ∗ 𝑦(𝑖,𝑗)

𝑘𝑡𝑤

(𝑖,𝑗)∈𝐴0(𝑡)

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

 + ∑ ∑ ∑ 𝑄𝑘 ∗ 𝑢𝑘𝑡𝑤

𝑊

𝑤−1

𝐾

𝑘=1

𝑇

𝑡=1

))      
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4.4 Case Studies. 

4.4.1 First Case Study: 

This case has eight retailers, three depots, and two vehicles.  It is assumed that the capacity 

of each vehicle is restricted. Vehicle 1 has capacity of 500 unites and vehicle 2 has maximum 

capacity at 815 unites. The length of the time horizon is |𝑇| = 6, also the shelf life has 5 days as 

maximum. Table 4.1 shows the details of this case study. The cost of each type of product with 

deteriorated shelf life is stated in the Table 4.2 and the fixed cost for vehicle 1 is 200$, and vehicle 

2 is 250$. Traveling time from each depot to each retailer is also presented in Table 4.3. The 

distances between retailers and deports are stated in the Table 4.4. Also, the demand for each 

retailer while ordering a product with a different deteriorated shelf life 𝜏 each day. Note that a 

retailer can place orders on each day (𝑡) with deteriorated shelf lives of 0 to 𝜏 = 𝑡 − 1. Also, the 

amount of demand for each retailer is determined in Table 4.5. 

Table 4.1: Number of items building the Case Study. 

Item Number 

Time Horizon 6 

Maximum Shelf Life 5 

Retailers 8 

Products  2 

Vehicle 2 

Multi depots  2 
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Table 4.2: Cost (U.S dollar) for each Type of Product along with deteriorated shelf life. 

G τ Cost 

A 0 $30.00 

A 1 $25.00 

A 2 $20.00 

A 3 $15.00 

A 4 $10.00 

A 5 $05.00 

B 0 $40.00 

B 1 $35.00 

B 2 $30.00 

B 3 $25.00 

B 4 $20.00 

B 5 $15.00 

 

The cost of each type of product A and B with effected of deteriorated shelf life is stated 

in Table 4.3.  
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Traveling time between depot to another deport, depot to retailer, or retailer to another 

retailer are given for this case study. The time here is defined by days as illustrated in Table 4.3.  

Table 4.3: Time (days) for Travel from Depot 𝑤 or Retailer 𝑚 to Retailer 𝑚′ (𝒯𝑚𝑚′
𝑤 ) 

 
Depot  

𝒘𝟏 

Depot  

𝒘𝟐 
𝒎𝟏 𝒎𝟐 𝒎𝟑 𝒎𝟒 𝒎𝟓 𝒎𝟔 𝒎𝟕 𝒎𝟖 

Depot  

𝒘𝟏 

0 - 
1 1 1 1 1 1 1 1 

Depot  

𝒘𝟐 

- 0 
1 1 1 2 2 2 1 1 

𝒎𝟏 1 1 0 1 1 2 1 2 2 1 

𝒎𝟐 1 1 1 0 1 1 1 2 2 1 

𝒎𝟑 1 1 1 1 0 1 1 1 2 2 

𝒎𝟒 1 2 2 1 1 0 1 1 2 2 

𝒎𝟓 1 2 1 1 1 1 0 1 1 2 

𝒎𝟔 1 2 2 2 1 1 1 0 1 1 

𝒎𝟕 1 1 2 2 2 2 1 1 0 1 

𝒎𝟖 1 1 1 1 2 2 2 1 1 0 
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In the Table 4.4, the distance between all nodes (depot and retailer) are identified in 

miles. 

Table 4.4: Distance (miles) of Travel from Depot 𝑤 or Retailer 𝑚 to Retailer 𝑚′ 𝐶𝑚𝑚′
𝑤  

 
Depot  

𝒘𝟏 

Depot  

𝒘𝟐 
𝒎𝟏 𝒎𝟐 𝒎𝟑 𝒎𝟒 𝒎𝟓 𝒎𝟔 𝒎𝟕 𝒎𝟖 

Depot  

𝒘𝟏 

0 - 
1000 1000 1000 1000 1000 1000 1000 1000 

Depot  

𝒘𝟐 

- 0 
1500 1000 1500 2000 2500 2500 1000 1500 

𝒎𝟏 1000 1500 0 500 500 1500 500 2000 2500 1500 

𝒎𝟐 1000 1000 500 0 500 1000 1000 1500 2000 1500 

𝒎𝟑 1000 1500 500 500 0 500 1000 1500 1000 1000 

𝒎𝟒 1000 2000 1500 1000 500 0 1000 1500 1500 2000 

𝒎𝟓 1000 2500 500 1000 1000 1000 0 1000 1000 1500 

𝒎𝟔 1000 2500 2000 1500 1500 1500 1000 0 500 1000 

𝒎𝟕 1000 1000 2500 2000 1000 1500 1000 500 0 500 

𝒎𝟖 1000 1500 1500 1500 1000 2000 1500 1000 500 0 
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The demand of each type of product by each retailer is stated in the table 4.5. 

 

Table 4.5: Demand (unites) of Retailer from each types of products. 

M  G 

1 2 3 4 5 6 

0.1 0.2 1.2 0.3 1.3 2.3 0.4 1.4 2.4 3.4 0.5 1.5 2.5 3.5 4.5 0.6 1.6 2.6 4 4.6 5.6 

1 A 30 40 50 70 85 94 20 68 36 45 70 85 94 115 142 25 15 36 37 49 15 

1 B 40 50 60 50 40 94 45 21 45 25 70 85 94 115 142 42 37 29 36 42 100 

2 A 20 10 45 71 86 95 71 86 95 123 40 25 40 60 55 40 71 50 23 10 19 

2 B 15 25 95 60 55 40 71 86 95 123 28 42 45 52 45 46 60 15 47 18 30 

3 A 98 25 80 41 52 53 45 36 52 65 36 35 47 63 40 98 66 73 96 110 135 

3 B 98 60 83 52 41 60 10 80 50 20 30 65 75 59 42 98 66 73 96 110 135 

4 A 20   30 30 77 93 104 40 50 60 12 12 45 43 41 42 35 26 39 62 47 54 

4 B 30   40 52 77 93 104 50 30 10 20 40 60 82 60 35 26 45 48 50 80 60 

5 A 80 99 120 30 66 43 70 44 70 23 50 70 21 28 42 45 52 23 32 41 20 

5 B 60 99 120 88 100 26 50 40 30 40 50 60 23 50 70 21 28 36 15 16 47 

6 A 80 101 122 42 45 34 30 66 43 70 44 28 42 45 52 45 46 49 43 75 52 

6 B 90 101 122 28 42 45 52 50 62 34 45 23 18 12 48 45 30 66 43 70 44 

7 A 130 65 55 70 80 90 30 66 43 70 44 70 85 94 10 45 71 86 95 70 85 

7 B 130 60 90 70 90 80 45 55 60 44 90 30 74 74 25 40 60 55 40 30 74 

8 A 121 70 78 90 75 107 45 77 88 99 74 68 59 46 99 71 61 51 91 111 90 

8 B 121 85 70 45 60 90 70 90 80 45 55 60 44 90 30 74 74 74 55 55 45 

 

 

The Results of First Case Study:  

After solving the case study, the results below obtained to develop a delivery plan which 

satisfy each retailer and minimize the cost of delivery. Table 4.6 shows an optimum solution for 

the number of units of types of products with deteriorated shelf life 𝜏 delivered during time 

period 𝑡 for each retailer. Each retailer receives the ordered quantity of products A and B. For 
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example, retailer 2 received 123 unites of its demand by vehicle 2 from depot 2, whereas it 

received the rest of its demand (95) unites by vehicle 1 from depot 1. Red circle represents 

vehicle 1 going to depot 1, but blue circle represents vehicle 2 going to depot 2 as well. Hash red 

circle represents vehicle 1 as well, but when it used for trip 2.  

Table 4.6: Results (unites) of Retailer of each types of product from depots. 

   

M    G 

1 2 3 4 5 6 

0.1 0.2 1.2 0.3 1.3 2.3 0.4 1.4 2.4 3.4 0.5 1.5 2.5 3.5 4.5 0.6 1.6 2.6 4 4.6 5.6 

1 A 30 40 50 70 85 94 20 68 36 45 70 85 94 115 142 25 15 36 37 49 15 

1 B 40 50 60 50 40 94 45 21 45 25 70 85 94 115 142 42 37 29 36 42 100 

2 A 20 10 45 71 86 95 71 86 95 123 40 25 40 60 55 40 71 50 23 10 19 

2 B 15 25 95 60 55 40 71 86 95 123 28 42 45 52 45 46 60 15 47 18 30 

3 A 98 25 80 41 52 53 45 36 52 65 36 35 47 63 40 98 66 73 96 110 135 

3 B 98 60 83 52 41 60 10 80 50 20 30 65 75 59 42 98 66 73 96 110 135 

4 A 20   30 30 77 93 104 40 50 60 12 12 45 43 41 42 35 26 39 62 47 54 

4 B 30   40 52 77 93 104 50 30 10 20 40 60 82 60 35 26 45 48 50 80 60 

5 A 80 99 120 30 66 43 70 44 70 23 50 70 21 28 42 45 52 23 32 41 20 

5 B 60 99 120 88 100 26 50 40 30 40 50 60 23 50 70 21 28 36 15 16 47 

6 A 80 101 122 42 45 34 30 66 43 70 44 28 42 45 52 45 46 49 43 75 52 

6 B 90 101 122 28 42 45 52 50 62 34 45 23 18 12 48 45 30 66 43 70 44 

7 A 130 65 55 70 80 90 30 66 43 70 44 70 85 94 10 45 71 86 95 70 85 

7 B 130 60 90 70 90 80 45 55 60 44 90 30 74 74 25 40 60 55 40 30 74 

8 A 121 70 78 90 75 107 45 77 88 99 74 68 59 46 99 71 61 51 91 111 90 

8 B 121 85 70 45 60 90 70 90 80 45 55 60 44 90 30 74 74 74 55 55 45 

 

The delivery plan is shown in the map below where three main circles are building the 

plan. Vehicle 1 delivers units to retailers 8, and 6 during the first rout and delivers unites to 

retailers 3,2, and 4 using the same depot 1 during second route. Vehicle 2 delivers demand to 

retailers 7,5,1, and 2 using depot 2 where creating the third route. Retailers 2 is being satisfied by 

both vehicles and both depots. 
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Figure 4.2: Delivery plan (map) of Vehicle Routing with Depot and Retailer. 

 

Results show that the transportation cost of first trip is 3,200 $ including the dispatching 

cost (fixed cost) which is 200 $. Second trip records 3,700 $ as transportation cost which also 

included fixed cost. First vehicle has done the first two trips (Fist and second trips). Trip three 

was done by using vehicle two which has 4,550 $ as transportation cost, including fixed cost 

(250 $) and opening new depot which costs 300 $. The model came up with maximum gross 

profit of location allocation transportation (MGP-LAT) which records 11,450 $. Also, maximum 

gross profit income (MGP-I) reaches 52,175 $. The GAMS (Baron Solver) gives 40,725 $ as 

maximum gross profit of location allocation which is the optimal profit can be obtained. The 

model used to verify the case study and obtain the showed results. All the results above were 

obtained from the first step by utilizing the GAMS (Baron Solver) as the main software used for 

the study. 
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4.4.2 Second Case Study: 

The second case consists of eight retailers, three depots, and two vehicles, but the capacity 

of vehicles are opened which means they have unlimited capacity. The length of the time horizon 

is |𝑇| = 6, also the shelf life has 5 days as maximum. Table 4.7 shows the details of this case 

study. The cost of each type of product with deteriorated shelf life is stated in the Table 4.8 with 

2000$ as fixed cost. Traveling time from each depot to each retailer is also presented in Table 4.9. 

The distances between retailers and deports are stated in the Table 4.10. In addition, the demand 

for each retailer while ordering a product with a different deteriorated shelf life 𝜏 each day. Note 

that a retailer can place orders on each day (𝑡) with deteriorated shelf lives of 0 to 𝜏 = 𝑡 − 1. Also, 

the amount of demand for each retailer is determined in Table 4.11. 

Table 4.7: Number of items building the Case Study. 

Item Number 

Time Horizon 6 

Maximum Shelf Life 5 

Retailers 8 

Products 2 

Vehicle 2 

Multi depots 2 
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Table 4.8: Cost (U.S dollar) for each Type of Product along with deteriorated shelf life. 

Type of Product Τ Cost 

A 0 $30.00 

A 1 $25.00 

A 2 $20.00 

A 3 $15.00 

A 4 $10.00 

A 5 $05.00 

B 0 $40.00 

B 1 $35.00 

B 2 $30.00 

B 3 $25.00 

B 4 $20.00 

B 5 $15.00 

 

The cost of type of product A and B with effected of deteriorated shelf life is stated in the 

Table4.8. These prices are given in this case study for each order. 
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Table 4.9: Time (days) for Travel from Depot 𝑤 or Retailer 𝑚 to Retailer 𝑚′ (𝒯𝑚𝑚′
𝑤 ) 

 
Depot  

𝒘𝟏 

Depot  

𝒘𝟐 
𝒎𝟏 𝒎𝟐 𝒎𝟑 𝒎𝟒 𝒎𝟓 𝒎𝟔 𝒎𝟕 𝒎𝟖 

Depot  

𝒘𝟏 

0 - 
1 1 1 1 1 1 1 1 

Depot  

𝒘𝟐 

- 0 
1 1 1 2 2 2 1 1 

𝒎𝟏 1 1 0 1 1 2 1 2 2 1 

𝒎𝟐 1 1 1 0 1 1 1 2 2 1 

𝒎𝟑 1 1 1 1 0 1 1 1 2 2 

𝒎𝟒 1 2 2 1 1 0 1 1 2 2 

𝒎𝟓 1 2 1 1 1 1 0 1 1 2 

𝒎𝟔 1 2 2 2 1 1 1 0 1 1 

𝒎𝟕 1 1 2 2 2 2 1 1 0 1 

𝒎𝟖 1 1 1 1 2 2 2 1 1 0 
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Traveling time between depot to another depot, depot to retailer, or retailer to another 

retailer are given for this case study. The time here is defined by days. Also, in the Table 4.10, 

the distance between all nodes (depot and retailer) are identified in miles as well. 

 

Table 4.10: Distance (miles) of Travel from Depot 𝑤 or Retailer 𝑚 to Retailer 𝑚′ 𝐶𝑚𝑚′
𝑤  

 

 
Depot  

𝒘𝟏 

Depot  

𝒘𝟐 
𝒎𝟏 𝒎𝟐 𝒎𝟑 𝒎𝟒 𝒎𝟓 𝒎𝟔 𝒎𝟕 𝒎𝟖 

Depot  

𝒘𝟏 

0 - 
1000 1000 1000 1000 1000 1000 1000 1000 

Depot  

𝒘𝟐 

- 0 
1500 1000 1500 2000 2500 2500 1000 1500 

𝒎𝟏 1000 1500 0 500 500 1500 500 2000 2500 1500 

𝒎𝟐 1000 1000 500 0 500 1000 1000 1500 2000 1500 

𝒎𝟑 1000 1500 500 500 0 500 1000 1500 1000 1000 

𝒎𝟒 1000 2000 1500 1000 500 0 1000 1500 1500 2000 

𝒎𝟓 1000 2500 500 1000 1000 1000 0 1000 1000 1500 

𝒎𝟔 1000 2500 2000 1500 1500 1500 1000 0 500 1000 

𝒎𝟕 1000 1000 2500 2000 1000 1500 1000 500 0 500 

𝒎𝟖 1000 1500 1500 1500 1000 2000 1500 1000 500 0 
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The demand of each type of product by each retailer is stated in the Table 4.11 which 

given for this case to be used. 

Table 4.11: Demand (units) of Retailer from each types of products. 

   

M    G 

1 2 3 4 5 6 

0.1 0.2 1.2 0.3 1.3 2.3 0.4 1.4 2.4 3.4 0.5 1.5 2.5 3.5 4.5 0.6 1.6 2.6 4 4.6 5.6 

1 A 30 40 50 70 85 94 20 68 36 45 70 85 94 115 142 25 15 36 37 49 15 

1 B 40 50 60 50 40 94 45 21 45 25 70 85 94 115 142 42 37 29 36 42 100 

2 A 20 10 45 71 86 95 71 86 95 123 40 25 40 60 55 40 71 50 23 10 19 

2 B 15 25 95 60 55 40 71 86 95 123 28 42 45 52 45 46 60 15 47 18 30 

3 A 98 25 80 41 52 53 45 36 52 65 36 35 47 63 40 98 66 73 96 110 135 

3 B 98 60 83 52 41 60 10 80 50 20 30 65 75 59 42 98 66 73 96 110 135 

4 A 20   30 30 77 93 104 40 50 60 12 12 45 43 41 42 35 26 39 62 47 54 

4 B 30   40 52 77 93 104 50 30 10 20 40 60 82 60 35 26 45 48 50 80 60 

5 A 80 99 120 30 66 43 70 44 70 23 50 70 21 28 42 45 52 23 32 41 20 

5 B 60 99 120 88 100 26 50 40 30 40 50 60 23 50 70 21 28 36 15 16 47 

6 A 80 101 122 42 45 34 30 66 43 70 44 28 42 45 52 45 46 49 43 75 52 

6 B 90 101 122 28 42 45 52 50 62 34 45 23 18 12 48 45 30 66 43 70 44 

7 A 130 65 55 70 80 90 30 66 43 70 44 70 85 94 10 45 71 86 95 70 85 

7 B 130 60 90 70 90 80 45 55 60 44 90 30 74 74 25 40 60 55 40 30 74 

8 A 121 70 78 90 75 107 45 77 88 99 74 68 59 46 99 71 61 51 91 111 90 

8 B 121 85 70 45 60 90 70 90 80 45 55 60 44 90 30 74 74 74 55 55 45 

 

The Results of Second Study:  

After solving the case study, the results below obtained to develop a delivery plan which 

satisfy each retailer and minimize the cost of delivery. Table 4.12 shows an optimum solution for 

the number of units of types of products with deteriorated shelf life 𝜏 delivered during time 

period 𝑡 for each retailer. Each retailer receives the ordered quantity of products A and B. For 

example, retailer 1 received 94 unites of product A by vehicle 1 from depot 1, also it received its 
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demand of product B (142) unites by vehicle 1 from depot 1 as well. Blue circle represents 

vehicle 2, and red circle represents vehicle 2. As noticed, depot 2 has not been used by the model 

and it will be explained in the next paragraph. 

Table 4.12: Results (units) of Retailer of each types of product from depots. 

   

M    G 

1 2 3 4 5 6 

0.1 0.2 1.2 0.3 1.3 2.3 0.4 1.4 2.4 3.4 0.5 1.5 2.5 3.5 4.5 0.6 1.6 2.6 4 4.6 5.6 

1 A 30 40 50 70 85 94 20 68 36 45 70 85 94 115 142 25 15 36 37 49 15 

1 B 40 50 60 50 40 94 45 21 45 25 70 85 94 115 142 42 37 29 36 42 100 

2 A 20 10 45 71 86 95 71 86 95 123 40 25 40 60 55 40 71 50 23 10 19 

2 B 15 25 95 60 55 40 71 86 95 123 28 42 45 52 45 46 60 15 47 18 30 

3 A 98 25 80 41 52 53 45 36 52 65 36 35 47 63 40 98 66 73 96 110 135 

3 B 98 60 83 52 41 60 10 80 50 20 30 65 75 59 42 98 66 73 96 110 135 

4 A 20   30 30 77 93 104 40 50 60 12 12 45 43 41 42 35 26 39 62 47 54 

4 B 30   40 52 77 93 104 50 30 10 20 40 60 82 60 35 26 45 48 50 80 60 

5 A 80 99 120 30 66 43 70 44 70 23 50 70 21 28 42 45 52 23 32 41 20 

5 B 60 99 120 88 100 26 50 40 30 40 50 60 23 50 70 21 28 36 15 16 47 

6 A 80 101 122 42 45 34 30 66 43 70 44 28 42 45 52 45 46 49 43 75 52 

6 B 90 101 122 28 42 45 52 50 62 34 45 23 18 12 48 45 30 66 43 70 44 

7 A 130 65 55 70 80 90 30 66 43 70 44 70 85 94 10 45 71 86 95 70 85 

7 B 130 60 90 70 90 80 45 55 60 44 90 30 74 74 25 40 60 55 40 30 74 

8 A 121 70 78 90 75 107 45 77 88 99 74 68 59 46 99 71 61 51 91 111 90 

8 B 121 85 70 45 60 90 70 90 80 45 55 60 44 90 30 74 74 74 55 55 45 

 

The delivery plan is shown in the map below where two main circles are building the 

plan. Vehicle 1 delivers units to retailers 8, 6, 4, 2, 1, and 3 respectively then comes back to 

deport 1. However, vehicle 2 delivers demand to retailers 7, 5, and 1 using the same depot. As 

noticed, the model used only depot 1 to satisfy all the retailers’ demands and achieve the main 

objective of this study. 
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Figure 4.3: Delivery plan (map) of Vehicle Routing with Depot and Retailer. 

 

Results show that the transportation cost of first trip is $ 8,500 including the dispatching 

cost (fixed cost) which is $ 2,000, using vehicle 1. Second trip (vehicle 2) records $ 5,500 as 

transportation cost which also included fixed cost ($ 2,000). The model came up with maximum 

gross profit of location allocation transportation (MGP-LAT) which records $ 14,000. Also, 

maximum gross profit income (MGP-I) reaches $ 49,630. The GAMS (Baron Solver) gives $ 

35,630 as maximum gross profit of location allocation which is the optimal profit can be 

obtained. The model used to verify the case study and obtain the showed results. All the results 

above were obtained from the first step by utilizing the GAMS (Baron Solver) as the main 

software used for the study. 

4.4.3:  Discussion and Sensitivity Analysis  

From case one and case two, it can be concluded that opening new depot is based on 

profitability.  
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Figure 4.4: Relationship between MGP and cost of new depot in Case Study One. 

 

As shown in Figure 4.4, the curve represents the MGP with respect to cost of opening 

new depot.  Between $300 to $4600 cost range of opening new depots will still make profit for 

the organization. However, in term of achieving maximum gross profit, opening new depot has 

to satisfy the requirements and make maximum profit. Case one has opened new depot because 

the cost of opening this depot was only $300. However, case two did not open new depot 

because it was costing more than $ 4600. Therefore, when the cost range of opening new depot is 

still between $ 300 and $ 4600, the decision can go for opening depot since the profitability is 

there. Otherwise, the best decision will not open any new depot. In fact, in one of the cases, 

opening new depot costs only $ 300 which considers as the optimal solution since it achieves the 

maximum profit. 
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4.5 Conclusion 

The given paper is valued for the following outcomes: (1) designing an optimal model to 

expand gross profit in terms of the planning horizon, which gives a decision-maker an option to 

select appropriate time, accurate location (including optimal route and retailer’s position), proper 

amount of resources allocated to solve the supply chain issues identified, and necessary amount of 

depots; and (2) proposing a thorough experimental test issue to monitor and supervise over the 

model’s dynamics with focusing on vital characteristics. 

This chapter of the complex research provides quite an innovative strategy for optimizing 

the replenishment approach involving several depots to transport multi perishable products. A 

related mathematical framework is introduced as well. This framework is derived from combining 

two objective elements: first, increasing total income with a reference to the product’s expiration 

date, and second, reducing the total shipping cost, established expenses on opening a depot and 

determined optimal number of depots. In this research, a mixed-integer nonlinear programming 

framework is presented to create the model in parallel. It is solved by utilizing the BARON solver. 

To get a comprehensive awareness over the model’s progress and dynamics, case studies are given 

and discussed. Case studies presented have indicated that the MGP-I model could increase the total 

revenue objective by acquiring the best delivery option for the planning horizon in relation to every 

retailer. In turn, the MGP-LAT framework could reduce total shipping cost by defining the best 

route to ship various kinds of products to end-users. Eventually, the MGP-LA model succeeded in 

securing an exhaustive insight to a decision-maker about the delivery plan, in addition to increasing 

gross profit in terms of solving the issue proposed. In parallel case studies, the MGP-LA model 

was capable to secure the best outcome by increasing total income and cutting total transportation 

expenses in a similar way.   
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The given research can be expanded in the future studies to cover the topic of dynamic 

perishable products with different expiration dates. In addition, stochastic demand and optimal 

delivery strategy for multi-perishable products through supply chain network will be considered 

in the future as well. Real time, and optimal delivery strategy for multi-perishable products through 

supply chain network also one of the considerable factor for future study. 
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CHAPTER 5 

 

CONCLUSION AND FUTURE STUDY  

 

5.1 Conclusion  

In conclusion, short-life span product or perishable product is the major focus of this 

system specifically. The satisfaction of demands requirements depends on the provision of 

protection to the networks. The studied cases are very complex due to high number of variables 

and considered factors. Also, the obtained results and time period of obtaining the optimal solution 

for case one and case two are very acceptable to relay on. However, at case three, the computational 

time to obtain results was extremely large. Thus, the model took more than two days to obtain the 

solution. Therefore, complexity and the factor of multiple perishable products are the most 

challenges that model faced through figuring out the optimal solution. It is obvious, this 

dissertation has tested several cases, and shows reasonable and practical results which can be used 

in real business as well as research for more investigation. The findings came out of this research 

surly give evidence for the study to be considered for dairy or daily consumed products delivery 

plan. Finally, the study also considers the matter of location allocation problem which clearly 

contribute in comprehensively improve the supply chain network delivery plan.  

5.2    Future Study 

As future works, there needs to be more investigation and study to add cases that include 

more complex systems. Also, additional methodologies and heuristics for reducing the 
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computational time has to be tested in order to have more accurate results and outcomes. Other 

methodologies through the studies might give alternative and faster methods for this study. 

In addition, other concepts can be applied to expand this dissertation with a comprehensive 

optimization framework which give diversity in the ultimate objectives of this work. Resiliency, 

Efficiency, Reliability, and other possible themes might be fitted in a way that make this work 

more coherence and applicable for more complex case studies. 

Other factors can be included to make this research more realistic and comprehensive to 

the real cases in the market. Inventory, type of transportation, and other involved costs might be 

added to figure out the effectiveness of the factors when applying the presented optimization 

approach. Also, the seasonality of the perishable products is a factor that can be considered 

especially when costs are fluctuated from season to another. 

Moreover, following a probabilistic approach to determine the shipment condition and 

value of shipment losses is a method that can be applied through the presented mathematical 

model. The approach could give a realistic way to deliver an acceptable shipment to the end 

customer. Also, the new added method can be aimed to minimize the cost of losing customer 

trustworthy upon the supplier. Moreover, it will take contribute to reduce the transportation cost 

after new plugging factors which are required to make the new approach possible. 

Also, the existence of stochastic parameters can be considered in the future works as well. 

More specifically, stochastic demand will be plugged into the model to figure out the impact of 

this kind of parameters. This factor has many applications in real life as well as built case studies 

for the purpose of differentiate different parameters. The demand of products is fluctuated and 

changes due to many factors in business which has the biggest impact upon any outcomes or final 
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results. Uncertainty in demand has been recently investigated and studied because of the 

integration in businesses worldwide. 

Another practical factor might be included is deterministic demand when the demand in 

known. Specifically, the retailers’ demand of perishable products is known in advance so all the 

demand can be plugged in the model as numbers and see the results as well. This type of demand 

is existence in some business when company has signed a contract that says obviously how many 

products should be delivered and when they should be delivered as well. In this case, the model 

will have a reasonable job to come up with exact results. 

Finally, developing and testing other heuristics or exact formulations to the presented 

model is another considered point of study.  Also, combining the two parts of the objective function 

in the form of heuristic method can result in a solution that is more economical and practical.  

However, the computational time for determining the travel can be impacted adversely. Therefore, 

studying and investigating the impact of the integration between the presented mathematical model 

and the new added method will produce a high-quality result in reasonable computational time 

will have great value too. 
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