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ABSTRACT 

Cross docking is a warehouse management concept in which items delivered to a 

warehouse by delivery trucks are immediately sorted out and reorganized based on customer 

demands and are routed and loaded into shipping trucks for delivery to customers without 

actually being held in inventory in the warehouse. If any item is to be held in storage, it is 

only for a brief period of time that is generally less than twenty-four hours. This way, the 

turnaround times for customer orders, inventory management cost, and warehouse space 

requirements are reduced. Because accuracy in material management is required in such 

operations, a cross docking operation is heavily dependent on accurate flow of information. 

Depending on the facility and operating conditions or strategies employed, it is 

possible to generate various cross docking scenarios or models. In this research, thirty-two 

different models are identified based on the number of docks available at the site, the dock 

holding pattern for trucks, and the existence of temporary storage. Of the thirty-two models 

identified, this research is focused on three. All three models assume there is a separate truck 

receiving dock and a separate truck shipping dock. It is also assumed that the items contained 

in a receiving truck and the items needed for a shipping truck are known in advance. 

Furthermore, the study is restricted to scenarios where there is only one shipping dock and 

only one receiving dock at the warehouse. 

In the first model of the cross docking problem studied, it is assumed there is 

temporary storage in front of the shipping dock. If a product that arrives at the shipping dock 

does not need to be loaded into the shipping truck currently at the dock, the product can be 

stored in a temporary storage area until the appropriate shipping truck comes into the 

shipping dock. In this model, both the receiving and the shipping trucks must stay in docks 

until they finish their unloading or loading tasks once they come into docks. Therefore, a 

receiving truck cannot leave the receiving dock until all of its products are unloaded onto the 

receiving dock. Similarly, a shipping truck cannot leave the shipping dock until all of its 

needed products are loaded. 

In the second model investigated, it is assumed that no temporary storage exists in the 

warehouse. However, both the receiving truck and the shipping truck can move in and out of 
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the dock during their tasks. Therefore, it is possible that a receiving truck unloads some of its 

products on the receiving dock, moves out, waits and goes into the receiving dock again to 

unload its remaining products. This operating pattern can be similarly applied to the shipping 

truck. However, since there is no temporary storage space available, the conveyor operating 

from the receiving dock to the shipping dock may need to stop if the shipping truck is not 

ready when a product arrives at the shipping dock. 

In the third and final model investigated, it is assumed that there is temporary storage 

in front of the shipping dock and that both the receiving trucks and the shipping trucks can 

intermittently move in and out of the dock during the time intervals between their task 

execution. After a receiving truck unloads some of its products for a certain shipping truck, 

one of two choices can be made; either more products are unloaded from the current 

receiving truck and sent to the temporary storage, or the current receiving truck is moved out 

from the receiving dock and another receiving truck is sent to the receiving dock to unload its 

products. Thereafter, the earlier truck is rescheduled at the dock at a later time to continue its 

unloading process. A similar operation plan is applicable to the shipping trucks as well. 

One of the objectives for cross docking systems is how well the trucks can be 

scheduled at the dock and how the items in receiving trucks can be allocated to the shipping 

trucks to optimize on some measure of system performance. In all the cross docking 

scenarios studied, the research objective is to find the best truck spotting sequence for both 

receiving and shipping trucks to minimize total operation time (i.e., the makespan) or to 

maximize the throughput of the cross docking system. The product routing and the spotting 

sequences of the receiving and shipping trucks are all determined simultaneously. 

Several solutions approaches are employed in modeling and solving the problems. 

The approaches are also adapted to the models. The solution approaches employed include 

mixed integer programming, branch and bound, search algorithm, complete enumeration, and 

heuristics. The complete enumeration and the mixed integer programming approaches were 

used as the basis to generate optimal solutions with which the performances of the heuristic 

and search algorithms could be benchmarked. From the results of the test problems, the 

heuristics and the search algorithms produced very good and competitive solutions when 

compared with the solutions obtained through the exact procedure and the complete 
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enumeration. The results obtained also indicate that the performance of the cross docking 

system is dependent on the strategics employed in operating the system. As expected, the less 

restrictive the system operates, the better the system performs, with model three generally 

producing better results than the two other models for the same set of operating parameters. 

Another finding is that truck change time at the docks influences the sequencing of the trucks 

and the solutions obtained for any given scenario. As the truck change time changes, the 

sequencing of the shipping and the receiving trucks also may change. 

The research is important for a number of reasons. First, the problem addressed is 

very real and is one that is faced daily in supply chain networks. Second, the work represents, 

perhaps, the first full technical study reported on the subject matter. Third, the innovative 

solution approaches developed will provide a basis for operating more efficient cross docking 

warehouses. Fourth, the dissertation identifies a whole new area of research in supply chain 

engineering. Finally, when designed and analyzed in the way undertaken in this research, 

warehouse operators can expect to save millions of dollars annually in their operations. More 

importantly, the reduced warehousing cost will be achieved while reducing the leadtime on 

customer orders. 
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CHAPTER 1. INTRODUCTION 

1.1 A Warehouse or Distribution Center 

A typical warehouse is a dynamic and intelligent distribution center in which products 

and packages are processed in real time and moved in and out on schedule. A dynamic and 

intelligent warehouse is also a place where all distribution and logistic functions are tied 

together and where inventory storage is minimal. The input and output are also precisely 

regulated and streamlined in an intelligent manner. 

In today's distribution environment, the pressure is on to make the operations more 

efficient. Companies are cutting costs by reducing inventory at every step of the operation, 

including distribution. Customers are demanding better service, which translate into more 

accurate and timely shipments. Instead of waiting a week to get a product, most customers 

expect to receive a delivery in one or two days. In most manufacturing environments, it is 

difficult to ship directly from the manufacturers to the customer. Therefore, a certain type of 

intermediate points is necessary to connect between manufacturers and customers. One type 

of intermediate point in a supply chain system is the distribution center. 

Operations of the distribution center consist of five basic functions: receiving, sorting, 

storing, picking and shipping. If the way these five elements cooperate is improved, costs can 

be reduced and productivity can be improved. However, the best way to reduce cost and 

improve efficiency is not by simply improving a function but by eliminating it if feasible. 

Cross docking has the potential of eliminating storage and picking, the two most expensive 

warehousing operations. Cross docking is a method of distribution management that helps 

companies better control their distribution operations. 

1.2 Cross Docking System 

Cross docking is a material handling and distribution concept in which items move 

directly from receiving dock to shipping dock, without being stored in a warehouse or 

distribution center, hi a typical cross docking system, the primary objective is to eliminate 

storage and excessive material handling. 
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Through the years, cross docking has had many names. It has been called 

"expediting" orders or "opportunistic" shipping. The goal has always been the same: reduce 

material handling by moving goods directly to the end user, bypassing storage (Witt, 1998). 

Modem technology makes cross docking feasible. Without computers, automatic-

identification technology, and other kinds of materials handling equipment, companies would 

not be able to transfer huge quantities of boxes or pallets rapidly enough from one truck to 

another (Cooke, 1996). 

Figures 1 and 2 show the flow of material in a typical cross docking operation 

(Rohrer, 1995). As shown in Figures 1 and 2, the cross docking system generally operates as 

follows: 

1. Products (packages, boxes, cartons, etc.) arrive on the receiving docks. 

2. Products are scanned and verified at the receiving docks. In some cross docking systems 

products are also weighed, sized and labeled at the receiving dock. 

3. Products are placed on the sortation systems, which sort by destinations. 

4. Products are processed to the proper location on the shipping docks. 

Suppliers || Receiving Sortation gg] Shipping [ 

Distribution Facility 

Retail 
Store 

Figure 1. Typical Cross Docking Flow (Rohrer, 1995) 

Receiving 
Yard 

Receiving Area: 
Unloading 
Scanning 

Flow Direction 

fr 
Conveyor Sortation 

Short Term Storage 

Picking 

(Dc)PaHetizing 

Shipping Area: 
Loading 

Shipping 
Yard 

] 

] 

Figure 2. Typical Cross Docking Distribution Facility (Rohrer, 1995) 
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Cross docking can apply to both manufacturing and distribution functions (Schwind, 

1996). All warehouses or distribution centers do some cross docking. In a manufacturing 

plant, the finished product ordinarily goes from the packaging point to storage. With cross 

docking, the product travels directly from packaging to shipping, sometimes directly into the 

waiting trucks. In a distribution center, cross docking can involve most or all of the material 

that arrive at the receiving dock. Package handling services are a good example. At package 

delivery companies, such as the U.S. Postal Service, United Parcel Service, Federal Express, 

and many others, everything they receive must be broken down, sorted and shipped out as 

soon as possible. No inventory is held for even 24 hours. 

In general, it seems that cross docking works best for companies either distributing 

large volumes of merchandise or serving a large number of stores. Cross docking systems 

handle a high volume of items in a short amount of time. The advantages of cross docking 

systems include increased inventory turn, thus reduced inventory, increased customer 

responsiveness, and better control of the distribution operation. 

1.3 Implementation of Cross Docking Systems 

Cross docking might look simple, but there are a number of unseen critical activities. 

Here are a few requirements for successful cross docking (Schaffer, 1998). 

• Partnering with other members of the distribution chain; 

• Communication among all members of a supply chain; 

• Absolute confidence in the quality and availability of the product; 

• Communication and control within the cross docking operation; 

• Personnel, equipment and facilities; 

• Operational management. 

Many operations have all the physical elements in place required for cross docking. In 

these operations, there is a temptation to implement cross docking without developing a 

formal program. Since cross docking requires that many internal and external functions 

should work closely together, attempting to implement it without a formal program is the 

path to failure. In order to successfully implement cross docking, a formal program must be 



www.manaraa.com

4 

set up to address each of the above categories. In addition, cross-docking strategies must be a 

try-and-adjust procedure until a working technique evolves. 

1.4 Research Objectives 

hi many ways, operational management is the least considered but most important 

part of implementing cross docking. With all the planning, partnering, addition of equipment 

and systems and changes in manpower, cross docking still requires a high level of 

operational execution to work. For example, no matter how well the cross docking system is 

designed, it is still necessary for someone to coordinate the receiving and shipping trucks to 

the appropriate docks in the appropriate sequences. Improper sequencing of receiving and 

shipping trucks at the docks increases operation completion time. 

Unfortunately, the need for operational management is often neglected and the 

function is added to the work of an already busy first-line supervisor. To prevent the lack of 

operational management from becoming a barrier to successful cross docking 

implementation, operational management should be developed simultaneously. 

In this research, one area of operational management is developed. The operational 

management area developed in this research is the spotting sequences of the receiving and 

shipping trucks to the receiving and shipping docks in order to minimize total operation time 

or in order to maximize the throughput of the cross docking system. The product routing 

between the receiving and shipping trucks is also decided simultaneously as well as the 

spotting sequences of the receiving and shipping trucks. 

1.5 Description of Basic Cross Docking Models and Solution Approaches Used 

hi this research, the following cross docking system is considered. The cross docking 

system of this study is operated as follows: 

1. Receiving trucks arrive at the receiving docks and unload products onto the receiving 

dock. 

2. Products move from the receiving dock to the shipping dock on a conveyor. 

3. Shipping trucks load products from shipping docks and leave shipping docks. 
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The cross docking system in this research does not consider the operation inside the 

warehouse or distribution center, such as scanning and sorting operations, etc. 

Depending on the facilities, operating conditions or strategies employed, it is possible 

to generate various cross docking models. In this research, thirty-two cross docking models 

are identified based on the number of docks available at the site, the dock holding pattern for 

trucks, and the existence of temporary storage. The detailed explanations for the thirty-two 

models are presented in Section 3.1.1. Among the thirty-two models, three specific models of 

the cross docking systems are considered in this research. The detailed explanations for the 

three specific models are presented in Section 3.2. 

For each cross docking model studied in this research, both the mathematical model 

and the associated efficient heuristic methods for sequencing both receiving and shipping 

trucks are developed to minimize the total operation time or to maximize the throughput of 

the cross docking system. The allocations of the products from receiving trucks to shipping 

trucks are decided simultaneously as well as the spotting sequence of the receiving and 

shipping trucks. In each case, special structures of the model are exploited in developing the 

heuristic methods. 

1.6 Justification of the Research 

Modern technology makes cross docking feasible. Cross docking systems have two 

characteristics: hardware and software. Since cross docking systems are highly automated, it 

is necessary to have appropriate equipment. Meanwhile, software keeps the cross docking 

system running smoothly. This includes loading and spotting algorithms, product tracking 

systems, and information transfer with vendors. 

Both hardware and software are important for cross docking success. Hardware such 

as material handling devices, sortation systems and computers has been continuously 

developed. Therefore, most of the required hardware for a cross docking system is available 

today. Meanwhile, software is relatively less developed, though it is as important as hardware 

to cross docking success. For example, the function of operational management is added to 

the work of an already busy first-line supervisor. To prevent the lack of operational 
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management from becoming a barrier to successful cross docking implementation, the 

appropriate software should be implemented simultaneously. 

Although operational management plays important role in cross docking success, 

there has been very few publications about the operational management of the cross docking 

systems. This lack of research dealing with the development of decision tools for cross 

docking systems motivated the work undertaken in this study. The algorithm developed in 

this research will provide the basis for a systematic management of cross docking operation 

and the development of next generation of control software for warehouse operations. 

1.7 Organization of the Dissertation 

This dissertation has been organized as follows: Chapter 2 provides the review of 

previous literature on cross docking systems. In Chapter 3, the general description of the 

cross docking system and brief explanation of the three models addressed in this dissertation 

are presented. The three models are referred throughout the dissertation as Case 1 model, 

Case 2 model and Case 3 model respectively. Chapter 4 presents the modeling and the 

solution approaches used for Case 1 model. In Chapter 5, the modeling and the solution 

approaches used for Case 2 model are presented. Chapter 6 presents the modeling and the 

solution approaches used for Case 3 model. The conclusions and suggestions for future 

research are presented in Chapter 7. 
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CHAPTER 2. LITERATURE REVIEW 

In many warehouses or distribution centers, cross docking systems are implemented 

successfully. Nevertheless, relatively few research papers or articles are published on cross 

docking systems. As a result, no systematic or generally accepted approach for planning 

cross docking operation has emerged. 

One of the first articles on cross docking systems was written by Wurz (1994). In his 

article, Wurz wrote "the warehouse of the future will be a dynamic and intelligent 

distribution center. The concept of a dynamic and intelligent distribution center is already 

manifested in cross docking operation." He argued that most of the technology for cross 

docking is available today. Automatic Identification (Auto. ED) technology is mainly 

discussed in his article among a variety of technologies for cross docking systems. 

The first and only technical paper found on cross docking systems was presented by 

Rohrer (1995). He discussed modeling methods and issues as they apply to cross docking 

systems. His paper also described how simulation helps ensure success in cross docking 

systems by determining optimal hardware configuration and software control, as well as 

establishing failure strategies before cross docking problems are encountered. His paper is 

oriented toward simulation practitioners who need to model cross docking systems, as well as 

distribution managers who evaluate cross docking. He addressed that a simulation model for 

cross docking should retain as much of the details as possible while still allowing for timely 

completion of the model. Though he discussed modeling methods and issues for cross 

docking systems, there is no implementation shown in his paper. 

When a cross docking system is considered, there are several points to remember. 

Schwind (1995) discussed considerations for cross docking systems. He mentioned that 

"there are two levels of cross docking: 1) physical handling equipment and strategy, and 2) 

information system strategy." The impacts of cross docking on material handling, electronic 

data interchange, automatic identification and dock management are also discussed in his 

article. He also addressed the issues that "simulation is important to cross docking not only 

when new equipment is added to a system, but also when new or enhanced information 
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systems are added. There are always alternatives that require evaluation, and simulation can 

do this work with little risk." 

A few articles in trade magazines report the successful implementation of cross 

docking systems. Forger (1995) discussed the success of cross docking operation of Chicago 

Area Consolidation Hub (CACH) of UPS. He explained how cross docking applied to 

CACH. According to this article, "even during early startup days, it only takes 15 minutes for 

a package to travel an average distance of one mile on a series of conveyors from one of 122 

receiving docks to any of 1050 shipping docks." Total cost of CACH was $315 million. The 

expected daily throughput of cross docking is 2 million packages. 

Some considerations on the equipment and procedures for cross docking success are 

presented in Schwind's article. He discussed the underlying principles, dock management 

factors, storage in the meantime, packaging, and design for cross docking. He addressed the 

layout and design of receiving and shipping docks as major parts of any cross docking 

system. "The smoothness with which trucks arrive, are accessed, unloaded/loaded and depart 

greatly influences cross docking success. Most of this activity takes place on the dock. Dock 

design to enable smooth cross docking involves many factors such as space, equipment, 

manpower, carrier management, dock management and information management. For a 

successful implementation of cross docking, the above issues should be fully considered 

before cross docking is implemented" (Schwind, 1996). 

Cooke (1996) explained the necessary equipment such as the bar code, material 

handling and sortation equipment for a cross docking operation. He argued the right 

equipment is critical to the success of a cross docking operation. According to his article, 

"the necessary equipment for a retail cross docking operation can cost at least $500,000." He 

presented what is essential to set up a cross docking facility or convert an existing facility to 

accommodate a cross docking operation. In his article, some vendors that provide equipment 

needed for cross docking operation are also identified. 

The concepts of cross docking are found in many articles. Among these articles, 

Witt's article presented the concepts of cross docking most thoroughly. According to his 

article, "cross docking can be divided into current or future cross docking. In current cross 

docking, material is moved directly from receiving docks to shipping docks without any 
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intermediate staging. In future cross docking, the product will be staged someplace between 

receiving docks and shipping docks. Mass merchandisers are examples of current cross 

docking. Many of these companies move from 40 percent to 90 percent of their merchandise, 

especially seasonal or promotional items, via cross docking. In future cross docking, the time 

a product is staged can vary, but it would be hard to consider that an operation is actually 

cross docking if the product is staged for much more than a day." (Witt, 1998). In his article, 

three successful companies implementing cross docking are identified: Toyota, Supervalu, 

and Mitsubishi. Issues about cross docking candidates, implementation of cross docking in 

manufacturing and dock management are also explained in his article. 

Schaffer (1998) explained the requirements for successful cross docking. He 

emphasized that cross docking can increase efficiency though successful implementation 

requires careful planning. He pointed out that most cross docking failures are due to the fact 

that there is an insufficient understanding of the requirements for successful cross docking 

and a lack of planning for the execution. In his article, the requirements for cross docking are 

broken down into six categories. They are: "1) partnering with other members of the 

distribution chain, 2) absolute confidence in the quality and availability of products, 3) 

communications between supply chain members, 4) communications and control within the 

cross docking operation, 5) personnel, equipment and facilities, and 6) operational 

management. In order to successfully implement cross docking, a formal program must be 

set up to address each of the above categories." 

Drawing from published work, it is clear that cross docking systems can greatly 

reduce inventory, shorten the product flow time between the manufacturer and the customer, 

and produce better control of the distribution operation. To implement cross docking 

successfully, the appropriate software should be developed as well as the hardware. For 

example, the spotting sequences of the receiving and shipping trucks to appropriate docks are 

an important factor that affects the system performance. Decision on product routing is 

another important factor. Nevertheless, there is no reported research on these aspects of cross 

docking system. This lack of research motivated the study undertaken in this dissertation. 
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CHAPTER 3. MODEL DESCRIPTIONS 

3.1 Description of the General Cross Docking Model 

As presented in Section 1.2, the typical cross docking system is operated as follows: 

1. Receiving trucks arrive at the receiving docks and unload products onto the receiving 

dock. 

2. Products are scanned and verified at the receiving docks. In some cross docking systems, 

products are also weighed, sized and labeled at the receiving dock. 

3. Products are placed on the sortation systems and sorted by destinations. 

4. Products are transferred to the proper location on the shipping docks. 

5. Shipping trucks load products from shipping docks and leave shipping docks. 

Figure 3 shows the flow of material in a typical cross docking operation. 

As presented in Section 1.5, the cross docking system of this study is operated as 

follows: 

Products are transferred to the proper location on 
the shipping docks. 

Products are (weighed, sized, labeled,) 
scanned and verified at the receiving dock. 

Shipping trucks load products from shipping 
docks and leave shipping docks. 

Receiving trucks arrive at the receiving docks 
and unload products onto the receiving dock. 

Products are placed on the sortation systems and 
sorted by destinations. 

Figure 3. The Material Flow in the Cross Docking Systems 
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1. Receiving trucks arrive at the receiving docks and unload products onto the receiving 

dock. 

2. Products move from the receiving dock to the shipping dock on a conveyor. 

3. Shipping trucks load products from shipping docks and leave shipping docks. 

The cross docking system in this research does not consider the operations inside the 

warehouse or distribution center such as scanning and sorting operations etc. Therefore, the 

arrival sequence of the products at the shipping dock is the same as their unloading sequence 

at the receiving dock. In other words, the order in which the products are unloaded at the 

receiving dock is the same as the order they arrive at the shipping dock. 

3.1.1 Possible Models of a Cross Docking Operation 

Depending on the facility, operating conditions or strategies employed, it is possible 

to generate various cross docking models. Figure 4 and Table 1 show the various models 

based on the number of docks available at the site, the dock holding pattern for trucks, and 

the existence of temporary storage. It is possible that a warehouse or distribution center may 

have any number of docks. A small distribution center may have one receiving dock and one 

shipping dock. On the other hand, a large distribution center may have hundreds of receiving 

docks and hundreds of shipping docks. Based on the number of docks, different operating 

strategies may emerge. 

Similarly, for a dock holding pattern for trucks, two possible strategies can be 

considered. In the first strategy, whenever a truck goes into a receiving or shipping dock, it 

never leaves until its task is finished. In other words, all products in a receiving truck must be 

unloaded before the receiving truck leaves a receiving dock. Similarly, all needed products 

must be loaded to a shipping truck before the shipping truck leaves a shipping dock. In the 

second strategy, both receiving and shipping trucks can come and leave the docks repeatedly. 

Therefore, it is possible that a receiving truck unloads some of its products onto the receiving 

dock, moves out of the dock for another receiving truck, waits and goes into the receiving 

dock again to unload all or part of its remaining products. This operation pattern can also be 

similarly applied to a shipping truck. 
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Truck can 
repeat 

Single Single 

Multiple Multiple 

No storage 
allowed 

Storage 
allowed 

Truck stays 
once in dock 

Truck can 
repeat 

Truck stays 
once in dock 

N> 

* A total of 32 possible models 

Figure 4. Various Models of a Cross Docking System 
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Table 1. Various Models of a Cross Docking System 

Model 
Number 

Receiving Area 
Temporary 

Storage 

Shipping Area 

Feasibility Model 
Number Number 

of Dock 

Dock 
Holding 
Pattern 

Temporary 
Storage 

Dock 
Holding 
Pattern 

Number 
of Dock 

Feasibility 

1 Single Stay No Storage Stay Single S 
2 Single Stay No Storage Stay Multiple S 
3 Single Stay No Storage Repeat Single F 
4 Single Stay No Storage Repeat Multiple F 
§ ms m swytifa& m SlU I 
6 Single Stay Storage Stay Multiple F 
7 Single Stay Storage Repeat Single F 
8 Single Stay Storage Repeat Multiple F 
9 Single Repeat No Storage Stay Single F 
10 Single Repeat No Storage Stay Multiple F m ME WSgjg Rmfjg F 
12 Single Repeat No Storage Repeat Multiple F 
13 Single Repeat Storage Stay Single F 
14 Single Repeat Storage Stay Multiple F m mm mm F 
16 Single Repeat Storage Repeat Multiple F 
17 Multiple Stay No Storage Stay Single S 
18 Multiple Stay No Storage Stay Multiple S 
19 Multiple Stay No Storage Repeat Single F 
20 Multiple Stay No Storage Repeat Multiple F 
21 Multiple Stay Storage Stay Single F 
22 Multiple Stay Storage Stay Multiple F 
23 Multiple Stay Storage Repeat Single F 
24 Multiple Stay Storage Repeat Multiple F 
25 Multiple Repeat No Storage Stay Single F 
26 Multiple Repeat No Storage Stay Multiple F 
27 Multiple Repeat No Storage Repeat Single F 
28 Multiple Repeat No Storage Repeat Multiple F 
29 Multiple Repeat Storage Stay Single F 
30 Multiple Repeat Storage Stay Multiple F 
31 Multiple Repeat Storage Repeat Single F 
32 Multiple Repeat Storage Repeat Multiple F 

S: Feasible in some condition, F : Feasible. 
Shaded Models: Three models studied in this dissertation. 
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The last consideration is the existence of temporary storage. In the first case, there is 

a temporary storage in front of the shipping dock. Therefore, if the appropriate shipping truck 

is not available when a product arrives at the shipping dock, the product can be stored in the 

temporary storage. In the second case, there is no temporary storage. Therefore, if the 

appropriate shipping truck is not available when a product arrives at the shipping dock, the 

product has to wait at the shipping dock until the appropriate shipping truck is available, 

possibly forcing the conveyor to stop. 

By considering different strategies, it is possible to generate thirty-two different 

models as shown in Table 1. Among the thirty-two models, four models have solutions in 

certain cases. For the remaining twenty-eight models, different operating strategies may need 

to be developed. 

In this research, three specific models of the cross docking systems are considered, 

as shown in Table 1. The detailed explanations for the three specific models are presented in 

Section 3.2. 

3.1.2 Performance Measures 

The following criteria can be used to measure the performance of the cross docking 

operation: 

1. The number of receiving and shipping docks required. 

2. Dock utilization. 

3. Average time a truck spends loading and unloading. 

4. Total time spent in transferring products between receiving and shipping trucks. 

5. Total time required to execute a cross docking operation for a given stream of receiving 

and shipping trucks. This operation time is equivalent to the makespan of the system. 

Depending on the performance measure adopted, different operating strategies may 

need to be developed. Among the above measures, the last measure is adopted in this 

research. Therefore, the objective of this research is to minimize the total operation time of 

the cross docking system or to maximize the throughput of cross docking systems. 
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3.1.3 Total Operation Time (Makespan) 

In a sequencing or scheduling problem, total operation time is often called makespan. 

In this research, makespan is defined as follows: Makespan is the total operating time of the 

cross docking operation. The total operating time is from the moment when the first product 

of the first scheduled receiving truck is unloaded onto the receiving dock to the moment 

when the last product of the last scheduled shipping truck is loaded from the shipping dock. 

For the three different models studied in this research, different strategies are developed to 

minimize makespan for each model. 

3.1.4 Influential Factors on Makespan 

The factors that affect makespan of the cross docking system are as follows. 

1. The layout and design of receiving and shipping docks. 

2. The number of receiving and shipping docks. 

3. The actual delivery and shipping schedules. 

4. The mix of products and the number of products for each receiving and shipping trucks. 

5. The product routing in the warehouse. 

6. The material handling types used in the warehouse. 

7. The fork truck task assignment if a fork truck is used as a material handling device in the 

warehouse. 

8. The availability of trucks when they are required. 

9. The delay time for truck changes. In most cross docking systems, truck changes have a 

significant effect on system performance. 

10. The required space for temporary storage of products before they are shipped. 

11. Dock holding pattern of trucks. 

12. The amount of products as well as the unloading or loading sequence of product types in 

each truck. 

13. The spotting sequences of the receiving and shipping trucks. 

In this study, factors 1 to 9 are considered to be previously known information. Based 

on factors 10 and 11, three models will be considered separately. To minimize makespan, 
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factors 12 and 13 will be used as decision variables. The solution of each model will seek to 

find the best sequences for factors 12 and 13. 

3.2 Model Descriptions for Three Specific Models 

In this section, the descriptions of the three specific models of interest in this research 

are presented. All descriptions presented in this section will be applied to all three models. If 

an additional description is required for a specific model, it will be presented in the Chapter 

in which the model is developed. All models considered in this research have only one 

receiving dock and one shipping dock. The three models are as follows: 

Case 1 Model. There is temporary storage in front of the shipping dock. If a product arriving 

at the shipping dock does not need to be loaded into the current shipping truck, the 

product is stored in the temporary storage until the appropriate shipping truck is 

available. In this model, the receiving truck and the shipping truck must stay in docks 

once they come into docks and continue to do so (i.e., stay in the dock) until they finish 

their task. This corresponds to Model 5 in Table 1. 

Case 2 Model. In this model, there is no temporary storage in the warehouse or distribution 

center. However, both the receiving truck and the shipping truck can move in and out of 

the docks repeatedly during their tasks until their tasks are finished. Therefore, it is 

possible that a receiving truck unloads some of its products to the receiving dock, moves 

out, waits and goes into the receiving dock again to unload its remaining products. When 

the truck is out of the dock and waiting, another receiving truck could enter the dock to 

unload its products. This sequence can be similarly applied to the shipping truck. 

However, the conveyor connecting the receiving dock and the shipping dock may need to 

stop if a shipping truck is not available when a product arrives at the shipping dock. This 

is necessary because of the absence of a temporary storage. This corresponds to Model 11 

in Table 1. 

Case 3 Model. In this model, there is temporary storage in front of the shipping dock and 

both the receiving truck and the shipping truck can move in and out during their tasks as 

in Case 2 Model until their tasks are finished. This corresponds to Model 15 in Table 1. 
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3.2.1 Assumptions 

The following assumptions are applied to all three models. 

1. A warehouse or distribution center will be receiving and shipping at virtually the same 

time so that all incoming products are shipped as soon as possible. 

2. All receiving and shipping trucks are available at time zero. 

3. All products received must be shipped. Long term storage is not allowed. 

4. The total number of receiving products for each type of products is the same as the total 

number of shipping products for each type of products. 

5. The unloading sequence of the products from a receiving truck can be determined. For 

example, if a certain receivng truck carries three product types A, B and C. The 

unloading sequence of the products for the receiving truck can be A-B-C or B-C-A. etc. 

6. It can be unloaded only the necessary amount of products from a receiving truck. In other 

words, any products loaded in a receiving truck are accessible so that only the necessary 

amount of products can be unloaded from a receiving track. Suppose that a certain 

receiving truck has 100 units of product type A, 300 units of product type B and 150 units 

of product type C. If 50 units of product type A and 200 units of product type B are 

needed to be unloaded in a certain situation, only those amounts of the products can be 

unloaded from the receiving truck. 

7. Only one unit of a product can be loaded into the shipping truck at a time. Therefore, 

loading products simultaneously from a receiving truck and the temporary storage into a 

shipping truck is prohibited. 

8. The operations inside the warehouse or distribution center such as scanning and sorting 

operations are not considered. Therefore, the arrival sequence of the products at the 

shipping dock is maintained as the unloading sequence of the products at the receiving 

dock. 

9. Delay time for truck changes is the same for all receiving and shipping trucks. 

10. Moving time of products from the receiving dock to the shipping dock is the same for all 

products. 
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11. The capacity of temporary storage is unlimited. Therefore, it can be assumed that the 

capacity of the temporary storage can be as high as the total number of products 

presented in a model. 

12. The following information is assumed to be previously known. 

i) Product types and the number of products loaded in a receiving truck. 

ii) Product types and the number of products needed for a shipping truck. 

iii) Loading and unloading times for the products. 

iv) Moving times of products from a receiving dock to a shipping dock. 

v) Delay time (i.e., truck change time) due to truck changes. 

vi) Delay time when a product passes through the temporary storage. For example 

loading time from temporary storage to a shipping truck or unloading time from a 

conveyor to temporary storage. 

3.2.2 Expected Results 

The solution of each model is expected to provide the following results. 

1. The spotting sequence of the receiving trucks at the receiving dock. 

2. The spotting sequence of the shipping trucks at the shipping dock. 

3. The unloading sequence of the products from a receiving truck. 

4. The product routings or the product assignments from receiving trucks to shipping trucks. 

In other words, the solution will show how many products move from a certain receiving 

truck to a certain shipping truck as well as what types of products move between them. 

Additionally, it will also show whether products move directly from a receiving truck to a 

shipping truck or if they pass through the temporary storage. 

In Chapter 4, the modeling and the solution approaches used for Case I Model are 

presented. Chapter 5 presents the modeling and the solution approaches used for Case 2 

Model. In Chapter 6, the modeling and the solution approaches used for Case 3 Model are 

developed. 
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CHAPTER 4. CASE 1 - CROSSDOCKING MODEL 
WITH TEMPORARY STORAGE AND DOCK NON-REPEAT 

TRUCK HOLDING PATTERN AT THE DOCK 

4.1 Model Descriptions 

In the first model of the cross docking problem studied in this research, there is 

temporary storage in front of the shipping dock. If a product that arrives at the shipping dock 

does not need to be loaded into shipping truck currently at the dock, the product can be stored 

in the temporary storage until the appropriate shipping truck comes into the shipping dock. In 

this model, both the receiving and the shipping trucks must stay in docks until they finish 

their task once they come into docks. Therefore, a receiving truck cannot leave the receiving 

dock until all of its products are unloaded onto the receiving dock. Similarly, a shipping truck 

cannot leave the shipping dock until all of its needed products are loaded. 

The objective of this research is to find the best sequence for truck spotting for both 

the receiving and the shipping trucks to minimize total cross docking operation time or to 

maximize the throughput of the cross docking system. The product routing (i.e., the 

allocation of products from receiving trucks to shipping trucks) is also decided 

simultaneously as well as the spotting sequences of the receiving and shipping trucks. 

In the Case 1 problem, there are two sources from which products are loaded into a 

shipping truck. One source represents the receiving trucks and this occurs when a product 

transfers directly from a receiving truck to a shipping truck without passing through 

temporary storage. The other source is the temporary storage and this occurs when a product 

transfers from a receiving truck to temporary storage and is loaded from the temporary 

storage to the shipping truck. 

The Case 1 problem has the following characteristics. 

1. Conveyor used in transferring products or items from the receiving dock to the shipping 

dock run continuously without stoppage. Since there is temporary storage in front of the 

shipping dock, arriving products at the shipping dock can be stored in temporary storage if 

an appropriate shipping truck is not available. Therefore, the conveyor never stops 

because there is no bottleneck at the shipping dock. 
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2. No bottleneck can occur at the receiving dock since the transfer conveyor never stops. 

Therefore, a receiving truck will never wait to unload its product once in dock. In other 

words, a receiving truck starts to unload its products as soon as it comes into a receiving 

dock and leaves a receiving dock as soon as all of its products are unloaded. 

3. Total required unloading time of all products from all receiving trucks is independent of 

the receiving truck spotting sequence and the shipping truck spotting sequence. Since 

there is no delay in unloading products from receiving trucks, total required unloading 

time of all products from all receiving trucks is calculated as shown in equation below, 

and this is independent of the receiving and shipping truck spotting sequences: 

+(/t-l)D. 
1-1 kml 

where, 

R = Number of receiving trucks in the set, 

N = Number of product types in the set, 

Kit = Number of units of product type k that is initially loaded in receiving truck i, 

Uk = Unloading time for one unit of product type k from a receiving truck, 

D = Delay time for truck change. 

As shown in the above equation, the total required unloading time of all products from 

receiving trucks is the sum of the unloading time of all products from all receiving trucks 

and the delay time due to receiving truck changes. However, it must be pointed out that 

the receiving truck spotting sequence affects makespan. The number of products passing 

through temporary storage, which may affect makespan, depends on both the receiving 

and shipping truck spotting sequences. Therefore, it can be stated that although the 

receiving truck sequence and shipping truck sequence do not affect the total unloading 

time from receiving trucks, they do, however, affect the loading time into shipping trucks 

and thus affect makespan. 

4. In the Case 1 problem, there are two types of delay times. The first type of delay time 

occurs when there is a shipping truck change. The second type of delay time occurs when 

the shipping truck currently in dock does not load any products from a certain receiving 

truck in dock or temporary storage, and waits until its needed products arrive at the 
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shipping dock. The change of receiving trucks at the receiving dock or the unloading 

products from a receiving truck to temporary storage may cause the second type of delay 

time. For the Case 1 problem, the first type of delay time is the same regardless of the 

shipping truck spotting sequences because all shipping truck sequences have the same 

number of shipping truck changes which is (S-l), where S represents the number of 

shipping trucks in the set. Similarly, the number of receiving truck changes are the same 

regardless of the receiving truck sequences. Therefore, the only factor, which can affect 

makespan, is the number of unloaded products from receiving trucks that transfer to the 

temporary storage. If the number of products sent to temporary storage decreases, the 

waiting time of the shipping truck at the shipping dock may decrease, thus makespan may 

decrease. 

From the above characteristics, it can be seen that makespan will be minimized if 

delay time or idle time is minimized. For the Case 1 problem, the main factor that causes idle 

time is the number of products passing through temporary storage. Therefore, minimizing the 

number of products passing through temporary storage seems to be a good strategy for 

minimizing makespan. However, it must be pointed out that minimizing makespan is not 

equivalent to minimizing the total number of products passing through temporary storage 

because the occurrence of idle time depends not only on the number of truck changes but also 

when trucks change. Depending on the receiving and shipping truck sequences, the times at 

which the receiving trucks or shipping trucks come into the dock or leave the dock will be 

changed. Moreover, there are time intervals when unloading activity from a receiving truck 

and loading activity into a shipping truck for the same product in a cross docking operation 

occur simultaneously. Therefore, in some cases, routing some of the items through temporary 

storage can decrease the makespan. Nevertheless, in general, minimizing the total number of 

products passing through temporary storage minimizes production makespan for the Case 1 

problem as presented in Section 4.3. 
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4.2 Model Development 

To solve the cross docking problem for the Case 1 model, five different approaches 

were developed. For the first approach, a mathematical model whose objective is to minimize 

the makespan of a cross docking operation was developed. The second approach employed 

complete enumeration of all possible sequences to find an optimal solution. For a small 

problem, the first two approaches can be used. However, it is not efficient in applying these 

two methods to solve medium to large problems because of the computational time required 

to solve the problem. Therefore, the third approach was developed to solve problems of 

practical sizes. The third approach employed a heuristic algorithm. The heuristic algorithm 

finds solutions quite fast although the solution found may not necessarily be optimal. In the 

fourth approach, a meta-heuristic technique was used to solve the problem. In order to test 

the performance of the heuristic algorithm developed in the third approach, the tabu search 

was applied to the Case 1 problem and compared with the heuristic algorithm. The last 

approach suggested for the Case 1 problem used the branch and bound method. It uses as the 

upper bound the solution found by the heuristic algorithm. This approach was also able to 

find the global optimal solution. For a practical size problem, the branch and bound method 

takes shorter time than the complete enumeration method while at the same time finds the 

global optimal solution. 

4.2.1 Mathematical Model 

For the mathematical model of the Case 1 problem, it is assumed that unloading time 

from a receiving truck and loading time into a shipping truck are the same for all types of 

products and it takes one unit of time for one unit of product. Additionally, it is assumed that 

it takes one unit of time when one unit of products is unloaded from a conveyor to the 

temporary storage or loaded from the temporary storage into a shipping truck. It is also 

assumed that all operations can be carried out simultaneously except that loading operations 

from a conveyor into a shipping truck and from a temporary storage into a shipping truck 

cannot be carried out simultaneously. With the above assumptions, the following mixed 

integer programming model was developed for the Case I problem with the objective of 

minimizing the makespan of a cross docking operation. 
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4.2.2.1 Notations 

The following notations are used for the mathematical model. 

Continuous Variables: 

T = Makespan, 

Ci = Time at which receiving truck i enters the receiving dock, 

Ft = Time at which receiving truck i leaves the receiving dock, 

dj = Time at which shipping truck j enters the shipping dock, 

Lj = Time at which shipping truck j leaves the shipping dock, 

Integer Variables: 

xijk = Number of units of product type k which transfer from receiving truck i to shipping 

truck j, 

Binary Variables: 

Jl, If any products transfer from receiving truck i to shipping truc* j 
V,J [0, Otherwise 

Jl, If receiving truck / proceeds receiving truck j in the receiving truck sequence. 
P" [0, Otherwise 

\ 1, If shipping truck i preceeds shipping truck j in the shipping truck sequence 

lo, Otherwise 

Data: 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

N = Number of product types in the set, 

rue = Number of units of product type k that is initially loaded in receiving truck i, 

Sjk = Number of units of product type k that is initially needed for shipping truck j, 

D = Delay time for truck change, 

V = Moving time of products from the receiving dock to the shipping dock, 

M = Big number. 
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4.2.2.2 Mixed Integer Programming Model 

The mixed integer programming model for the Case 1 problem with the objective of 

minimizing makespan of a cross docking operation is presented below. 

Mathematical Model for the Case 1 Problem 

Min T 

Subject to 

T>Lj ,  for  a l l  j  (4-1) 

s 
for alii,k (4-2) 

j-1 

* 

£xvt=5>' for all j,k (4-3) 
1*1 

xiJk <M v.., for aliiJ,k (4-4) 

for alii (4-5) 
t-i 

Cj  >F t  +D-Xf{ l -  Py  )t  f or  a l l  i ,  j  and  where  i  *  j  (4-6) 

c, >Fj  +D-Mp i j y  for  a l l  i ,  j  and  where  i  *  j  (4-7) 

pu = 0, for all i (4-8) 

L j - d j + Y* s j k> f ° r a l l J  (4-9) 
t-i 

dj  >L;  +D-A/(l - ç,y} for all i,jand wherei # j (4-10) 

</ ,  ^ / . y  +D-Mq 9 ,  for  a l l  i , j  and  where i  * j (4-11) 

q u =0,  for  a l i i  (4-12) 

>c,+P+£ -A/(l - } for all ij (4-13) 
*-

a/Z variables > 0. 



www.manaraa.com

25 

Constraint (4-1) makes makespan equal the time the last scheduled shipping truck 

leaves the shipping dock. Constraint (4-2) ensures that the total number of units of product 

type k that transfer from receiving truck i to all shipping trucks is exactly the same as the 

number of units of product type k that was initially loaded in receiving truck i. Similarly, 

constraint (4-3) ensures that the total number of units of product type k that transfer from all 

receiving trucks to shipping truck j is exactly the same as the number of units of product type 

k needed for shipping truck j. Constraint (4-4) just enforces the correct relationship between 

the xiJk variables and the v,y variables. 

Constraints (4-5) to (4-7) make a valid sequence for arriving and departing times for 

the receiving trucks based on their order. Constraint (4-8) ensures that no receiving truck 

can precede itself in the receiving truck sequence. Similar to constraints (4-5) to (4-7) for 

receiving trucks, constraints (4-9) to (4-11) function in a similar manner for the shipping 

trucks. Similar to constraint (4-8), constraint (4-12) ensures that no shipping truck can 

precede itself in the shipping truck sequence. Constraint (4-13) connects the leaving time for 

a shipping truck to the arriving time of a receiving truck if any products or items are 

transferred between the trucks. 

The number of decision variables for this mixed integer programming model is 

RS(N+3)+2(R +S)+1. The decision variables consist of 3RS of binary variables, RSN of 

integer variables and 2(R+S)+1 of continuous variables. The number of constraints is 

2(R2+S2)+R(S+N)+S(RN+N+1), including 2(R2+S2)+R(S-1) of inequality constraints and 

(R +S)(N+l) +RSN of equality constraints. 

4.2.2 Complete Enumeration Method 

In the Case 1 problem, a receiving truck stays in the receiving dock until it finishes its 

unloading operation. Therefore, each receiving truck appears only once in the receiving truck 

sequence. Similarly, each shipping truck appears only once in the shipping truck sequence 

because a shipping truck stays in the shipping dock until it loads all its needed products. 

Therefore, if all possible combinations of the receiving and shipping truck sequences are 

enumerated, the optimal solutions can be found. The total number of possible sequences is 

(R!)(S!) for the complete or exhaustive enumeration method of the Case I problem. 
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For a small problem, it is possible to find an optimal solution with this method. For 

example, suppose that the number of receiving trucks is four and the number of shipping 

trucks is five. Then, the total number of possible sequences for this problem will be (4!)(5!) = 

2880. Therefore, if all the 2880 sequences are examined, the optimal solution to the problem 

will be found. However, this method is not practical for medium to large size problems. For 

example, suppose that the number of receiving trucks and shipping trucks are each ten, 

respectively. Then, the total number of possible sequences will be (10!)(J0!) = 1.3xl013. In 

this case, it is not practical to solve this problem by enumerating all possible sequences. 

Therefore, what is required is a method that finds solutions within reasonable amount of 

time. The next section describes the heuristic method developed to find solutions within 

reasonable amount of time. 

The reason why the complete enumeration approach is implemented in this research 

is to provide a basis to benchmark the performance of the heuristic algorithm. For small size 

problems, this method is able to find the worst solution and the average solution of all 

possible sequences as well as the optimal solution because it enumerates all possible 

sequences. Solutions obtained from the heuristic algorithm can then be compared with the 

solutions obtained by the enumeration technique to test the algorithmic performance. 

4.2.3 Heuristic Method 

For the heuristic algorithms of the Case 1 problem, the same assumptions were made 

as in the mathematical model presented in section 4.2.1. Therefore, it is assumed that all 

unloading times and loading times for all types of products are the same and it takes one unit 

of time. The case in which the above assumptions are relaxed is presented in Section 4.2.3.5. 

Figure 5 shows the flow of products in a cross docking operation for the Case 1 

problem. There are two routes for transferring products from a receiving truck to a shipping 

truck in the Case 1 problem. 

1. A product transfers from a receiving truck to a shipping truck directly without passing 

through temporary storage. 

2. A product transfers from a receiving truck to temporary storage first and is loaded from 

temporary storage to a shipping truck. 
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Route 1 

Shipping 
Truck 

Receiving 
Truck 

\ Movement of products \ Movement of products 
\ / 
\ / 
\ / 
* 

I Temporary \ 
I Storage I 

"• : Route 2 
( Transfer passing through 

temporary storage ) 
The smaller the amount of 
movement the better. 

Figure 5. Two Routes for Transferring Products from a Receiving Truck to a Shipping Truck 

In order to minimize makespan for the Case 1 problem, it is a good strategy to 

transfer as many products as possible directly from a receiving truck to a shipping truck 

without passing through the temporary storage. Conversely, it is a good strategy to transfer 

the fewest number of products passing through the temporary storage. The main idea of the 

heuristic algorithms developed in this research came from the above premises. 

The heuristic algorithm developed for the Case 1 problem consists of two major 

stages of decision. In the first stage, the best associate receiving trucks are found for each 

unscheduled shipping truck based on the associate receiving truck selection strategy. The 

associate receiving trucks for a shipping truck are defined as the sets of receiving trucks that 

carry enough products to satisfy the requirements of the shipping truck. Therefore, many 

different types of associate receiving trucks can exist for the same shipping truck. 

In the second stage, one of the unscheduled shipping trucks is selected based on the 

shipping truck selection strategy. The selected shipping truck is placed in the next available 

shipping truck sequence. The associate receiving trucks for the selected shipping truck are 
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placed in the next available receiving truck sequence. Once a shipping truck and its associate 

receiving trucks are scheduled, the lists of unscheduled receiving trucks and unscheduled 

shipping trucks are updated. Next, for each unscheduled shipping truck in the updated list, a 

new set of its associate receiving truck is formed from the updated unscheduled receiving 

truck list. Again, based on the selection strategy employed, a shipping truck and its associate 

receiving trucks are selected and scheduled. Once a shipping truck and its associates are 

selected and scheduled, the lists of unscheduled shipping and receiving trucks are again 

updated. The process of selection, scheduling and updating is continued until all trucks are 

scheduled. 

4.2.3.1 Notations 

For the heuristic algorithm of the Case 1 problem, the following notations are used: 

Data: 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

N = Number of product types in the set, 

rik = Number of units of product type k which is initially loaded in receiving truck i, 

sjk - Number of units of product type k which is initially needed for shipping truck/, 

D = Delay time for truck change, 

V = Moving time of products from the receiving dock to the shipping dock, 

Truck: 

f i = Receiving truck i, 

fj = Shipping truck j, 

F l = Last scheduled receiving truck in set T, 

Set: 

T = Ordered set of scheduled receiving trucks, 

T = Ordered set of scheduled shipping trucks, 

If = Set of unscheduled receiving trucks, 

If = Set of unscheduled shipping trucks, 

ARj = Ordered set of associate receiving trucks for shipping truck J, 
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Number of Products: 

r'uc = Number of units of product type k which are loaded in receiving truck / in a given 

iteration of the algorithm, 

s'jk - Number of units of product type k which are needed for shipping by truck y in a given 

iteration of the algorithm, 

ru - Number of units of product type k which remains in the last scheduled receiving truck 

after sending products to the last scheduled shipping truck, 

tk = Number of product type k which is stored in temporary storage in a given iteration of the 

algorithm, 

= Total number of products which transfers directly from receiving truck / to shipping 

truck y when they are scheduled, 

pRTij = Total number of products which transfers from receiving truck / to temporary storage 

when receiving truck i and shipping truck j are scheduled, 

pASj _ jota| number 0f products which transfers from the associate receiving trucks of 

f n \ 
Le. p ASj =2% shipping truck y to shipping truck y 

v *-i 
-AT _ p j ~ Total number of products which transfers from the associate receiving trucks of the 

shipping truck j to temporary storage, 

Ratio: 

pTJSij = Ratio of the number of products transferring from receiving truck i into temporary 

storage to the number of products transferring directly from receiving truck i into 

shipping truck j, 

pA(T/S)j _ Ratio of the number of products transferring from associate receiving trucks Asy of 

shipping truck j into temporary storage to the number of products needed for 

shipping trucky, 

Time: 

pmj = The amount of time shipping truck y stays at the shipping dock. 



www.manaraa.com

30 

4.2.3.2 Selection Strategies for the Best Associate Receiving Trucks 

As mentioned earlier, the heuristic algorithm developed in this research consists of 

two major stages. The first stage of the heuristic algorithm is to find the best associate 

receiving trucks for each unscheduled shipping truck. To find the best associate receiving 

trucks for a certain shipping truck, the algorithm follows the steps presented below: first, 

each unscheduled receiving truck is matched with the shipping truck. For each pair of an 

unscheduled receiving truck and the shipping truck, the number of products that transfer 

directly from the receiving truck to the shipping truck is calculated. The number of products 

that transfer from the receiving truck to temporary storage is also calculated. Thereafter, one 

of the unscheduled receiving trucks is chosen based on one of the following strategies: 

I. Associate Receiving Truck Selection Strategy I 

- The receiving truck that transfers the smallest number of products to temporary 

storage is chosen. 

H. Associate Receiving Truck Selection Strategy 2 

- The receiving truck that transfers the largest number of products to the shipping 

truck is chosen. 

m. Associate Receiving Truck Selection Strategy 3 

- The receiving truck that has the smallest ratio of the number of products transferring 

from a receiving truck into temporary storage to the number of products transferring 

from a receiving truck into the shipping truck is chosen. 

After one of the unscheduled receiving trucks is selected, the needed products for the 

shipping truck are updated. Then, the procedure is continued until the shipping truck loads all 

of its needed products. The detailed explanations about the three selection strategies to find 

the best associate receiving trucks ARj for shipping truck FJ are presented below. 

I. Associate Receiving Truck Selection Strategy I 

For each ft e If and e ARj, the number of products transferring from receiving 

truck fi to temporary storage is calculated; (i.e. pRT
tj is calculated). Calculation of pRT

t] is 

divided into two different cases: 
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i) Shipping truck fj loads all of its needed products after it receives products from receiving 

truck In this case, it is easy to think that no products need to transfer to temporary 

storage because only the needed products for shipping truck fj can be unloaded from 

receiving truck f,. However, this is not always true since after the current shipping truck 

fj leaves, receiving truck f, may still have some products left to be unloaded. Depending 

upon the next scheduled shipping truck, some products in receiving truck f, may transfer 

to temporary storage. Therefore, it is needed to calculate how many units of products 

transfer to temporary storage for each possible case of the next scheduled shipping truck 

fj'. This situation can be expressed as follows: 

If ^[max{syt -r^ ,o}] is zero, then calculate pRTij as follows: 

In equation (4-14), the term, (r'n-Sjk), represents the remaining products in receiving 

truck ft after sending its products to shipping truck fj. Therefore, the term 

transfer to the next scheduled shipping track fj'. However, it will have a positive value if 

the next scheduled shipping truck fj' does not need some products from receiving track 

tr„ thus the products need to transfer to temporary storage. Therefore, equation (4-14) 

represents the least number of products that transfer from receiving track f, to temporary 

storage where shipping truck fj- is the next scheduled shipping truck. 

ii) Shipping track fj needs to load more products after it receives products from receiving 

track fi. In this case, all remaining products in receiving track f, must transfer to 

temporary storage, hi other words, if ^[max{$yt -r* ,o}] is positive, then pRT,j is 

*«i 

yv 
(4-14) 

max{(r^ -s'jk )-s/t ,o} will be zero if all remaining products in receiving truck f, 

calculated as follows: 

p*T« =Ztmaxk ~s'j" -°}]- (4-15) 
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After calculating all pRTij for each unscheduled receiving truck i, the receiving truck 

f i' that has the smallest pRT,j is chosen. If there is a tie, receiving truck f r that has the largest 

pRS
tJ is chosen. In Strategy 2 for the associate receiving truck selection strategy, pRs

tJ is 

defined (in equation (4-16)). Then, the selected receiving truck f r is placed at the end of the 

sequence in set ARj. 

ARj — { ..., f,«}. 

Then, s'jk is updated. The above procedure is continued until shipping truck fj loads 

N 

all of its needed products (i.e. the above procedure is continued until =0). 
km 1 

H. Associate Receiving Truck Selection Strategy 2 

For each f, e If and f, g ARj, the number of products transferring from receiving 

truck fi to shipping truck fj is calculated as follows; (i.e. pRS
tJ is calculated as follows): 

's'jk }]• (4-16) 
kml 

After calculating all for each unscheduled receiving truck /, the receiving truck 

f r that has the largest />% is chosen. If there is a tie, the receiving truck f that has the 

smallest pRTij is chosen. The selected receiving truck f r is placed at the end of the sequence 

in set ARj. 

ARj = {  . . . ,  f, • } .  

N 

Then, s'jk is updated and the above procedure is continued until ^s'jk =0. 

HI. Associate Receiving Truck Selection Strategy 3 

For each fi e If and f, e ARj, the ratio of the number of products transferring from 

receiving truck ft into temporary storage to the number of products transferring from 

receiving truck fi into shipping truck fj is calculated as follows; (i.e. pT/s
tJ is calculated as 

follows): 

L. (4-17) 
P A 
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The value for pRTij can be calculated from equations (4-14) or (4-15) and the value for p*5,, 

can be calculated from equations (4-16). 

After calculating all pT/s
tJ for each unscheduled receiving truck i, the receiving truck 

fr that has the smallest pT/s,j is chosen. If there is a tie, the receiving truck f,- that has the 

smallest pRTij is chosen. The selected receiving truck f r is placed at the end of the sequence 

in set ARj. 

ARj = { ..., f,-}. 

N 
Then, s'jk is updated and the above procedure is continued until XX* =0. 

t« i 

Depending upon the associate receiving truck selection strategy, different associate 

receiving trucks can be formed for the same shipping truck. Because the associate receiving 

trucks of the next scheduled shipping truck are scheduled as the next scheduled receiving 

trucks, choosing a different associate receiving truck selection strategy may affect the 

receiving truck sequence. Meanwhile, as can be seen later, a shipping truck is selected as the 

next scheduled shipping truck based on one of shipping truck selection strategies. The 

shipping truck selection strategies use the information about the amount of flow or time 

associated with the associate receiving trucks and the shipping truck. Therefore, choosing a 

different associate receiving truck selection strategy may affect the shipping truck sequence 

as well. Because choosing a different associate receiving truck selection strategy may affect 

both the receiving and shipping truck sequences, it can also affect makespan. 

To illustrate the effect of the associate receiving truck selection strategy, consider 

Example 1 as described below. Example 1 has four receiving trucks, three shipping trucks 

and four product types. Information about each receiving truck and shipping truck is 

presented in Table 2. It is assumed that all loading and unloading times for all types of 

products are the same and are one unit of time in duration. Then, the associate receiving 

trucks for shipping truck ft can be found as follows. The first step of the algorithm is to 

calculate P*r,7, P*5,/ and Pm,i, where i = 1, 2, 3 or 4, based on the associate receiving truck 

selection strategy for each unscheduled receiving truck f i,f 2, f 3 and f 4. Table 3 shows the 

selected receiving truck in the first iteration based on the associate receiving truck selection 

strategy. As presented in Table 3, various receiving trucks are selected depending on the 
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associate receiving truck selection strategy used. For example, receiving truck f / is selected 

for Strategy 1. If Strategy 2 is used, receiving truck f ? will be selected. Receiving truck fj is 

selected for Strategy 3. After one of the receiving trucks is selected in the first iteration, the 

needed products for shipping truck f i is updated and the procedure is continued until all 

needed products for shipping truck fi are loaded. The complete solution procedure for 

finding the best associate receiving trucks is presented in Appendix A. 

Table 2. Example Set 1 to Illustrate Associate Receiving Truck Selection Strategy 

Receiving Truck Shipping Truck 

Truck Product Quantity 

1 
1 100 

1 
3 50 
1 100 

2 2 50 
3 100 
1 100 

3 2 40 
4 60 

4 
2 100 

4 
4 200 

Truck Product Quantity 

1 
I 100 

1 
2 100 
1 120 

2 3 110 
4 160 
1 80 

3 2 90 
3 40 
4 100 

Table 3. Selected Associate Receiving Truck for Shipping Truck 1 in the First Iteration based 
on the Associate Receiving Truck Selection Strategy 

Trucks Strategy 1 Strategy 2 Strategy 3 

f  18 t f  i  
P*r// = 50* 

(50 units of Product 3) 
P^,, = 100 

(100 units of Product 1) 
P775// = 0.5 

(= 50/100) 

P*T2i = 100 
( 100 units of Product 3) 

PHS
2J = 150" 

(100 units of Product 1 & 
50 units of Product 2) 

PT/S2i= 0.67 
(= 100/150) 

PRT3, — 60 
(60 units of Product 4) 

P^JI = 140 
(100 units of Product 1 & 

40 units of Product 2) 

Pr/S3i = 0.43' 
(=60/140) 

PRT
41 = 200 

(200 units of Product 4) 
PRS4i = 100 

(100 units of Product 2) 
Pr/S4i = 2.00 
(=200/100) 

Selected 
Receiving Truck 

fl 6 fj 
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4.2.3 J Selection Strategies for the Next Scheduled Shipping Truck 

The second stage of the heuristic algorithm is to select the best shipping truck and its 

associate receiving trucks. The selected shipping truck is placed at the end of the shipping 

truck sequence while the associate receiving trucks of the selected shipping truck are placed 

at the end of the receiving truck sequence. For each unscheduled shipping truck and its 

associate receiving trucks, the number of products that transfer from the associate receiving 

trucks to temporary storage is calculated. The amount of time the shipping truck stays at the 

shipping dock and the number of products that are initially needed for the shipping truck are 

also calculated based on the shipping truck selection strategy. Then, the shipping truck and 

its associate receiving trucks are selected based on one of the following strategies: 

I. Shipping Truck Selection Strategy 1 

- The shipping truck and its associate receiving trucks that transfer the smallest 

number of products from the associate receiving trucks to temporary storage are 

chosen. 

H. Shipping Truck Selection Strategy 2 

- The shipping truck that stays the shortest time in the shipping dock is chosen. The 

associate receiving trucks of the selected shipping truck are chosen. 

m. Shipping Truck Selection Strategy 3 

- The shipping truck and its associate receiving trucks that have the smallest ratio of 

the number of products transferring from the associate receiving trucks into 

temporary storage to the number of products needed for the shipping truck are 

chosen. 

Suppose that the associate receiving trucks in set AR
y for the shipping truck fy are 

formed as follows: 

A R j=  { f [ l ] ,  f [2] ,  —.  f [ : ]} •  

N 

Note that f[ij = fl if T * 0 and ^ ru *0. In other words, if there is any scheduled receiving 
*«i 

truck in the receiving truck sequence and the last scheduled receiving track still unloads its 

remaining products after sending products to the last scheduled shipping truck, the last 
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scheduled receiving truck automatically becomes the first associate receiving truck for the 

next scheduled shipping truck. In this case, f[i] e T and f[2j, f[3j, •••/[z] e If. Otherwise, 

f[lb * f[2]t ' f[z] ^ (f • 

I. Shipping Truck Selection Strategy 1 

For each f j  e If  and its associate receiving trucks in set AKJ, the total number of 

products which transfer from the associate receiving trucks in set ARj to temporary storage is 

calculated as follows; (i.e. pATj is calculated as follows): 

PATj — ^.PkT{i\j • (4-18) 
i-i 

The term pRT[ijj presents the number of products transferring from receiving truck /),/ in set 

Akj to temporary storage. The term pRT[ijj is calculated from equation (4-14) or (4-15) in 

Section 4.2.3.2. 

After calculating pAT
} for all fj e If, the shipping truck f j -  that has the smallest p ATj is 

chosen. If there is a tie, the shipping truck fj- that has the largest pASj is chosen. The term pAS
s 

means that total number of products which transfer from the associate receiving trucks of the 

shipping truck fj to the shipping truck fj ^i.e. pASj =^sJk j. The selected shipping truck f}' 

is placed at the end of the sequence in set 7*. 

V ~ { . . . ,  f j*}.  

Then, the associate receiving trucks of f j*  are identified and placed at the end of the 

sequence in set T; (i.e. set A* • is identified and placed at the end of the sequence in set 7**). 

T = { ..., ARj*}. 

The order of receiving trucks in set ARj* must be maintained when they are placed in set T. 

H. Shipping Truck Selection Strategy 2 

For each f j  e If  and its associate receiving trucks in set ARj, the amount of time 

shipping truck fj stays at the shipping dock is calculated; (i.e. p™j is calculated). The staying 

time of shipping truck fj is defined as the amount of time spent from the moment it enters the 

shipping dock to the moment it leaves the shipping dock. Because of the dynamic 
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characteristics of a cross docking operation, however, it is difficult to find the exact staying 

time of shipping truck fj at the dock unless all receiving and shipping truck schedules are 

made. Therefore, the approximation for the staying time of shipping truck fj as presented in 

equat ion  (4-19)  i s  used  to  f ind  the  s tay ing  t ime  of  sh ipp ing  t ruck  f j .  

p m j =p A S
j +p A T j +{z- \ )D,  (4-19) 

The first term, p ASj, presents the total time required for loading products to shipping truck f j .  

The second term, pATj, presents the total unloading time of products that transfer from the 

associate receiving trucks to temporary storage and is calculated from equation (4-18). This 

term, pAT
Jt represents the idle time of shipping truck fj because the maximum idle time which 

can be occurred for shipping truck fj is the value of pATj. The last term, (z-l)D, presents that 

delay time for receiving truck changes. Because the number of receiving trucks of the 

associate receiving trucks in set ARj is (z), the total number of receiving truck changes is 

(z-1). If there are more than one associate receiving truck for shipping truck fj, the delay 

time for the receiving truck changes needs to be considered. Therefore, the last term of 

equation (4-19) will be positive. Otherwise, the last term of equation (4-19) is zero because 

N 

there is no receiving truck change. Note that p A S j  =^s J k  .  
t-i 

After calculating p™; for all fj e If, the shipping truck f j -  that has the smallest p™j 

is chosen. If there is a tie, the shipping truck fj' that has the smallest pATj is chosen. Then, the 

selected shipping truck fp is placed at the end of the sequence in set T. 

V = { ...,F,••}. 

The next steps are the same as in Shipping Truck Selection Strategy 1. Set AHj- is 

identified and placed at the end of the sequence in set T. 

T = { ..., ARJ*}. 

The order of receiving trucks in set ARJ- must be maintained when they are placed in set T. 

HI. Shipping Truck Selection Strategy 3 

For each f , e If and its associate receiving trucks in set ARj, the ratio of the number 

of products transferring from the associate receiving trucks in set ARj into temporary storage 
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to the number of products needed for the shipping truck fj is calculated as follows; (i.e. 

pA(T/S)j is calculated as follows): 

pMT'S). = P^J_ ,4.20, 

P J 

N 

The value forpATj is obtained according to equation (4-18) and pASj=^s j k .  
*-1 

After calculating pA(T/S)j for all fj e If, the shipping truck f j -  that has the smallest 

pA(iys,j is chosen. If there is a tie, the shipping truck fj- that has the smallest pATj is chosen. 

The  se lec ted  sh ipp ing  t ruck  f j •  i s  p laced  a t  the  end  of  the  sequence  in  se t  T.  

V  = { . . . ,  f j - } .  

The next steps are the same as in Shipping Truck Selection Strategy 1. Set ARj- is 

identified and placed at the end of the sequence in set T. 

T = { ..., ARj-}. 

The order of receiving trucks in set ARj- must be maintained when they are placed in set T. 

Depending upon the shipping truck selection strategy, a different shipping truck can 

be chosen as the next scheduled shipping truck. Scheduling of the shipping trucks affects the 

scheduling of the receiving trucks because each shipping truck may have different associate 

receiving trucks. Therefore, implementing different shipping truck selection strategies can 

affect makespan. 

4.23.4 Heuristic Algorithm 

In this section, the complete heuristic algorithms are presented. They are based on the 

concepts presented in the previous sections. The general concepts of the algorithms are as 

described below. 

The heuristic algorithm consists of two major stages of decision. In the first stage, the 

best associate receiving trucks are found for each unscheduled shipping truck. In the second 

stage, one of the unscheduled shipping trucks and its associate receiving trucks are selected 

and scheduled. Once a shipping truck and its associate receiving trucks are scheduled, the 

lists of unscheduled receiving trucks and unscheduled shipping trucks are updated. Next, for 
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each unscheduled shipping track in the updated list, a new set of its associate receiving trucks 

is formed from the updated unscheduled receiving truck list. Again, based on the strategy 

employed, a shipping track and its associate receiving trucks are selected and scheduled. 

Once a shipping truck and its associates are selected and scheduled, the list of unscheduled 

shipping and receiving tracks are again updated. The process of selection, scheduling and 

updating is continued until all trucks are scheduled. 

The detailed algorithmic steps of the heuristic algorithm for the Case 1 problem are as 

shown below. 

HEURISTIC ALGORITHM FOR THE CASE 1 PROBLEM 

STEP 1 

Set r = 0, 7* = 0, l f  = {f i ,  f2 , f j, ...,/*} and I f  = {f  h  f2 ,  f i , . . . , fs}• Set t k  = 0, for*= 1, 

2,..., N. 

STEP 2 

For each shipping track f j  e I f ,  find the best associate receiving trucks as follows: 

2a 

ARj = 0,pATj = 0,pASj = -

t-i 

2b 

If there is no scheduled receiving truck in the receiving track sequence or no products 

remain in the last scheduled receiving track after sending products to the last scheduled 
,v 

shipping track, then set s'jk <- sjk for k =1, 2, ..., N; (i.e. if T = 0 or ]Tru =0, s'jk <-
t=t 

Sjk). Go to 2d in Step 2. 

Otherwise, do the following: 

s'jk «- max{5y* - rik, 0}, for A: =1,2, ...,N. 

A Rj = {f i}-
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N 

If fj needs to load more products, calculate pAT
}. In other words, if ^s'jk *0, calculate 

*-i 

pATj as follows: 
s . 

PA TJ =Xm a xkt  ~ s jk  .° f  
k-l 

Go to 2d in Step 2. 

N 

Otherwise (i.e. if ^s'Jk =0), shipping truck fj loads all of its needed products from the 
*-i 

last scheduled receiving truck. Go to 2A in Step 2. 

M 

If shipping truck fj can loads all of its needed products from temporary storage, the 

associate receiving trucks for the shipping truck f, are found. In other words, if 

^[max{sy4 -tk ,0}]=0, go to 2h in Step 2. Otherwise, go to 2e in Step 2. 
*-t 

2e 

For each receiving truck f, e If and f, e ARj, do one of the following calculations based 

on the associate receiving truck selection strategy employed: 

i) Associate Receiving Truck Selection Strategy 1 

Calculate the number of products transferring from receiving truck f, to temporary 

storage, hi other words, calculate pRTij as presented in Equation (4-14) or (4-15). 

ii) Associate Receiving Truck Selection Strategy 2 

Calculate the number of products transferring from receiving truck f , to shipping 

truck fj. In other words, calculate pRS
tj as presented in Equation (4-16). 

iii) Associate Receiving Truck Selection Strategy 3 

Calculate the ratio of the number of products transferring from receiving truck into 

temporary storage to the number of products transferring from receiving truck f, into 

shipping truck fj. In other words, calculate pmij as presented in Equation (4-17). 
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U 

Choose the receiving truck fr e If based on one of the associate receiving truck 

selection strategies employed as presented in Section 4.2.3.2. Place the selected receiving 

truck fi- at the end of the sequence in set ARj. 

ARj =  {  . . . ,  f, * } .  

is. 
Update s'jk based on the selected receiving truck as follows. 

s'jk *- max{sy* - r(«jt, 0}, for k =1,2, ...,N. 

If fj needs to load more products, go to 2d in Step 2 to find the next associate receiving 

s 
truck; (i.e. *0, go to 2d in Step 2). Otherwise, go to 2h in Step 2. 

k-l 

2h 

Check whether there is any shipping truck that does not have its associate receiving 

trucks. If there is any shipping truck that does not have its associate receiving trucks, go 

to the beginning of Step 2 to identify its associate receiving trucks. Otherwise, go to Step 

3. 

STEP 3 

For each shipping truck fj e If and its associate receiving trucks ARj obtained from Step 2, 

do one of the following calculations based on the shipping truck selection strategy employed: 

3a Shipping Truck Selection Strategy 1 

Calculate total number of products that transfer from the associate receiving trucks in set 

ARj to temporary storage. In other words, calculate pATj as presented in Equation (4-18). 

3b Shipping Truck Selection Strategy 2 

Calculate the amount of time the shipping truck fj stays at the shipping dock. In other 

words, calculate p™j as presented in Equation (4-19). 
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3c Shipping Truck Selection Strategy 3 

Calculate the ratio of the number of products transferring from the associate receiving 

trucks in set ARj into temporary storage to the number of products needed for the shipping 

truck fj. In other words, calculate pA(T/S)j as presented in Equation (4-20). 

STEP 4 

Choose the shipping truck f j -  e I f  based on one of the shipping truck selection strategies 

employed as presented in Section 4.2.3.3. Remove shipping truck fy* from set If and place it 

at the end of the sequence in set T. 

T = {. . . ,  f j*}.  

STEPS 

Identify the associate receiving trucks of fy* that are found in Step 2. In other words, identify 

ARj'. Remove the receiving trucks in set ARj- from set If and place them at the end of the 

sequence in set T. 

T = { ..., ARj*}. 

The order of receiving trucks in set ARj- must be maintained when they are placed in set T. 

STEP 6 

Update the values of f i, and tk based on the selected shipping truck and its associate 

receiving trucks. 

STEP 7 

If If = If = 0, stop; the receiving and shipping truck sequences are found. Set T presents 

the receiving truck sequence while set T shows the shipping truck sequence. Otherwise, go 

to Step 2. 

Figures 6 and 7 describe the algorithmic steps of the heuristic algorithm for the Case 

1 problem. The complete solution procedure of Example 1 in Section 4.2.3.2 is presented in 

Appendix A. 



www.manaraa.com

43 

Follow one of the branches based on 
the Shipping Truck Selection Strategy. 

Strategy 2 Strategy 3 Strategy 1 

Step 7 : Are there 
any unscheduled 
shipping trucks? 

Yes 

No 

Step 7 : 
Stop. Receiving and shipping truck sequences are found. 

Step 1 : 
Initialize sets for receiving truck sequence and 
shipping truck sequence. 

Steps 3 &4: 
Choose and schedule a shipping truck based on one of 
the following strategies employed: 

SÎSBLZ '• 
For each unscheduled shipping truck, find the best 
associate receiving trucks from Subroutine I. 

Steps S : 
Schedule the associate receiving trucks of the selected 
shipping truck at the end of the receiving truck sequence. 

Choose the shipping truck 
that has the minimum 
number of products 
transferring from the 
associate receiving trucks to 
temporary storage. 

Choose the shipping truck 
that stays the shortest time in 
the shipping dock. 

Choose the shipping truck that 
has the minimum ratio of the 
number of products transferring 
from the associate receiving 
trucks into temporary storage to 
the number of products needed 
for the shipping truck. 

Update following information: 
I. The last scheduled receiving truck. 
n. The remaining number of products in the last scheduled receiving truck. 
III. The number of products that are currently stored in temporary storage. 

Figure 6. Heuristic Algorithms for the Case J Problem 
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From Step 2h 
.(Yes) 

No Step 2b: 
Satisfy both? 

To Step 2d. 

Yes 

Step 2c : 
Does the shipping truck need to 

load more products? 

No 

Yes 

To Step 2h. To Step 2d. 

Subroutine 1 

Step 2 : For each unscheduled shipping truck, do the following. 

Step 2c : Update the number of products transferring from the 
associate receiving trucks to the shipping truck 

Step 2a : Initialize data for a shipping truck that does not have its 
associate receiving trucks. Set the associate receiving truck list to 
empty. 

Step 2b : 
I. Update the number of products in the shipping truck. 
Q. Schedule the last scheduled receiving truck as the associate 

receiving truck of the shipping truck. 

Step 2b : Check whether there is any scheduled receiving truck, 
and if there is, check whether the last scheduled receiving truck 
loads its remaining products after sending products to the last 
scheduled shipping truck. 

Figure 7. Subroutine 1 of the Heuristic Algorithms for the Case 1 Problem 
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From Step 2p. 
(Yes) 

Step 2d : Check whether the shipping truck can loads all of its needed 
products from temporary storage and can leave the shipping dock. 

Follow one of the branches based on the 
Associate Receiving Truck Selection Strategy. 

Step 2d : 
Can leave? 

To Step 2h. 

Strategy I L Strategy 2 Strategy 

Step 2e : For each 
unscheduled receiving truck, 
calculate the number of 
products transferring from 
the receiving truck to 
temporary storage. 

I 

Step 2e : For each 
unscheduled receiving truck, 
calculate the number of 
products transferring from 
the receiving truck to the 
shipping truck. 

I 

1 
Step 2e : For each 
unscheduled receiving 
truck, calculate the ratio of 
the number of products 
transferring from the 
receiving truck into 
temporary storage to the 
number of products 
transferring from the 
receiving truck into the 
shipping truck. 

I 
Step 2f : Choose the receiving 
truck that has the smallest 
number and schedule it in the 
associate receiving truck 
sequence. 

Step 2f : Choose the receiving 
truck that has the largest 
number and schedule it in the 
associate receiving truck 
sequence. 

Step 2f : Choose the 
receiving truck that has the 
smallest ratio and schedule 
it in the associate receiving 
truck sequence. 

\ r 

To Step 2z. 

Figure 7. (continued) 
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Step 2s : Does the 
shipping truck need to load 

more products? 

Yes 
To Step 2d. 

No 
From Step 2c. 

(No) 
From Step 2d. 

(Yes) 

Step 2h : Is there any 
shipping truck that does not 
have its associate receiving 

trucks? 

Yes 
To Step 2. 

No 

End of Subroutine 1 

Step 2f : Update the number of product in the shipping truck. 

Figure 7. (continued) 
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4.2.3.5 Different Loading and Unloading Times 

So far, it has been assumed that all unloading times and loading times are the same 

for all products. Now, suppose unloading times and loading times for each type of products 

are different from one another. Then, the heuristic algorithm can be applied for this situation 

with a little modification. The major concerns, so far, is to minimize the total number of 

products that pass through temporary storage. If it is assumed that loading time and 

unloading time are different for each type of product, the objective will be changed to 

minimizing the total time required for products that pass through temporary storage. 

For this situation, the associate receiving truck selection strategy is slightly modified 

as follows: 

I. Modified Associate Receiving Truck Selection Strategy 1 

- For each pair of unscheduled shipping truck and the matched or paired receiving 

truck, the total unloading and loading time required for products that pass through 

temporary storage is calculated. 

- Then, the receiving truck that has the smallest total time required is chosen. 

H. Modified Associate Receiving Truck Selection Strategy 2 

- For each pair of unscheduled shipping truck and the matched or paired receiving 

truck, the total unloading and loading time required for products that transfer 

directly from the receiving truck to the shipping truck is calculated. 

- Then, the receiving truck that has the largest total time required is chosen. 

01. Modified Associate Receiving Truck Selection Strategy 3 

- For each pair of unscheduled shipping truck and the matched or paired receiving 

truck, the ratio of the total time required to move products through temporary 

storage as obtained from Modified Strategy 1 to the total time required to transfer 

products directly from receiving truck to shipping truck as obtained from Modified 

Strategy 2 is calculated. 

- Then, the receiving truck that has the smallest ratio is chosen. 
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The shipping truck selection strategy is slightly modified as follows: 

I. Modified Shipping Truck Selection Strategy I 

- For each unscheduled shipping truck and its associate receiving trucks, the total 

unloading and loading time required for products that pass through temporary 

storage is calculated. 

- Then, the shipping truck and its associate receiving trucks that have the smallest 

total time required are chosen. 

H. Modified Shipping Truck Selection Strategy 2 

- The shipping truck that stays the shortest time in the shipping dock and its 

associate receiving trucks are chosen. 

HI. Modified Shipping Truck Selection Strategy 3 

- For each unscheduled shipping truck and its associate receiving trucks, the total 

unloading and loading time required for products that pass through temporary 

storage is calculated. The total unloading and loading time required for products 

that transfer directly from the associate receiving trucks to the shipping truck is 

also calculated. Then, the ratio of total time required for products that pass 

through temporary storage to the total time required for products that transfer 

directly from the associate receiving trucks into the shipping truck is calculated. 

- The shipping truck and its associate receiving trucks that have the smallest ratio 

are chosen. 

Equations (4-14) to (4-20) can be easily modified to determine the amount of time 

spent instead of the number of products. The appropriate time factors such as «*, /*, u'k or / * 

can be multiplied to the number of products in order to calculate the amount of time spent, 

where time factors uk, lk, u'k and / * are defined as follows: 

Uk = Unloading time for one unit of product k from a receiving truck onto the dock, 

lk = Loading time for one unit of product k from the dock to a shipping truck, 

u'k = Unloading time for one unit of product k from conveyor to temporary storage, 

fk ~ Loading time for one unit of product k from temporary storage to a shipping truck. 
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4.2.4 Tabu Search 

The tabu algorithm is a search technique aimed at building extended neighborhood 

procedures, with particular emphasis on avoiding being caught in a local optimum. Similar to 

simulated annealing and genetic algorithm, the tabu search method has been widely used to 

solve problems of practical sizes in recent years. 

4.2.4.1 General Concepts of Tabu Search 

The basic form of the tabu search is founded on ideas proposed by Fred Glover. The 

method is based on procedures designed to cross boundaries of feasibility or local optimality, 

which were usually treated as barriers. A tabu search is a meta-heuristic technique that guides 

a local heuristic search procedure to explore the solution space beyond local optimality. The 

local procedure is a search that uses an operation called move' to define the neighborhood of 

any given solution. One of the main components of the tabu search is its use of adaptive 

memory, which creates a more flexible search behavior. Memory-based strategies are 

therefore the hallmark of tabu search approaches (Glover, 1997). 

The idea of the tabu search is quite simple. In a tabu search, the best move available 

is always taken, even if this makes the objective value somewhat worse. This is basically a 

diversification move, because intensification is momentarily of no advantage. Now, if the 

move gets out of the local optimum on the very next move, the objective can probably be 

decreased the most by moving right back to the same local optimum. Therefore, the search 

has to be forced to continue diversifying for a few moves. The approach that the tabu search 

employs to prevent returning to the same local optimum is to keep a list of the last m moves 

and not to allow moves in the list to be repeated while they remain on the list (they are 

currently "tabu"). Glover gave the number of moves, m, in the list typically to be set equal to 

7 (i.e., m = 7). 

Before reaching the local optimum, the neighborhood procedure will improve at each 

step, so that no repetition is possible and the current m moves, which are "tabu" would never 

be chosen anyway. However, after leaving the local optimum and attempting to try to 

diversify into a different region of solutions, the tabu list hopefully forces diversification 

until the old solution area is left behind. 



www.manaraa.com

50 

A tabu search has the following characteristics: 

(a) The local optimum trial solution can be saved as the best to date, so that nothing is lost by 

continuing. 

(b) The main extra work in the procedure is in keeping an updated list of the last m solution 

sequences and in checking whether each proposed new step is "tabu". 

(c) The procedure will not stop even if, in fact, the global solution has been found; there 

must be some other termination procedure even if it is only the number of moves or 

elapsed time. 

(d) Since a tabu search requires the best move at each choice point, rather than simply an 

improved one (which may not exist), the selection of a move may become very expensive 

for very large problems if the neighborhood (number of possible next choices) of a move 

is very large and/or if the computation involved in evaluating each interchange is very 

large. 

(e) There is the idea of an aspiration criterion in tabu search. If a solution is the best solution 

found to date or it is interesting for some reason, there is no justification to make the 

solution tabu. So one or more aspiration criteria can be defined that are used to overrule 

the tabu criteria. If a solution satisfies the aspiration criterion, it is exempted from being 

tabu. That is, exploring new directions out of this point is more interested than the point 

itself. 

A tabu search is the modern form of an extended neighborhood search. Neighborhood 

search is a general purpose heuristic technique, which can provide results often very close to 

optimal at a practical computational cost. The basic elements of the neighborhood search 

procedure are: 

(a) A starting solution to the problem of interest - the original seed. 

(b) All solutions "close to" the original solution - the neighborhood of the seed. 

(c) A method for selecting the new seed (improved solution) - the selection criterion. 

(d) A method for terminating the procedure - the termination criterion. 

The neighborhood search procedure may be used for quite complicated problems where a 

solution is itself very complex. 
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4.2.4 J Tabu Search applied to the Case 1 Problem 

Similar to the heuristic algorithm for the Case 1 problem presented earlier, tabu 

search for the Case I problem was developed to minimize the number of products that pass 

through temporary storage. Therefore, the solution of the tabu search is presented as the 

number of products that pass through temporary storage. Tabu search for the Case I problem 

used the following basic elements of the neighborhood search procedure: 

1. Initial Seed - There are a number of ways of obtaining the initial seed. The initial seed is 

randomly picked for the Case 1 problem. 

2. Neighborhood of the Current Solution - The adjacent pairwise interchange operation is 

used to generate a neighborhood of a current solution. Suppose the current receiving 

truck sequence and shipping truck sequence are scheduled as follows: 

{f[\] ,  f[2],  f[3] f[R-I] ,  f[R]} & T= {f[i] ,  f[2],  f[3] f fS-IJ.  f[S]} •  

Then, the neighborhood of the current solution would be exactly the following (R+S-2) 

sequences: 

T= {f(2],  f[I j ,  f[3],  f[R-l] ,  f[R]} & T = {f[l] ,  f[2],  f[3],  . . . .  f[S-IJ.  I s[S]}•  

(Interchange receiving trucks (w and f !2j). 

T - { f [ I ] ,  f [ 3 J .  f [ 2 ] ,  f [ R - l ] ,  f [ R ] }  &  T  =  { f f l ] ,  f [ 2 J ,  f [ 3 ] ,  . . . .  I s [ S - I J ,  I s [ S ] } .  

(Interchange receiving trucks (and (w). 

O 

O 

T = {f[lJ ,  f[2}.  ([3],  f[RJ,  f[R-l]}  & 7* = {?[!] ,  f[2],  f[3],  —. ?[S-l] ,  ?[S]} •  

(Interchange receiving trucks f [R.,t and (m). 

T  =  { f [ I ] ,  f [ 2 ] ,  { [ 3 1 ,  — ,  f ( R - l l .  f [ R l )  S l V  =  { f [ 2 1 .  t [ I I .  f [ 3 ] ,  — ,  t [ S - l ] ,  ? [ S ] )  •  

(Interchange shipping trucks f [ t ]  and f P I ) .  

T-{f[I] ,  {[2J,  f[3],  —, f[R-l] ,  f[R]} 8cT = {f[I] ,  f[3],  f[2].  —. I s[S-l] .  f[ .S]\-

(Interchange shipping trucks f[2! and f[3I). 
O 

O 

r=  {f[l] ,  f[2}.  3].  . .  f[R-l] ,  f[R]} & T = f[2].  ?[3],  —. ?[S].  f[S-l]}-

(Interchange shipping trucks f [ S .// and I s
[S/). 
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Even though this neighborhood limits the number of new choices to search, it is relatively 

small and easy to generate, so there is a trade-off. 

3. Selection Criterion - To select the next solution after the adjacent pairwise interchange, 

all solutions in the neighborhood are evaluated and the best solution among all 

neighborhood solutions is chosen as the next solution even if this makes the objective 

function value somewhat worse. 

4. Termination - Tabu search will stop if there is no improvement of the objective for a 

maximum number of iterations specified by the user. In other words, if a certain number 

of consecutive solutions do not improve the current best solution, the algorithm will stop. 

For the Case 1 problem, 1000 were used as the maximum number of iterations. 

5. Number of Tabu List - As Glover suggested, a list seven tabu points were used for this 

algorithm. 

In order to explain the tabu search algorithm for the Case 1 problem, the following 

notations are used: 

i = Number of iteration, 

K = Maximum number of iterations allowed which was set by a user, 

T = Ordered set of the current receiving and shipping truck sequences, 

T'= Best neighborhood of the current receiving and shipping truck sequences, 

7* = Ordered set of the best receiving and shipping truck sequences, 

The tabu search algorithm used for the Case 1 problem is as presented below. 

TABU SEARCH ALGORITHM FOR THE CASE 1 PROBLEM 

STEP 1 

Generate the initial receiving and shipping truck sequences randomly. Set the current 

sequence as the initial sequence; (i.e. set T). 
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STEP 2 

Select the next receiving and shipping truck sequences as follows: 

(2a) For each neighborhood sequence of the current sequence, if there is the same sequence 

of the neighborhood sequence in the tabu list, do not consider the neighborhood 

sequence as the next sequence. Otherwise, calculate the total number of products that 

pass through temporary storage for the neighborhood sequences of the current 

sequence. 

(2b) Among all neighborhood sequences considered in Step (2a), choose the next receiving 

and shipping truck sequences as the neighborhood sequence that has the smallest total 

number of products that pass through temporary storage; (i.e. Choose 7"). 

STEP 3 

Set the current sequence as the next sequence; (i.e. set T <— 7"). 

STEP 4 

If the current sequence is the best solution found so far, set the best sequence as the current 

sequence (i.e. f «- Ie) and set the number of iteration to I; (i.e. set / = 1). Go to Step 2. 

Otherwise, increase the number of iterations by 1 ; (i.e., set / <— i+1). 

STEPS 

If the number of iteration is greater than the maximum number of iteration (i.e. i > K), stop. 

Choose the best sequence as the best solution found so far. The best receiving and shipping 

truck sequences are found. Otherwise, go to Step 2. 

Figure 8 describes the algorithmic steps of the tabu search algorithm for the Case 1 

problem. 
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Step 2 a 
Same sequence in the 

tabu list? 

Yes 

No 

Step 4 
Is the current sequence 

the best solution? 

No 

Yes 

Step 5 Is the stopping 
condition satisfied (i.e., 

maximum number of 

No 

Step 2 a 
Do not consider it as 
the next sequence. 

Step 3 Set the current sequence as the next sequence. 

Step 2a For each neighborhood, check the tabu list 

Step 4 Increase the number of 
iterations by 1. 

Step 2a Calculate the total number of products that 
pass through temporary storage. 

Step I Generate the initial sequence randomly and set 
the current sequence as the initial sequence. 

Step 4 Set the best sequence as the current sequence 
and set the number of iterations to 1. 

Step 2 Select the next sequence as follows: (From Step 
2a to Step 2b). 

Step 2b Choose the next sequence as the neighborhood 
that has the smallest number of products that pass 
through temporary storage. 

Step S Is the stopping 
condition satisfied (i.e., 

maximum number of 
iterations reached)? 

Step 5 Stop. The best receiving and 
shipping truck sequences arc found. Yes 

Figure 8. Tabu Search Algorithm for the Case I Problem 
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4.2.5 Branch and Bound Method 

M Section 4.2.2, the complete enumeration approach was used to find the global 

optimal solution. However, the enumeration approach is not practical to solve reasonable size 

problems as pointed out in Section 4.2.2. Another solution method used in the research that is 

able to find the global optimal solution is the branch and bound approach. If a good starting 

solution is available, the solution can be used as an initial upper bound to the problem in the 

branch and bound algorithm. With a good starting solution as the initial upper bound, the 

branch and bound tree should be easily explored, pruned, and completed very quickly. 

Branch and bound is a useful method for solving many combinatorial optimization 

problems. As its name implies, the approach consists of two fundamental procedures. 

Branching is the process of partitioning a large problem into two or more subproblems, and 

bounding is the process of calculating a lower bound on the optimal solution of a given 

subproblem (Baker, 1974). 

The branching procedure replaces an original problem by a set of new problems that 

are 

(i) mutually exclusive and exhaustive subproblems of the original problem, 

(ii) partially solves versions of the original problem, and 

(iii) smaller problems than the original. 

Furthermore, the subproblems can themselves be partitioned in a similar fashion. 

The basic idea of branching is to conceptualize the problem as a decision tree. From 

each decision point, called a node, for a partially completed solution, there grows a number 

of new branches. Each branch makes each possible decision point. These in turn become new 

nodes for branching again, and so on. Leaf nodes, which cannot be branched from any further 

represent complete solutions. If the solutions for all the leaf nodes are found, the lowest of 

these will be the optimal solution. Of course, this will be too expensive except for very small 

problems. This is where the bounding procedure comes in. 

Suppose that at some intermediate stage a complete solution has been obtained that 

has a performance measure it. Suppose also that a subproblem encountered in the branching 

process has a lower bound o > n. Then that subproblem need not be considered any further in 

the search for an optimum; all branches sprouting from this node and their descendants from 
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the tree can be pruned. When a subproblem (equivalently a node) is found not to be worthy 

of further branching, such a node is said to be fathomed. By not branching any further from 

fathomed nodes, the enumeration process is curtailed (Morton, 1993). 

For the Case 1 problem, the branch and bound method is applied to the original 

problem using the best solution from the heuristic algorithm as the initial upper bound. In 

each node, the total number of products passing through the temporary storage is calculated. 

In the typical scheduling problem, only one schedule needs to be made for the problem. 

However, in the cross docking problem, two sequences need to be made; one is the receiving 

truck sequence and the other is the shipping truck sequence. Therefore, the typical branch 

and bound method needs to be modified to construct two sequences. 

For the Case 1 problem, the following branch and bound method is suggested. 

1. Take the current best solution, 7t, from the heuristic algorithm as an upper bound to the 

problem. 

2. Next, solve the original problem using branch and bound and compute the total number 

of products, o, that pass through the temporary storage at each node based on the solution 

up to that node. 

3. Compare the total number of products passing through the temporary storage, a, with the 

current best solution, n. 

a) If o is equal to or greater than the current best solution, fathom the node. 

b) If the leaf node is reached and a is equal to or greater than the current best solution, 

fathom the node. 

c) If the node is a leaf node and cr is lower than the current best solution, update the 

current best solution, 7t <— a. 

4. Continue until all nodes are fathomed. 

The nodes indicate the trucks being scheduled. The sequence of the nodes indicates 

the order in which the trucks are scheduled at the docks. The following branching strategy 

was developed for the Case 1 problem. 

1. The first node branched from the root node is used for the shipping trucks. 

2. If all products for the last scheduled shipping truck are filled from the scheduled 

receiving trucks, the next branch will be used for a shipping truck. Otherwise, the next 
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branch will be used for a receiving truck. This strategy will be explained later with an 

example. 

The suggested branch and bound method is applied to an example problem referred to 

as Example 2. The problem has three receiving trucks, four shipping trucks and nine product 

types. Information about each receiving truck and shipping truck is presented in Table 4. It is 

assumed that all loading and unloading times for all products are the same and are one unit of 

time in duration. 

Table 4 is the same test set as Test Set 10 in Appendix B. The optimal solution for 

this problem was 155 products obtained from the complete enumeration method. (The total 

number of products that passed through the temporary storage is 155.) The optimal sequence 

for the receiving trucks is 1—»3—»2 and the optimal sequence for the shipping trucks is 

4—>1—•3-*2. The heuristic algorithm also found the same optimal solution. 

Table 4. Example Set 2 to Illustrate the Branch and Bound Method for the Case 1 Problem 

Receiving Truck Shipping Truck 

Truck Product Quantity 
1 64 
2 58 
3 19 
4 38 

1 5 19 
6 58 
7 19 
8 7 
9 58 

2 5 132 
9 118 
2 49 

3 7 97 
8 49 
9 145 

Truck Product Quantity 
4 38 

1 6 29 
8 28 
5 151 

2 6 10 
7 12 
8 28 
2 41 

3 6 19 
7 61 
9 229 
1 64 
2 66 

4 3 19 
7 43 
9 92 
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After applying the branch and bound method to Example 2, the solution was obtained 

as presented in Figure 9. Figure 9 illustrates how the suggested branch and bound method 

works. From the figure, the optimal path is obtained as follows: 

Root-*S4-*Rl -+R3 —&S1 ——+R2 —+S2. 

Suppose node RJ as shown in (a) of Figure 10 needs to be branched from at a given 

iteration. From the branch and bound tree, it can be seen that receiving truck 1 and shipping 

truck 4 are scheduled up to this point. At this point, the shipping track 4 does not load all of 

its needed products yet. In other word, the shipping truck 4 needs to load more products after 

it loads products from receiving truck 1. Therefore, the tree will branch out next on the 

remaining receiving trucks again as shown in (b) of Figure 10. Now, suppose node R3 as 

shown in (c) of Figure 10 needs to be branched in a given iteration. Then, the shipping truck 

4 is ready to leave the shipping dock because it has loaded all of its needed products from 

receiving track 1 and receiving track 3. Therefore, the system will branch out next on the 

remaining shipping tracks as shown in (d) of Figure 10. The remainder of the branching 

process continues in a similar fashion until all nodes are fathomed and the optimal solution is 

found. 

As can be seen in Figure 9, the amount of calculations for a branch and bound method 

can decrease dramatically by starting with a good upper bound obtained from the heuristic 

algorithm. For the problem in Example 2, the entire problem was completely enumerated 

implicitly in 31 nodes by the branch and bound method. If the exhaustive enumeration 

method is used, the total possible number of combinations for receiving and shipping trucks 

is 144, which is much larger than 31. For a small problem, it is possible that the amount of 

calculations required for the branch and bound method is larger than the amount of 

calculations required for the exhaustive enumeration method. This is because the total 

number of nodes in the branch and bound tree is larger than the total number of possible 

truck sequences or leaf nodes in the branch and bound tree. However, the amount of 

calculations for the branch and bound technique is generally smaller than the amount of 

calculations required by the enumeration method, if a good initial upper bound is used as 

shown in Example 2. Therefore, the branch and bound method can be used to find the 

optimal solution for moderate size problems. 
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Optimal Solution : 155 
Best Heuristic Solution: 155 

Root 

Falhemed Falhemed Falhemed Falhemed 
410 

Fathomed Falhemed 

S3 

132 93 

R2 R3 

R3 RI 

122 

RI 

fi) R2 

Falhemed Fathomed Falhemed Falhemed 

122 

SI 

S4 

R2 R3 

Falhemed Falhemed 
122 

R3 

356 

S2 S3 

Optimal Sequences: 
Receiving Truck: 1-3-2 
Shipping Truck: 4-1-3-2 

355 

Falhemed 

155 Falhemed Falhemed 

Figure 9, Branch and Bound Method for the Case / Problem 

S3 

R2 

S2 

155 

155 

'Optimal Solution 
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SI 

(b) (c) (d) 

Figure 10, Explanation of Branching Strategy for the Case I Problem 
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4.2.6 Makespan for the Case 1 Problem 

From the solution of the Case 1 problem, the following information is known: the 

receiving track sequence, the shipping track sequence, the product routing, and the total 

number of products transferred from a receiving track to a shipping track. With the above 

information, the makespan of a cross docking operation can be found. Unfortunately, the 

makespan cannot be expressed in a single equation because of the dynamic characteristics of 

a cross docking operation. Therefore, a procedure was developed to find the makespan of a 

cross docking operation for the Case 1 problem. The procedure first finds the departure time 

of the receiving tracks in the receiving track sequence, and then the departure times of the 

shipping tracks in the shipping truck sequence. Throughout this section, it is assumed that all 

unloading times and loading times are the same for all products and is one unit of time. 

4.2.6.1 Notations 

To find the makespan for the Case I problem, the following notations are used: 

Time: 

T = Makespan, 

Ffij = Time at which the ih positioned receiving track in the receiving track sequence leaves 

the receiving dock, 

L[jj = Time at which the fh positioned shipping track in the shipping track sequence leaves 

the shipping dock, 

Data: 

R = Number of receiving tracks in the set, 

S = Number of shipping tracks in the set, 

N=Number of product types in the set, 

D = Delay time for track change, 

V= Moving time of products from the receiving dock to the shipping dock, 

r[ijk - Number of units of product type k initially loaded in the ih positioned receiving track 

in the receiving track sequence, 

S[j]k = Number of units of product type k initially needed for the jh positioned shipping truck 

in the shipping track sequence, 
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t[i][j] = Total number of units of product type k which transfers from the th positioned 

receiving truck in the receiving truck sequence to the fh positioned shipping truck in 

the shipping truck sequence, 

f1' tf'mr/i >0 

1,1171 [0, Otherwise 

4.2.6.2. Calculation of Makespan for the Case 1 Problem 

Suppose that the solution is presented as follows, where [i] represents the ih sequence 

position in a set rather than the number i itself. 

T  =  {  f [ l j ,  f [ 2 ] ,  . . . .  f [ R - i ] ,  f [ R ]  } •  

F =  {  ?  [ I ] ,  - ,  ? [ S - I ] ,  ? [ S ]  } .  

Then makespan is calculated by finding the departure times of the receiving and shipping 

trucks. The procedure for calculating makespan is presented below. 

1. Find the departure time of the receiving trucks corresponding to the receiving truck 

sequence as follows (i.e. find Ffij): 

i) For the departure time, Fpj,  of the first scheduled receiving truck / = I. 

f)//=  X 1  (4--1) 
*-! 

The departure time of the first scheduled receiving truck, Ffij, is simply the same as 

the total  unloading t ime required for  receiving truck f  ( i j .  

ii) For the departure time of the second scheduled receiving truck, Fp/,  to the last 

scheduled receiving truck, Fm. 

F m = Ffi . i j  + D+ .  for 2 <i<R (4-22) 
*»i 

The departure time of the second scheduled receiving truck to the last scheduled 

receiving truck is the same as the sum of the departure time of the previously 

scheduled receiving truck (i.e. Fp.ij), the delay time for the receiving truck change, 

and the total unloading time required for receiving truck f 
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2. Find the departure time of the shipping trucks corresponding to the shipping truck 

sequence (i.e. find Lgj). 

For the departure time of the fh scheduled shipping truck, Ly. 

Lq] = max {A/, X2} . (4-23) 

where, 

A'"5g{v(nui('r('i-É,m« + 

N 

À2 = L[j.ij + D + £ s[y]4 . (4-25) 
*« i 

Equation (4-23) implies that the departure time of the shipping truck is the same as the 

larger value of two components A/ and Aj. In the first component A/, the term, 

N 

F m ,  r e p r e s e n t s  t h e  t i m e  a t  w h i c h  t h e  t h  p o s i t i o n e d  r e c e i v i n g  t r u c k  i n  t h e  
*«i 

receiving truck sequence enters into the receiving dock. Therefore, the first component A/ 

represents the time at which the jh positioned shipping truck finishes loading products 

transferring from the last scheduled receiving truck among receiving trucks which 

transfer products to the jh positioned shipping truck. The second component A? is the sum 

of the departure time of the previously scheduled shipping truck delay time for a 

shipping truck change, and the loading time of all needed products for shipping truck Isuj. 

3. After the departure times for all the shipping trucks are found, makespan is L[$j which is 

the departure time of the last scheduled shipping truck or as given below in equation (4-

26). 

T=L[sj .  (4-26-a) 

T= max {L[/j }. (4-26-b) 

t«t 
['Uy'l + v (4-24) 

If different loading time and unloading time are assumed for each type of products, 

the appropriate time factors such as uk, lk, uk or can be multiplied to the number of 

products in order to calculate makespan. The notations u*, /*, and / * are defined in section 

4.2.3.5. 
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4.3 Implementation and Results 

Twenty sets of test problems were randomly generated to test the performances of the 

heuristic algorithms. The test problems are presented in Appendix B. The first ten sets are the 

smallest test sets. The range for the number of receiving trucks and shipping trucks is three to 

five, respectively. Total numbers of products in the set are between 890 and 1030 units. The 

next ten sets are of moderate size. The number of receiving trucks and shipping trucks are 

from four to six, respectively. The range for the number of products is 1180 to 2030 units. 

After applying the complete enumeration method and the heuristic method to the 

twenty test problems, the solutions are obtained and they are as presented in Tables 5 and 8. 

Each method was applied twice with different objectives; 1) minimizing the number of 

products that pass through temporary storage, and 2) minimizing makespan of a cross 

docking operation. Table 5 shows the optimal solutions and the worst solutions found by 

enumerating over all possible sequences. The solutions were found with the objective of 

minimizing the number of products that pass through temporary storage. Table 5 also shows 

the average solution of all possible sequences. 

Table 6 presents the solutions obtained from the heuristic algorithms. The same 

objective as in Table 5 was used. Because there are three associate receiving truck selection 

strategies and three shipping truck selection strategies, a total of nine combinations of 

strategies are possible. From here, the following notations will be used for convenience: 

RSI - Associate receiving truck selection strategy 1. 

RS2 - Associate receiving truck selection strategy 2. 

RS3 - Associate receiving truck selection strategy 3. 

551 - Shipping truck selection strategy 1. 

552 - Shipping truck selection strategy 2. 

553 - Shipping truck selection strategy 3. 

Table 6 shows solutions for all the nine algorithms as well as the compound heuristic 

solution of the nine algorithms. The compound heuristic solution is defined as the best 

solution found after applying all nine heuristic algorithms. For the first ten test problem sets, 

the heuristic algorithm found the optimal solution in six problem sets. For the last ten test 

problems, the heuristic algorithm found the optimal solution in three problem sets. 
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Table 5. Number of Products passing through Temporary Storage founded by Searching All Possible Sequence Combinations 
for the Case I Problem 

Set 
Number of 
Receiving 

Truck 

Number of 
Shipping 

Truck 

Number of 
Product 

Type 

Possible 
Combinations 

Optimal 
Solution 

Optimal 
Sequence 

Worst 
Solution 

Worst 
Sequence 

Average 

1 4 5 4 2880 93 
R: 2-4-1-3 

S: 4-3-5-1-2 
645 

R: 2-3-4-1 

S: 5-1-2-3-4 
421.54 

2 5 4 6 2880 147 
R: 1-4-3-5-2 

S: 3-2-1-4 
772 

R: 2-3 4-5-1 

S: 3-1-2-4 
417.95 

3 3 3 8 36 233 
R: 3-1-2 

S: 1-3-2 
461 

R: 1-3-2 

S:2-1-3 
356.53 

4 5 5 8 14400 265 
R: 1-3-2-4-5 
S: 2-5 4-1-3 

792 
R: 1-2-3-5-4 
S: 1-2-3-4-5 

556.28 

5 5 3 8 720 180 
R:3-5-1-4-2 

S: 1-2-3 
546 

R: 1-2-3-5-4 

S. 2-1-3 
446.54 

6 4 4 5 576 151 
R: 1-2-4-3 

S: 1-4-2-3 
789 

R: 2-3-4-1 

S: 1-2-3-4 
430.44 

7 5 4 6 2880 127 
R: 3-5-1-2-4 

S: 2-3-14 
681 

R: 1-3-5-4-2 

S: 4-1-2-3 
463.60 

8 3 5 7 720 241 
R:3-1-2 

S: 4-2-3-1-5 
553 

R:1-2-3 

S: 4-1-2-3-5 
419.09 

9 4 4 8 576 204 
R: 2-3-4-1 

S: 1-4-2-3 
611 

R: 2-3-4-1 

S: 3-1-2-4 
445.13 

10 3 4 9 144 155 
R: 1-3-2 

S: 4-1-3-2 
611  

R: 1-3-2 

S: 2-1-3-4 
408.68 
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Table S. (continued) 

Sel 
Number of 
Receiving 

Truck 

Number of 
Shipping 

Truck 

Number of 
Product 

Type 

Possible 
Combinations 

Optimal 
Solution 

Optimal 
Sequence 

Worst 
Solution 

Worst 
Sequence 

Average 

11 5 4 6 2880 204 
R: 4-2-1-3-5 

S: 4-2-1-3 
1046 

R: 1-2-3-5-4 

S: 4-1-2-3 
753.10 

12 6 4 8 17280 472 
R: 3-4-5-6-1 -2 

S: 2-3-4-1 
1488 

R: 1-3-4-5-6-2 

S: 1-2-3-4 
1078.21 

13 5 6 8 86400 310 
R: 5-4-3-1-2 

S; 6-4-1-2-3-5 
1266 

R: 1-3-4-5-2 

Si 5 1-2-3-4 6 
923.75 

14 5 5 8 14400 305 
R: 3-4-1-5-2 

S; 4-1-5-2-3 
1202 

R: 1-3-4-5-2 

S: 3-1-2-4-5 
838.28 

15 6 5 4 86400 219 
R: 4-6-5-3-2-1 

S: 4-1-5-2-3 
1365 

R: 1-3-4-5-6-2 

S: 5-1-2-3-4 
832.69 

16 5 6 6 86400 239 
R: 2-1-3-5 4 

S: 1-3-4-2-6-5 
1275 

R: 1-3-4-5-2 

S: 1-2-3-4-5-6 
850.31 

17 4 4 7 576 300 
R: 4-3-1-2 

S: 1-3-2-4 
802 

R: 1-3-4-2 

S : 4-1-2-3 
601.99 

18 6 6 7 518400 290 
R: 2-3-6-5-1-4 

S: 4-1-2-6-3-5 
1349 

R: 1-2-3-4-5 6 

S: 6-1-2-3-4-5 
1004.81 

19 5 5 10 14400 459 
R: 3-4-2-1-5 

S: 2-4-3-5-1 
1216 

R: 1-2-4-5-3 

S: 2-1-3-4-5 
971,98 

20 6 6 9 518400 429 
R: 1-2-3-5-4-6 

S: 1-5-6-3-2-4 
1622 

R: 1-3-4-5-6-2 

S: 5-1-2-3-4-6 
1172.73 

a 



www.manaraa.com

Table 6. Number of Products passing through Temporary Storage obtained by the Nine Heuristic Algorithms for the Case 1 
Problem 

Set 
Total 

Number of 
Products 

Exact Solution Heuristic Solution 

Set 
Total 

Number of 
Products Optimal Worst Average 

RSI 
SSI 

RSI 
SS2 

RSI 
SS3 

RS2 
SSI 

RS2 
SS2 

RS2 
SS3 

RS3 
SSI 

RS3 
SS2 

RS3 
SS3 

Compound 
Solution 

1 990 93 645 421.54 133 338 133 133 338 133 133 338 133 133 

2 1030 147 772 417.95 147 147 198 207 207 207 207 207 221 147 

3 890 233 461 355.86 233 304 298 233 304 298 233 304 298 233 

4 1000 265 792 556.28 369 410 354 350 608 319 342 608 354 319 

$ 960 180 546 446.54 246 298 246 246 298 246 246 298 246 246 

6 1020 151 789 430.44 151 297 162 151 297 183 151 297 183 151 

7 980 127 681 463.60 170 254 127 170 254 156 170 254 156 127 

8 890 241 553 419.09 249 266 379 249 266 379 249 266 379 249 

9 900 204 611 445.13 236 274 312 237 262 204 237 262 312 204 

10 930 155 611 408.68 155 335 155 155 545 155 155 545 155 155 

11 1620 204 1046 753.10 244 264 244 244 204 244 244 204 244 204 

12 1950 472 1488 1078.21 485 599 485 636 574 636 599 599 489 485 

13 1610 310 1266 923.75 368 859 427 415 768 435 415 771 435 368 

14 1680 305 1202 838.28 327 763 327 360 641 444 327 641 327 327 

IS 2030 219 1365 832.69 225 426 225 253 443 220 225 426 225 220 

16 1690 239 1275 850.31 239 488 322 302 411 317 302 411 317 239 

17 1180 300 802 601.99 330 614 405 330 586 330 330 586 405 330 

18 1770 290 1349 1004,81 388 414 435 388 414 451 388 414 451 388 

19 1720 459 1216 971.98 593 569 459 538 552 504 593 569 504 459 

20 2020 429 1622 1172.73 609 685 574 523 685 584 609 685 574 523 
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Of the nine heuristic algorithms, the combination of RSI and SSI works the best in 

most cases. As it can be seen, this combination produced the best solutions in 13 out of the 

20 problem sets. On the other hand, heuristics involving some combination of SS2 produced 

the most inferior solutions in most cases. The reason why strategy SS2 is considered is that it 

is similar to the shortest processing time (SPT) rule from the point of view of the shipping 

truck. The shortest processing time rule is widely used in job scheduling and generally 

produces good solutions. Heurisitc algorithms with SS2 combinations are not effective in the 

Case J problem as can be seen in Table 6. One interesting characteristic found from Table 6 

is that only the combinations of RS2 and SS3 found the best solutions in three problem sets 

(sets 4, 9 and 15) among nine heuristic algorithms. Similarly, only the combination of RSI 

and SS3 found the best solutions in two test problems (Sets 7 and 19). It indicates that SS3 

strategy produces good solutions in some cases. 

Tables 7 and 8 are similar to Tables 5 and 6, respectively, except that minimizing 

makespan was used as the objective this time. To calculate makespan, it is assumed that all 

loading times and unloading times are the same for all types of products and are one time 

unit in duration. It is also assumed that truck change time takes 75 time units and transferring 

time of products from the receiving dock to the shipping dock takes 100 time units. 

Table 7 shows the optimal solutions, the average solutions and the worst solutions 

found by enumerating over all possible sequences. One of the important characteristics found 

from Table 7 is that minimizing the total number of products passing through temporary 

storage is not equivalent to minimizing makespan. Makespan obtained by minimizing the 

total number of products passing through temporary storage is the same as makespan 

obtained by minimizing makespan in only ten test problems out of twenty problems. It 

implies that makespan can be decreased by sending more products to temporary storage in 

some cases. The reason why this occurs is due to the dynamic characteristics of a cross 

docking operation. In a cross docking system, many operations such as unloading operation, 

loading operation or truck changes can be performed concurrently. For example, if a 

receiving truck and a shipping truck change at the same time by unloading more products 

from a receiving truck and sending them to temporary storage, delay time for truck changes 

may decrease, thus makespan may decrease. However, it must be pointed out that the 
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Table 7. Makespan founded by Searching All Possible Combinations of Sequences for the Case 1 Problem 

Set 

Solution based on the 
Minimum Number of 

Products passing through 
Temporary Storage 

Solution based on Makespan 

Set 

Minimum 
Products 

Makespan 
Number 

of 
Products 

Optimal 
Makespan 

Optimal 
Sequence 

Worst 
Makespan 

Worst 
Sequence 

Average 
Makespan 

1 93 1557 97 1557 
R: 2-1-3-4 

S: 4-5-1-2-3 
2260 

R: 2-3-4-1 
S: 5-1-2-3-4 

1923.27 

2 147 1577 147 1577 
R 1 -4-3-5-2 
S: 3-2-1-4 

2427 
R: 2-3-4-5-1 
S: 3-1-2-4 

1958.43 

3 233 1372 233 1372 
R: 3-1-2 
S : 1-3-2 

1751 
R: 1-3-2 
S: 2-1-3 

1629.94 

4 265 1774 298 1749 
R: 2-3-1-4-5 
S: 2-4-3-1-5 

2492 
R: 1-2-3-5-4 
S: 1-2-3-4-5 

2174.84 

5 180 1579 288 1579 
R: 1-3-5-4-2 

S: 1-2-3 
2056 

R: 1-2-3-5-4 
S: 2-1-3 

1901.41 

6 151 1546 151 1546 
R: 1-2-4-3 
S: 1-4-2-3 

2359 
R: 2-3-4-1 
S: 1-2-3-4 

1934.09 

7 127 1653 254 1535 
R: 4-2-5-1-3 
S: 4-1-3-2 

2283 
R: 1-2-3-5-4 
S: 4-1-2-3 

2000.09 

8 241 1556 266 1525 
R: 3-1-2 

S: 2-4-1-3-5 
1993 

R: 1-2-3 
S: 4-1-2-3-5 

1832.58 

9 204 1532 337 1473 
R: 1-2-4-3 
S: 3-2-1-4 

2061 
R: 2-3-4-1 
S: 3-1-2-4 

1856.87 

10 155 1452 155 1452 
R: 1-3-2 

S: 4-1-3-2 
2016 

R: 1-3-2 
S: 2-1-3-4 

1791.56 
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Table 7. (continued) 

Set 

Solution based on the 
Minimum Number of 

Products passing through 
Temporary Storage 

Solution based on Makespan 

Set 

Minimum 
Products 

Makespan 
Number 

of 
Products 

Optimal 
Makespan 

Optimal 
Sequence 

Worst 
Makespan 

Worst 
Sequence 

Average 
Makespan 

11 204 2270 244 2232 
R: 3-5-1-2-4 
S: 3-2-1-4 

3291 
R: 1-2-3-5-4 
S: 4-1-2-3 

2887.34 

12 472 2933 577 2833 
R: 1 -5-3-4-6-2 

S: 3-4-2-1 
4138 

R: 1 -3-4-5-6-2 
S: 1-2-3-4 

3620.67 

13 310 2386 310 2386 
R: 5-4-3-1-2 

S: 6-4-1-2-3-5 
3651 R: 1-3-4-5-2 

S: 5-l-2-3-4-6 
3204.96 

14 305 2484 318 2385 
R: 4-5-1-3-2 
S: 4-1-5-2-3 

3582 
R: 1-3-4-5-2 
S: 3-1-2-4-5 

3072.55 

15 219 2745 230 2745 
R: 4-6-3-5-2-1 
S: 4-1-5-2-3 

4170 
R: 1-3-4-5-6-2 
S: 5-1-2-3-4 

3400.12 

16 239 2407 294 2407 
R: 2-1-3-5-4 

S: 1-3-4-2-5-6 
3740 

R: 1-3-4-5-2 
Si 1 -2-3-4-5-6 

3142.93 

17 300 1885 399 1867 
R: 3-4-2-1 
S: 1-4-3-2 

2532 
R: 1-3-4-2 
S: 4-1-2-3 

2278.30 

18 290 2502 290 2502 
R: 2-3-6-5-1-4 
S: 4-1-2-6-3-5 

3969 
R: l -2 3-4-5-6 
S: 6-1 -2-3-4-5 

3446.43 

19 459 2639 629 2553 
R: 3-4-1-2-5 
S: 2-3-4-1-5 

3636 
R: 1-2-4-5-3 
S: 2-1-3-4-5 

3289.75 

20 429 2857 481 2732 
R: 1-2-5-3-4-6 
S: 1-5-3-6-2-4 

4492 R: 1-3-4-5-6-2 
Si 5-1-2-3-4-6 

3887.25 
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Table 8. Makespan obtained by the Nine Heuristic Algorithms for the Case I Problem 

Set 
Exact Solution Heuristic Solutions 

Set 
Optimal Worst Average 

RSI 
SSI 

RSI 
SS2 

RSI 
SS3 

RS2 
SSI 

RS2 
SS2 

RS2 
SS3 

RS3 
SSI 

RS3 
SS2 

RS3 
SS3 

Compound 
Solution 

1 1557 2260 1923.27 1569 1772 1569 1569 1772 1569 1569 1772 1569 1569 

2 1577 2427 1958.43 1577 1577 1697 1609 1609 1609 1609 1609 1714 1577 

3 1372 1751 1629.94 1372 1455 1588 1372 1455 1588 1372 1455 1588 1372 

4 1749 2492 2174.84 1838 1880 1898 1840 1963 1932 1789 1963 1898 1789 

5 1579 2056 1901.41 1652 1653 1652 1652 1653 1652 1652 1653 1652 1652 

6 1546 2359 1934.09 1546 1603 1635 1546 1603 1638 1546 1603 1638 1546 

7 1535 2283 2000.09 1625 1535 1653 1625 1535 1671 1625 1535 1671 1535 

8 1525 1993 1832.58 1525 1525 1819 1525 1525 1819 1525 1525 1819 1525 

9 1473 2061 1856.87 1566 1549 1762 1473 1549 1532 1473 1549 1762 1473 

10 1452 2016 1791.56 1452 1487 1452 1452 1846 1452 1452 1846 1452 1452 

11 2232 3291 2887.34 2232 2349 2232 2232 2270 2232 2232 2270 2232 2232 

12 2833 4138 3620.67 2862 2894 2862 2862 2947 2882 2894 2894 2862 2862 

13 2386 3651 3204.96 2490 2735 2737 2562 2925 2745 2562 2969 2745 2490 

14 2385 3582 3072.55 2484 2793 2484 2413 2817 2548 2484 2817 2484 2413 

15 2745 4170 3400.12 2762 2828 2762 2790 2828 2800 2762 2828 2762 2762 

16 2407 3740 3142.93 2407 2662 2443 2415 2550 2460 2415 2550 2460 2407 

17 1867 2532 2278.30 1885 1902 2135 1885 1902 1885 1885 1902 2135 1885 

18 2502 3969 3446.43 2658 2642 2894 2658 2642 2921 2658 2642 2921 2642 

19 2553 3636 3289.75 2719 2687 2639 2719 2687 2640 2719 2687 2640 2639 

20 2732 4492 3887.25 3109 3036 3178 3036 3036 3178 3109 3036 3178 3036 
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differences in makespan between the two different objectives are very small as can be seen in 

Table 7. 

Table 8 shows all solutions for the nine algorithms as well as the compound heuristic 

solution of the nine algorithms when the objective is to minimize makespan. The results are 

very similar to Table 6 whose solutions were found with the objective of minimizing the total 

number of products that pass through temporary storage. For the twenty test problem sets, the 

compound heuristic algorithm found the optimal solution in nine sets, assuming all the nine 

strategy combinations are implemented together as part of an integrated solution method. Of 

the nine heuristic algorithms, the combination of RSI and SSI works the best in most cases. 

As can be seen, it found the best solutions in thirteen out of the twenty problem sets. On the 

other hand, heuristics involving some combinations of SS2 produced the most inferior 

solutions in most cases. 

Tables 9, 10 and 11 present the comparison between the heuristic algorithms and the 

optimal solutions to analyze the performances of the heuristic algorithms. Table 9 shows the 

percentage of total number of products that pass through temporary storage relative to the 

total number of products in the set. The percentage is calculated as follows: 

Percentage - ̂ ota^ num^er °f products passing through temporary stroage) ̂  ^ 
(Total number of products in the set) 

(4-27) 

The range of the percentages for the optimal solutions is 9.39%-27.08% for the twenty sets of 

test problems. For the worst cases of solutions, the range is 51.80%-80.30%. This implies 

that the number of products that pass through temporary storage can be dramatically 

decreased if a good schedule for the receiving trucks and shipping trucks spotting is 

constructed. The range based on the average solutions is 39.98%-58.06%. There is still about 

30% difference between the range based on the optimal solutions and the range based on the 

average solutions. Note that the average solution does not necessarily correspond to the 

solution of any schedule for a problem set The compound heuristic algorithms produced 

solutions whose range is 10.84%-31.90%. This range is very close to the range associated 

with the optimal solutions. 
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Table 9. Percentage of Total Number of Products passing through Temporary Storage relative to the Total Number of Products in 
the Test Set 

Set 
Total 

Number of 
Products 

Exact Solutions Compound Heuristic 
Solutions 

Set 
Total 

Number of 
Products 

Optimal Solutions Worst Solutions Average Solutions 

Compound Heuristic 
Solutions 

Set 
Total 

Number of 
Products 

Products 
passing through 

Temporary 
Storage 

% 

Products 
passing through 

Temporary 
Storage 

% 

Products 
passing through 

Temporary 
Storage 

% 

Products 
passing through 

Temporary 
Storage 

% 

1 990 93 9.39% 645 65.15% 421.54 42.58% 133 13.43% 

2 1030 147 14.27% 772 74.95% 417.95 40.58% 147 14.27% 

3 890 233 26.18% 461 51.80% 355.86 39.98% 233 26.18% 

4 1000 265 26.50% 792 79.20% 556.28 55.63% 319 31.90% 

960 180 18.75% 546 56.88% 446.54 46.51% 246 25.63% 

6 1020 151 14.80% 789 77.35% 430.44 42.20% 151 14.80% 

7 980 127 12.96% 681 69.49% 463.60 47.31% 127 12.96% 

890 241 27.08% 553 62.13% 419.09 47.09% 249 27.98% 

9 900 204 22.67% 611 67.89% 445.13 49.46% 204 22.67% 

10 930 155 16.67% 611 65.70% 408.68 43.94% 155 16.67% 

11 1620 204 12.59% 1046 64.57% 753.10 46.49% 204 12.59% 

12 1950 472 24.21% 1488 76.31% 1078.21 55.29% 485 24.87% 

13 1610 310 19.25% 1266 78.63% 923.75 57.38% 368 22.86% 

14 1680 305 18.15% 1202 71.55% 838.28 49.90% 327 19.46% 

15 2030 219 10.79% 1365 67.24% 832,69 41.02% 220 10.84% 

16 1690 239 14.14% 1275 75.44% 850.31 50.31% 239 14.14% 

17 1180 300 25,42% 802 67.97% 601.99 51.02% 330 27.97% 

18 1770 290 16.38% 1349 76.21% 1004.81 56.77% 388 21.92% 

19 1720 459 26.69% 1216 70.70% 971.98 56.51% 459 26.69% 

20 2020 429 21.24% 1622 80.30% 1172.73 58.06% 523 25.89% 
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Table 10. Percentage Performance Difference and Percentage Deviation between the 
Compound Heuristic Solutions and the Optimal Solutions 

Set Total Number 
of Products 

Optimal 
Solution 

Compound 
Heuristic Solution 

Percentage 
Difference 

Percentage 
Deviation 

1 990 93 133 4.04% 43.01% 

2 1030 147 147 0.00% 0.00% 

3 890 233 233 0.00% 0.00% 

4 1000 265 319 5.40% 20.38% 

5 960 180 246 6.88% 36.67% 

6 1020 151 151 0.00% 0.00% 

7 980 127 127 0.00% 0.00% 

8 890 241 249 0.90% 3.32% 

9 900 204 204 0.00% 0.00% 

10 930 155 155 0.00% 0.00% 

11 1620 204 204 0.00% 0.00% 

12 1950 472 485 0.67% 2.75% 

13 1610 310 368 3.60% 18.71% 

14 1680 305 327 1.31% 7.21% 

15 2030 219 220 0.05% 0.46% 

16 1690 239 239 0.00% 0.00% 

17 1180 300 330 2.54% 10.00% 

18 1770 290 388 5.54% 33.79% 

19 1720 459 459 0.00% 0.00% 

20 2020 429 523 4.65% 21.91% 

Table 10 presents the percentage performance difference between the compound 

heuristic solutions and the optimal solutions in terms of total number of products that pass 

through temporary storage to the total number of products in the set. It is calculated as 

presented in equation (4-28): 

'Total number of products 1 (Total number of products 
passing through temproray 
storage for the compound 

^heuristic solutions 
Percentage Difference (%)=-

passing through temproray 
storage for the optimal 

^solutions 
Total number of products in the set 

xlOO (4-28) 
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The range in percentage performance difference for the twenty problem sets is 0%-6.88%. 

The average difference for the twenty sets is 1.78%. This implies the overall performance of 

the heuristics is within 1.78% from the optimum solution. Therefore, the compound 

heuristics perform reasonably well. 

Table 10 also presents percentage deviation in total number of products that pass 

through temporary storage as found by the compound heuristic algorithm against the number 

of products that pass through temporary storage for the optimal solutions. It is calculated as 

presented in equation (4-29) : 

' Percentage Deviation 
for Total Number of 
Product Passing Through 

^Temporary Storage (%) 

_v 

'Total number of products ^ 
passing through temproray 
storage for the compound 
heuristic solutions 

'Total number of products 
passing through temproray 
storage fortheoptimal 
solutions 

(4-29) 

'Total number of products 
passing through temproray 
storage fortheoptimal 

^solutions 

*100 

In the worst case, 43.01% more products pass through temporary storage for the compound 

heuristic solution than for the optimal solution. The average is 9.91%. It appears the 

compound heuristic algorithm performs poorly based on this measure. However, it is worth 

noting that the range for the percentage deviation between the worst solutions and the 

optimal solutions is 97.85%-593.55%. The average deviation is 308.17%. For the average 

solutions of all possible enumeration sequences, the range is 52.73%-353.27%. The average 

of the average solutions is 179.64%. Therefore, the compound heuristic solutions perform far 

better than the average solution. 

Table 11 shows the percentage deviation of makespan between the optimal solutions 

and the compound heuristic solutions. Percentage deviation for makespan is calculated as 

presented in equation (4-30): 

^Makespan for Compound} (Makespan for 

Heuristic Solution r Percentage Deviation ^ 

for Makespan (%) 

Optimal Solution 

Makespan for Optimal Solution 
x100 (4-30) 
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Table 11. Percentage Deviation for Makespan between Optimal Solutions and Compound 
Heuristic Solutions 

Set Makespan for Optimal 
Solution 

Makespan for 
Compound Heuristic 

Solution 

Percentage Deviation 
for Makespan 

1 1557 1569 0.77% 

2 1577 1577 0.00% 

3 1372 1372 0.00% 

4 1749 1789 2.29% 

5 1579 1652 4.62% 

6 1546 1546 0.00% 

7 1535 1535 0.00% 

8 1525 1525 0.00% 

9 1473 1473 0.00% 

10 1452 1452 0.00% 

11 2232 2232 0.00% 

12 2833 2862 1.02% 

13 2386 2490 4.36% 

14 2385 2413 1.17% 

15 2745 2762 0.62% 

16 2407 2407 0.00% 

17 1867 1885 0.96% 

18 2502 2642 5.60% 

19 2553 2639 3.37% 

20 2732 3036 11.13% 

The range of percentage deviation for makespan for the twenty problem sets is 0%-l 1.13%. 

The overall average percentage deviation for makespan is 1.80%. This shows again that 

makespans found from the compound heuristic algorithms are very close to the optimal 

solutions for makespan. 

After applying the tabu search to the same twenty sets of test problems, the solutions 

are obtained and they are as presented in Table 12. Because the tabu search can possibly find 
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different solutions to a given problem based on the initial receiving and shipping truck 

sequences specified, the tabu search was run ten times for each test problem to test the 

quality of tabu solution and reduce the chances of obtaining inferior solution or local 

optimum. Each run employed a different starting solution that was generated randomly. 

Table 12 shows the global optimal solutions obtained from the enumeration method, 

the compound heuristic solutions, the best tabu search solutions, the worst tabu search 

solutions and the average tabu search solutions of ten runs. The solutions are presented as the 

total number of products that pass through temporary storage. 

When the best tabu search solutions are examined, the tabu search found the optimal 

solution in twelve out of the twenty test sets. If the best solution out of the ten runs per each 

problem set is selected, it appears the performance of tabu search is better than that of the 

compound heuristic algorithm since the compound heuristic algorithm found the optimal 

solution in only nine problem sets. However, it needs to be emphasized that the tabu search 

solution is based on the initial receiving and shipping truck sequences and that the best 

solution indicated is the best of ten solutions with ten different starting sequences. An 

alternative to using the best solution from tabu for comparison with the compound heuristic 

algorithm is to use the average tabu solution for each of the test problems. 

When the compound heuristic solution and the average tabu search solution are 

compared, the compound heuristic solution is found to dominate the average tabu search 

solution in eighteen sets. In other words, the compound heuristic solution found better 

solutions in eighteen sets. On the other hand, the average tabu search solution is better than 

the compound heuristic solution in only one problem set which in this case is problem set 1. 

For problem set 3, the solutions are the same. 

At this point, it can be argued that if several initial random sequences are used for the 

tabu search instead of using one initial random sequence, the performance of the tabu search 

will be better than the performance of the heuristic algorithm. This implies that as the number 

of starting solutions is increased, more improved solution would probably be found, but the 

computational time will increase at the same time. To test the performance of the algorithm 

using several initial sequences, the tabu search is modified as described in the following 

paragraphs. 
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Table 12. Tabu Search Solutions for the Case I Problem 

Problem 
Number 

Optimal 
Solution 

Henritic 
Solution 

Best Tabu 
Solution 

Average Tabu 
Solution 

Worst Tabu 
Solution 

1 93 133 93 115.1 164 

2 147 147 165 178.5 203 

3 233 233 233 233 233 

4 265 319 286 343.1 427 

5 180 246 217 247.1 327 

6 151 151 151 157.8 219 

7 127 127 127 140.3 158 

8 241 249 241 266.4 352 

9 204 204 204 222.0 265 

10 155 155 155 175.8 259 

11 204 204 204 242.7 403 

12 472 485 472 585.5 870 

13 310 368 346 463.9 725 

14 305 327 305 388.0 572 

15 219 220 256 287.0 349 

16 239 239 252 324.6 513 

17 300 330 300 360.9 405 

18 290 388 290 392.3 522 

19 459 459 504 552.8 568 

20 429 523 433 524.5 654 

The same tabu search algorithm was used except for the Termination rule of the tabu 

search. In the original tabu algorithm, the tabu search will stop if there is no improvement in 

the objective function value after the maximum number of iterations is executed. In the 

modified tabu search, the tabu search will stop if there is no improvement in the objective 

function value after a maximum number of random initial sequences has been employed. The 

initial stopping criterion was instead used to stop the search associated with a given initial 

sequence and to start a new random starting sequence while the modified stopping criterion is 

used to completely halt the search once the maximum number of starting random sequences 
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has been tried out. Therefore, there is one more loop outside the original tabu search to 

generate the starting random sequences. To test the performance of the algorithm based on 

the modified termination criterion, 100 was used as the maximum number of random initial 

sequences. Therefore, up to one hundred initial sequences could be generated to start the 

search for each set of test problem. 

Table 13 shows the performance of the modified tabu search algorithm. As it can be 

seen, the modified tabu search found the optimal solution in all twenty problem sets. 

However, computational time increased significantly. All algorithms were implemented on a 

personal computer (Intel Pentium Pro Microprocessor 200MHz) and the search times were 

noted. It took about 7 to 41 seconds to run the modified tabu search algorithm. In all cases, 

the modified tabu search algorithm took more time than even the enumeration method. 

However, the time required for the enumeration method increased exponentially as the 

number of receiving and shipping trucks increased. In the modified tabu search, the 

computational time does not significantly increase with increases in the number of receiving 

and shipping trucks employed since there is an upper bound of 100 on the number of initial 

random sequences that can be used. This upper bound is independent of the fleet sizes of the 

receiving and shipping trucks employed. For the heuristic algorithms, it only took less than 

0.01 seconds to solve all nine heuristic algorithms for each test problem set and it still found 

good solutions. 

4.4 Conclusions 

To solve the cross docking problem for the Case 1 model, five different solution 

approaches were developed. The first approach is a mathematical model whose objective is 

to minimize the makespan of a cross docking operation. The second approach employed 

complete enumeration of all possible sequences to find an optimal solution. While for 

problems of small sizes, the first two approaches can be used, they are inefficient and 

impractical to use for medium to large size problems because of the increased computational 

load required to solve the problems. Therefore, to increase solution efficiency, a heuristic 

algorithm was developed. 
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Table 13. Modified Tabu Search Solutions for the Case I Problem 

Problem 
Number 

Enumersl on Method Heuristic Algorithm Original Tabu Search Modified Tabu Search Problem 
Number Optimal 

Solution 
Time 

(Second) 
Compound 

Solution 
Time 

(Second) 
Best 

Solution 
Time 

(Second) 
Solution Time 

(Second) 

1 93 0.098 133 0.004 93 0.240 93 10.966 

2 147 0.280 147 0.006 165 0.421 147 17.444 

3 233 0.083 233 0.003 233 0.158 233 7.344 

4 265 1.126 319 0.009 286 0.579 265 29.613 
5 180 0.131 246 0.007 217 0.360 180 14.385 

6 151 0.157 151 0.007 151 0.277 151 9.723 

7 127 0.267 127 0.006 127 0.626 127 16.755 

8 241 0.209 249 0.007 241 0.441 241 13.111 

9 204 1.208 204 0.006 204 0.373 204 13.932 

10 155 0.210 155 0.005 155 0.292 155 11.876 

11 204 0.309 204 0.004 204 0.512 204 16.219 

12 472 1.181 485 0.007 472 0.712 472 29.005 

13 310 4.522 368 0.007 346 0.833 310 36.274 

14 305 0.971 327 0.009 305 0.976 305 28.634 

15 219 2.295 220 0.007 256 0.606 219 27.172 

16 239 3.994 239 0.007 252 0.777 239 25.987 

17 300 0.095 330 0.004 300 0.389 300 13.355 

18 290 19.471 388 0.009 290 1.129 290 31.971 

19 459 1.747 459 0.006 504 0.819 459 36.446 

20 429 23.454 523 0.009 433 1.777 429 40.805 
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The heuristic algorithm consists of two stages. In the first stage, the associate 

receiving trucks are found for each unscheduled shipping truck. In the second stage, one of 

the unscheduled shipping truck and its associate receiving trucks are selected and scheduled. 

Because there are three strategies for selecting the associate receiving trucks and three 

strategies for selecting shipping trucks, a total of nine combinations of strategies or rules 

were tested. Of the nine rale algorithms, the combinations of RSI and SSJ performed the 

best in most cases. In some cases, SS3 found the best solution among the strategies. Overall, 

the compound heuristic algorithm produced solutions that were very close to the global 

optimal solutions. For example, the range of percentage deviations for makespan in twenty 

problem sets tested was 0%-11.13%. The average deviation for makespan was 1.80%. 

To test the performance of the heuristic algorithm, the tabu search was implemented 

for the Case 1 problem. A tabu search is a meta-heuristic algorithm that has been widely used 

to solve combinatorial problems in recent years. In comparing the compound heuristic 

solutions with the tabu solutons, it was found that the tabu search outperformed the 

compound heuristic algorithm if the best out of ten different solutions generated by using ten 

different random starting solutions for each problem set is selected. However, if only one 

random starting solution is used for the tabu search for each set of test problem and the final 

solutions obtained from the one single starting random solution were used for comparison 

with the compound heuristic solutions, then the compound heuristic algorithm outperformed 

the tabu search. 

Because the solution of the tabu search depends on the random initial receiving and 

shipping track sequences specified, a modified tabu search is implemented to improve the 

performance of the algorithm. In the modified tabu search, a user is required to specify the 

maximum number of initial random solutions to use in starting the search for each test 

problem. Depending on what the user specifies, the algorithm is run as many times as 

specified by the user and each time the algorithm starts with a different initial random 

solution (i.e., initial receiving and shipping track sequences) for each test problem. The 

application of multiple random initial solutions and restarting the algorithm with each initial 

solution significantly improves the chances that the algorithm will find a better solution. In 

this study, the number of starting random solutions employed to initiate the modified tabu 
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search for each test problem was 100. With the modified tabu search, the algorithm was able 

to find the optimal solution in all twenty problem sets. However, the computational time to 

solve the problems also increased. For a large problem set, the heuristic algorithm can be 

implemented usefully because it can find very good solutions within a reasonable 

computational load. 

The last solution approach applied to the research was the branch and bound method. 

In the implementation of the branch and bound method, the best solution obtained for each 

problem set by the compound heuristic algorithm was used as the initial upper bound for the 

solutions of the test problems. For the same problem set, the branch and bound method took 

shorter time to find the optimal solutions than the complete enumeration method. The 

efficiency of the branch aqnd bound approach is significantly improved with the use of good 

bounds. The use of the compound solutions obtained from the heuristic as the initial upper 

bound applied by the branch and bound method significantly enhanced its effectiveness 
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CHAPTERS. CASE2 — CROSSDOCKINGMODEL 
WITH DOCK REPEAT TRUCK HOLDING PATTERN 

AND NO TEMPORARY STORAGE 

5.1 Model Descriptions 

In the Case 2 model, there is no temporary storage in the warehouse or distribution 

center. However, both the receiving truck and the shipping truck can move in and out of the 

dock during their tasks. Therefore, it is possible that a receiving truck unloads some of its 

products on the receiving dock, moves out, waits and goes into the receiving dock again to 

unload its remaining products. This sequence can be similarly applied to the shipping truck. 

However, since there is no temporary storage space available, the conveyor operating from a 

receiving dock to a shipping dock may need to stop if the shipping truck is not ready when a 

product arrives at the shipping dock. 

The objective of the Case 2 problem is the same as that of the Case 1 problem. It is to 

find the best sequence for truck spotting for both the receiving and shipping trucks to 

minimize total operation time or to maximize the throughput of the cross docking system. As 

in the Case 1 problem, the product routing is also decided simultaneously along with the 

spotting sequence of the receiving and shipping trucks. 

In the Case 2 model, delay time occurs when the shipping truck changes or when the 

shipping truck is not loading any products from the shipping dock and waits for its needed 

products to arrive at the shipping dock. The change of receiving trucks at the receiving dock 

may cause the waiting of the shipping truck at the shipping dock. Therefore, both types of the 

delay times for the Case 2 model are related to truck changes. From the above characteristics 

of the Case 2 model, it is evident that the makespan can be minimized if the number of truck 

changes is minimized. Minimizing the number of truck changes is equivalent to minimizing 

the number of matching pairs of the receiving trucks and shipping trucks. The receiving truck 

and the shipping truck are said to be paired if any product moves from the receiving truck to 

the shipping truck. Consequently, makespan can be minimized if the number of matching 

pairs of the receiving and shipping trucks is minimized. 

In the solution, a receiving truck can be paired with several shipping trucks. 

Similarly, a shipping truck can also be paired with several receiving trucks. Product 
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requirements for the shipping trucks and the flow conservation for each receiving truck must 

be satisfied in the solution. 

5.2 Model Developments 

To solve the cross docking problem for the Case 2 model, three approaches were 

developed. For the first approach, a mixed integer programming model was developed with 

the objective of minimizing makespan of a cross docking operation. However, the use of 

mixed integer programming is not considered suitable for modeling the problem because of 

the exponential growth in variables and constraints as the number of receiving trucks, 

shipping trucks, and products increase. 

The second approach also applied mathematical programming model using a different 

objective function. As mentioned earlier, minimizing the makespan is equivalent to 

minimizing the number of matching pairs of the receiving and shipping trucks for the Case 2 

model. Therefore, the second integer programming model was developed to minimize the 

number of matching pairs of the receiving truck and the shipping truck while product 

requirements are satisfied. By changing the objective of the mathematical model, the number 

of variables and constraints of the second integer programming model were drastically 

decreased in comparison with the first mixed integer programming model. Although a much 

larger size problem can be solved by the second model than the by the first model, a 

considerable amount of time is required to translate it into computer code. This combined 

with large computational time requires also renders the «approach unattractive and 

ineffective for solving large problems. Appendix B which models a small problem scenario 

illustrates the point. 

Although the two mathematical models are, in principle, able to find the global 

optimal solutions to the Case 2 problems, they are in general not practical to use because of 

the intensity of their computational requirements to solve problems of meaningful sizes. 

Therefore, a third solution approach was developed to solve meaningful size problems. The 

third approach employs heuristic algorithms. The algorithms are able to find solutions to 

problems very quickly but no optimal solution is guaranteed. Six heuristic algorithms were 

developed and tested for the Case 2 problem. 
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5.2.1 Mathematical Model I 

For mathematical model I of the Case 2 problem, it is assumed that unloading time 

from a receiving truck and loading time into a shipping truck are the same for all products 

and that it takes one unit of time in duration to unload or load one unit of product. 

Additionally, it is assumed that all operations can be carried out simultaneously. In other 

words, unloading operations from a receiving truck, loading operations into a shipping truck, 

or receiving and shipping truck changes can be carried out at the same time. With the above 

assumptions, the following mixed integer programming model was developed for the Case 2 

problem with the objective of minimizing makespan of a cross docking operation. 

5.2.1.1 Notations 

The following notations are used in Model I: 

Continuous Variables: 

T = Makespan, 

U,j = Time at which the variable r,y transferring from receiving truck i to shipping truck j start 

to unload from receiving truck i onto the receiving dock, 

Lij = Time at which the variable Uj transferring from receiving truck i to shipping truck j 

finished loading from the shipping dock into shipping truck j, 

Integer Variables: 

Xijk = Number of units of product type k which transfer from receiving truck * to shipping 

truck j, 

hi = Total number of units of products which transfer from receiving truck / to shipping truck 

Binary Variables: 

fl, If any products transfer from receiving truck/to shipping truck j 

'' jo, Otherwise 

j, where | tij = 
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y»rr -

>00,7 = 

1, If the variable^ immediately or directly precedes the variable?,T in the receiving or 

shipping sequence 

0, Otherwise 

fl, If the variablerfy. is placed at the first position in the receiving or shipping sequence 

[O, Otherwise 

{1, If the variable/,y is placed at the last position in the receiving or shipping sequence 

0, Otherwise 

Data: 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

N = Number of product types in the set, 

rue - Number of units of product type k which is initially loaded in receiving truck t, 

Sjk = Number of units of product type k which is initially needed for shipping truck j, 

D = Delay time for truck change, 

V = Moving time of products from the receiving dock to the shipping dock, 

M = Big number. 

5.2.1.2 Mixed Integer Programming Model (Model I) 

The mixed integer programming model for the Case 2 problem with the objective of 

minimizing makespan of a cross docking operation is presented below. 

Mixed Integer Programming Model of Model I for the Case 2 Problem 

Min T 

Subject to 

T>L9, for all /, j (5-1 ) 

Xxv>=rit' foralli,k (5-2) 
v'-i 

forallj,k (5-3) 
m 
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£ xijk =*ij, M all i, j (5-4) 
*«t 

tij <M v._, for all i, y (5-5) 

A s 
vij =££><//•/ +Aoo' for ail ij (5-6) 

r»i y-i 

V.T =11^7 +>oo,y foralli'J' (5-7) 
/-i y-i 

Z Z >oo i-/ = 1» (5—8) 
r-i y-i 

* f 
ZZ>,yoo=L (5-9) 
,-i y-i 

>vv=0' for ail ij (5-10) 

UTY >UIJ +ti; - A/(l - y ijrr ), for all i, j ,i\ j'and wherei = /' (5-11-a) 

t/,T >C(> +r,y +D-M{l-yijrr\ for all i, y, i', y"and wherei * z" (5-11-b) 

Lrf >Ly +trr-Àf(l- _y1>r/ )t for all i,j,i',j'and where j = y" (5-12-a) 

Ay -4> +D-A/(l-y,y,-.)t for all i,j,i',j'and where j * y" (5-12-b) 

I,y >£/,y +K +/,y, for ail ij (5-13) 

C/,T ^£,y — ^ — Af(l — yij{j. ), foralli, j,i',j'and wherei # /'or j * y" (5-14) 

a// variables > 0. 

Constraint (5-1) ensures that makespan is equal to or greater than the time the last 

product is loaded onto the last scheduled shipping truck. Constraint (5—2) ensures that the 

total number of units of product type k that transfer from receiving truck i to all shipping 

trucks is exactly the same as the number of units of product type k which was initially loaded 

in receiving truck i. Similarly, constraint (5-3) ensures that the total number of units of 

product type k that transfer from all receiving trucks to shipping truck y is exactly the same as 

the number of units of product type k needed for shipping truck j. Constraint (5-4) defines 

the tij variables which is used in constraints (5—11) to (5-13) in order to calculate the 
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unloading and loading times. Constraint (5-5) just enforces the correct relationship between 

the tij variables and the v,y variables. 

Constraint (5-6) ensures that only one of the ty variables can immediately or directly 

precede another trf variable in the receiving or shipping sequence when vu =1. Constraint 

(5-7) ensures that only one of the trj. variables can immediately or directly follow another r,y 

variable in the receiving or shipping sequence when vr/ =1. Constraint (5-8) ensures only 

one of the t,r variables can be placed at the first sequence position of the receiving or 

shipping sequence. Constraint (5-9) ensures that only one of the r(> variables can be placed at 

the last sequence position of the receiving or shipping sequence. Constraint (5-10) ensures 

that there are no consecutive sequences that transfer products from the same receiving truck 

to the same shipping truck. 

Constraint (5-11-a) and (5-ll-b) make a valid sequence of unloading times of the 

variables, based on their order. If there is no receiving truck change between consecutive 

unloading sequence (in case of / = / "), constraint (5-11-a) is applied. However, if there is a 

receiving truck change between the consecutive unloading sequences (in case of i * /'), the 

delay time for receiving truck change must be considered, thus constraint (5-ll-b) is 

applied. Similar to constraints (5-11-a) and (5-ll-b), constraints (5-12-a) and (5-12-b) 

make a valid sequence of loading times of the ty variables, based on their order. If there is no 

shipping truck change between the consecutive loading sequences (in case of j = / ), 

constraint (5-12-a) is applied. However, if there is a shipping truck change between 

consecutive loading sequences (in case of j * / ), the delay time for shipping truck change 

must be considered, thus constraint (5-12-b) is applied. Finally, constraints (5—13) and 

(5—14) establish the proper relationship between the unloading time and the loading time of 

the tij variables. 

The number of decision variables for this integer programming model is 

RS(RS+N+6)+L The decision variables consist of RS(RS+3) of binary variables, RS(N+1) of 

integer variables and (2RS+1) of continuous variables. The number of constraints is 
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3RS(RS+2)+N(R+S)+2 including RS(3RS+2) of inequality constraints and (4RS+RN+SN+2) 

of equality constraints. 

5.2.1.3 Interpretation of the Solution 

First, the receiving and shipping sequences of the ty variables can be found from the 

y oo,y * y g,y ' and Xyoo variables. From the receiving and shipping sequences of the ty variables, 

the receiving truck spotting sequence and the shipping truck spotting sequence can be 

identified. The product routing can be found from the ty and xyk variables. The variable T 

represents the makespan of the cross docking operation. The detailed information about the 

unloading time and the loading time of the ty variables can be found from the Uy and Ly 

variables. 

5.2.2 Mathematical Model II 

As mentioned at the beginning of this chapter, minimizing makespan is equivalent to 

minimizing the number of matching pairs of the receiving and shipping trucks for the Case 2 

model. The objective of mathematical model H is to minimize the number of matching pairs 

of the receiving trucks and the shipping trucks while product requirements are satisfied. With 

the same assumptions as in Model L Model II integer programming model was developed as 

follows. 

5.2.2.1 Notations 

The following notations are used in Model II: 

Integer Variables: 

xyk = Number of units of product type k which transfer from receiving truck i to shipping 

truck j (for product routing), 

Binary Variables: 

1, If any products transfer from receiving truck i to shipping truck j (or if the pair for 

receiving truck i and shipping truck j is selected) 

0, Otherwise 

Vij ~ 
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Data: 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

N=Number of product types in the set, 

r* = Number of units of product type k which is initially loaded in receiving truck i, 

Sjk = Number of units of product type k which is initially needed for shipping truck y, 

D = Delay time for truck change, 

M = Big number. 

5.2.2.2 Integer Programming Model (Model H) 

The integer programming model with the objective of minimizing the number of 

matching pairs of the receiving truck and the shipping truck is presented below. 

Integer Programming Model of Model n for the Case 2 Problem 

Min ZZv.y 
i-l y«l 

Subject to 

s 
Zxtf*=r*' for all i,k 
> i 

A 
Zxv*=Jy*' forall j,k 
/-i 

xijk <M v(J, foralli,j,k 

all variables > 0. 

(5-15) 

(5-16) 

(5-17) 

This mathematical model has two decision variables. The first decision variable, vtj, is 

for pairing. It shows whether receiving truck i and shipping truck j are paired or not. If the 

variable v,y equals one, it implies that some products transfered from receiving truck i to 

shipping truck j. The second decision variable, x,y*, represents the number of units of product 

type k that transfers from receiving truck i to shipping trucky. In other words, the variable x,y* 

shows product routing. 
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Constraints (5-15) and (5-16) are exactly the same as Constraints (5-2) and (5-3), 

respectively, of Model I. Constraint (5-15) ensures that the total number of units of product 

type k that transfer from receiving truck i to all shipping trucks is exactly the same as the 

number of units of product type k which was initially loaded in receiving truck i. Similarly, 

constraint (5-16) ensures that the total number of units of product type k that transfer from 

all receiving trucks to shipping truck j is exactly the same as the number of units of product 

type k needed for shipping truck j. Constraint (5-17) enforces the correct relationship 

between the x,y* variables and the v,y variables, and ensures that there is a product tranfer 

between a receiving truck and shipping truck if and only they are paired. 

The number of decision variables for this integer programming model is RS(1+N), 

including RS of binary variables and RSN of integer variables. The number of constraints is 

N(RS+R+S) and includes RSN of inequality constraints and N(R+S) of equality constraints. 

Example 3 was applied to Model II and solved by UNDO. The problem (i.e., 

example 3) has four receiving trucks, three shipping trucks, and seven product types. 

Information about each receiving truck and shipping truck is presented in Table 14. For this 

example problem, there are a total of 96 variables and 133 constraints. The solution obtained 

for the problem using Model Q is presented in Table 15. Table 15 shows the matching pairs 

for the receiving and shipping trucks and the product routing between them. The minimum 

number of matching pairs required for this example is eight as shown in Table 15. 

5.2.3 Heuristic Method 

For the Case 2 problem, heuristic algorithms were developed to minimize the number 

of matching pairs of receiving and shipping trucks because minimizing the number of 

matching pairs of the receiving and shipping trucks is equivalent to minimizing the delay 

time due to truck changes. Minimizing delay time will minimize makespan in the Case 2 

problem. 
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Table 14. Example Set 3 to Illustrate Model 

Receiving Trucks 

Truck Product Quantity 

1 150 
1 2 50 

3 50 

2 
4 200 

2 
5 50 

3 
1 150 

3 
3 150 

4 
6 100 

4 
7 50 

for the Case 2 Problem 

Shipping Trucks 

Truck Product Quantity 
1 100 

1 3 50 

5 50 

2 50 
2 4 200 

6 100 

1 200 
3 3 150 

7 50 

Table 15. Number of Matching Pairs and Product Routing generated by Model II for 
Example 3 

Receiving Truck Shipping Truck Product Type 
Number of Products 

Transferred 

1 2 2 50 

1 3 
1 150 

1 3 
3 50 

2 1 5 50 

2 2 4 200 

3 1 
1 100 

3 1 
3 50 

3 3 
1 50 

3 3 
3 100 

4 2 6 100 

4 3 7 50 
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Six heuristic algorithms were developed and tested for the Case 2 problem. All six 

heuristics are iterative algorithms. In each iteration, the best matching pair is chosen based on 

the selection criteria. After the best matching pair is selected, the remaining number of 

products in the receiving trucks and the shipping trucks are updated. The selection and the 

updating procedures are continued until product requirements for all receiving and shipping 

trucks are satisfied. The six heuristic algorithms are as follows: 

1. Heuristic Algorithm I - Maximum flow between pairs. 

2. Heuristic Algorithm 2 - Maximum ratio between pairs. 

3. Heuristic Algorithm 3 - Maximum fitness between pairs. 

4. Heuristic Algorithm 4 - Maximum flow with priority assignment. 

5. Heuristic Algorithm 5 - Maximum ratio with priority assignment. 

6. Heuristic Algorithm 6 - Maximum fitness with priority assignment. 

Heuristic algorithms 1, 2 and 3 follow the same procedures except they employ 

different criteria for selecting the best matching pair. In each iteration, the best pair is chosen 

based on the selection criterion. Heuristic algorithms 4, 5 and 6 are the modified versions of 

heuristic algorithms 1, 2, and 3, respectively. They use the same criteria as the first three 

algorithms, but they also have a condition for priority assignment. In a given iteration, if 

there are pairs that satisfy the priority condition, heuristic algorithms 1, 2 or 3 are only 

applied to the pairs that satisfy the priority condition. Then, the best matching pair is chosen 

among those pairs that satisfy the priority condition. If there are no pairs that satisfy the 

priority condition in a given iteration, the process automatically reverts to heuristic 

algorithms 1, 2 or 3 in a given iteration. The priority condition of the heuristic algorithm for 

the Case 2 problem is defined as follows: 

PRIORITY CONDITION 

Suppose that a certain product type is loaded in only one receiving truck during a 

given iteration of the heuristic algorithm. This implies that all shipping trucks that need the 

product type will be paired with the receiving truck that carries the product. For example, 

suppose that there are three receiving trucks and four shipping trucks. In a given iteration, 

product type 4 is only loaded in receiving truck 1. Receiving trucks 2 and 3 do not carry 
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product type 4. Meanwhile, shipping trucks 1, 2 and 4 need to load product type 4. Shipping 

truck 3 does not need to load product type 4. Then, receiving truck 1 and shipping truck 1 

must be paired because product type 4 is only loaded in receiving truck 1. Similarly, 

receiving truck 1 and shipping truck 2 have to be paired and receiving truck 1 and shipping 

truck 4 must also be paired. 

The same argument also goes for shipping trucks. Suppose that a certain product type 

is needed by only one shipping truck in a given iteration. Then, all receiving trucks that carry 

the product must be paired with the shipping truck that needs to load the product. Therefore, 

if any pairs of receiving and shipping trucks satisfy one of the above two conditions in a 

given iteration of the heuristic algorithm, then priority is assigned to those pairs because the 

receiving and shipping trucks must be paired in the algorithm. 

5.2.3.1 Heuristic Algorithm 1 - Maximum Flow between Pairs 

For the first heuristic algorithm, the total number of products that can transfer from a 

receiving truck to a shipping truck is calculated for each pair of receiving and shipping trucks 

in a given iteration. Then, the pair that has the largest number of products transferring from a 

receiving truck to a shipping truck is chosen. After the best matching pair is selected, the 

remaining number of products in the receiving trucks and the shipping trucks are updated. 

The above procedures are continued until product requirements for all receiving and shipping 

trucks are satisfied. 

HEURISTIC ALGORITHM 1 

STEP 1 

For each pair of receiving truck / and shipping truck j, calculate the total number of products 

that can transfer from the receiving truck to the shipping truck as follows: 

Oij = Total number of products that transfer from receiving truck i to shipping truck j, 

(5-18) 

where. 
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r',k = Number of units of product type k which are loaded in receiving truck i in a given 

iteration, 

s)k = Number of units of product type k which are needed for shipping truck y in a given 

iteration. 

STEP 2 

If all ay are zero, stop; a solution for the Case 2 problem is found. The solution is presented 

as the number of matching pairs of receiving and shipping trucks. If any ay is nonzero, 

choose the pair that has the highest ay. If there is a tie, choose a pair arbitrarily. 

STEP 3 

Update the remaining number of units of products in the receiving trucks and the shipping 

trucks. Go to Step 1. 

5.2.3.2 Heuristic Algorithm 2 - Maximum Ratio between Pairs 

For heuristic algorithm 2, the ratio of the pair, fiy, is developed to select the best 

matching pair in a given iteration. The ratio fiy for the pair of receiving truck i and shipping 

truck j is expressed as follows: 

,s'Jk) 

(5-19) 
£max(rj; ,s'jk ) 

/£»0orj'/t»0 

where, 

Py = Ratio for the pair of receiving truck i and shipping truck j, 

r'ik = Number of units of product type k which are loaded in receiving truck f in a given 

iteration, 

s)k = Number of units of product type k which are needed for shipping truck y in a given 

iteration. 

If the denominator equals zero, it is assumed that Py — 0. 
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The ratio of the pair, fJy, can be considered as the correlation between receiving truck 

i and shipping truck j. The range of the ratio fa is between 0 and 1. Ratio fa = 0 implies that 

the receiving and shipping trucks have no relationship. In other words, no product in the 

receiving truck is needed for the shipping truck. Ratio fa = 1 implies that the number of 

products and the types of products for the receiving and shipping trucks are exactly the same. 

HFIIRISTIC ALGORITHM 2 

STEP 1 

For each pair of receiving truck / and shipping truck j, calculate the 'ratio' as presented in 

equation (5-19). 

STEP 2 

If all fa are zero, stop; a solution for the Case 2 problem is found. The solution is presented 

as the number of matching pairs of receiving and shipping trucks. If any is nonzero, 

choose the pair that has the highest fa. If there is a tie, choose the pair that has the highest 

which can be obtained from equation (5-18). 

STEP 3 

Update the remaining number of units of products in the receiving trucks and the shipping 

trucks. Go to Step 1. 

5.2.3.3 Heuristic Algorithm 3 - Maximum Fitness between Pairs 

For the third heuristic algorithm, the fitness of the pair, cr<j, is developed. The fitness 

of the pair, <%, can be considered as the correlation between the receiving truck and the 

shipping truck. However, it differs from the ratio fa in heuristic algorithm 2 because the 

fitness <Jij gives uniform weight between product types regardless of the number of products 

loaded. 

The range of the fitness q, is also between 0 and 1. Fitness o;y = 0 implies that the 

receiving and shipping trucks have no relationship. In other words, no product in the 
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receiving truck is needed for the shipping truck. Fitness = 1 implies that the number of 

products and the types of products for the receiving and shipping trucks are exactly the same. 

The fitness of the pair of receiving truck i and shipping truck j is expressed as follows. 

* minpg ,s'jk) 

kl\ maxO; ,s'jk) 
(5.20) 

I1 
r^»0 or i';1*0 

where, 

Ojj = Fitness of the pair of receiving truck i and shipping truck y, 

r'tk = Number of units of product type k which are loaded in receiving truck i in a given 

iteration, 

s'jk = Number of units of product type k which are needed for shipping truck y in a given 

iteration. 

The denominator represents the total number of product types which is loaded in either 

receiving truck / or shipping truck y. If the denominator equals zero, it is assumed that = 0. 

HEURISTIC ALGORITHM 3 

STEP 1 

For each pair of receiving truck i and shipping truck y, calculate the 'fitness' as presented in 

equation (5-20). 

STEP 2 

If all ay are zero, stop; a solution for the Case 2 problem is found. The solution is presented 

as the number of matching pairs of receiving and shipping trucks. If any is nonzero, 

choose the pair that has the highest <t,j. If there is a tie, choose the pair that has the highest a{j 

which can be obtained from Equation (5-18). 
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STEP 3 

Update the remaining number of units of products in the receiving trucks and the shipping 

trucks. Go to Step 1. 

As pointed out earlier, heuristic algorithms 1, 2 and 3 follow the same procedures 

except that they employ different criteria for selecting the best matching pair. Figure 11 

describes the algorithmic steps of heuristic algorithms 1, 2 and 3. To illustrate how they 

work, heuristic algorithm 3 is applied to Example 3 presented in Section 5.2.2.2. The step by 

step procedure is presented as follows: 

STEP 1 

For each pair of the receiving and shipping trucks, calculate the 'fitness' as follows: 

Shipping Truck 

1 2 3 

Receiving 
Truck 

1 0.417 0.200 0.270 

2 0.250 0.250 0.000 

3 0.330 0.000 

4 0.000 0.250 0.250 

Fitness a,,• is calculated using Equation (5-20). 

For example, the fitness of receiving truck 1 and shipping truck 1, crn, is 

flOO) ( 50^ 

£7„=-
150 =0.417. 

The fitness of receiving truck 3 and shipping track 3, is 

( 150) 

<r33 = ,200j 150. =0.583. 

STEP 2 

The pair of receiving truck 3 and shipping truck 3 is chosen since it has the highest fitness, 

(733 = 0.583. 
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Heuristic Algorithms 1,2 or 3 

L 
I 

Algorithm 1 
Step I 
For each pair of receiving 
and shipping trucks, calculate 
the total number of products 
that can transfer from 
receiving truck i to shipping 
truck j, ay, as presented in 
Equation (5-18). 

Algorithm 2 
Step 1 
For each pair of receiving 
and shipping trucks, calculate 
the ratio of the pair, /%, as 
presented in Equation (5-19). 

No 

/ Yes 

' 

Step 2 
Stop. The solution 
for the Case 2 
problem is found. 

Algorithm 3 
Step 1 
For each pair of receiving 
and shipping trucks, calculate 
the fitness of the pair, as 
presented in Equation (5-20). 

Algorithm 1 
Step 2 
Choose the pair that has the 
highest otij. If there is a tie, 
choose arbitrarily. 

Yes Y e s \  

Step 2 
Stop. The solution 
for the Case 2 
problem is found. 

Algorithm 2 
Step 2 
Choose the pair that has the 
highest Pij. If there is a tie, 
choose the pair that has the 
highest ctij. 

Algorithm 3 
Step 2 
Choose the pair that has the 
highest cry. If there is a tie, 
choose the pair that has the 
highest a,,. 

STEP 3 
Update the remaining number 
of products in the receiving 
and shipping trucks. 

Figure 11. Heuristic Algorithms 1,2 and 3 for the Case 2 Problem 
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STEP 3 

Update the remaining number of of products in the receiving trucks and the shipping trucks. 

To update the number of products, it only need to update the number of products in receiving 

truck 3 and shipping truck 3 since they are chosen in Step 2. The number of products in the 

rest of the trucks is unchanged. The updated information for the receiving and shipping 

trucks are as presented below: 

Receiving Trucks Shipping Trucks 

Truck Product Quantity 

1 150 
1 2 50 

3 50 

2 
4 200 

2 
5 50 

3 
1 0 

3 
3 0 

4 
6 100 

4 
7 50 

Truck Product Quantity 

1 100 
1 3 50 

5 50 

2 50 
2 4 200 

6 100 

1 50 
3 3 0 

7 50 

Go to Step /. 

STEP 1 

For each pair of the receiving and shipping trucks, calculate the 'fitness' a# using the updated 

information. 

Shipping Truck 

1 2 3 

1 (Mi 0.200 0.083 
Receiving 2 0.250 0.250 0.000 

Truck 
3 0.000 0.000 0.000 

4 0.000 0.250 0.333 

STEP 2 

The pair of receiving truck 1 and shipping truck 1 is chosen since it has the largest fitness, 

<T/; = 0.417. 
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STEP 3 

Update the remaining number of units of products in the receiving trucks and the shipping 

trucks. To update the number of product, it only need to update the number of products in 

receiving truck 1 and shipping truck 1 since they are chosen in Step 2. The number of 

products in the rest of the trucks is unchanged. The updated information for the receiving and 

shipping trucks are as presented below: 

Receiving Trucks Shipping Trucks 

Truck Product Quantity 

1 50 
1 2 50 

3 0 

2 
4 200 

5 50 

3 
1 0 

3 0 

4 
6 100 

7 50 

Truck Product Quantity 

1 0 
I 3 0 

5 50 

2 50 
2 4 200 

6 100 

1 50 
3 3 0 

7 50 

Go to Step /. 

The procedure is continued until all ojy equal zero. 

Heuristic algorithms 1 and 2 can be similarly applied to Example 3 without major 

modification. They follow the same procedure as heuristic algorithm 3 except that they use 

the flow factor atj or the ratio factor instead of the fitness factor cry. Heuristic algorithm 3 

found eight matching pairs as presented in Table 16. Even though Model H and heuristic 

algorithm 3 found the same number of matching pairs, the product routing is different 

between them. 

5.2.3.4 Heuristic Algorithm 4 - Maximum Flow with Priority Assignment 

Heuristic algorithm 4 is exactly the same as heuristic algorithm 1 except if there are 

any pairs that satisfy the priority condition in a given iteration, priority is assigned to those 

pairs and heuristic algorithm 1 is only applied to those pairs. Otherwise, heuristic algorithm 4 

automatically reverts to heuristic algorithms 1 in a given iteration. 
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Table 16. Number of Matching Pairs and Product Route generated from Heuristic Algorithm 
3 for Example 3 

Receiving Truck Shipping Truck Product Type Number of Products 
Transferred 

1 1 
1 100 

1 1 
3 50 

1 2 2 50 

1 3 1 50 

2 1 5 50 

2 2 4 200 

3 3 
1 150 

3 
3 150 

4 2 6 100 

4 3 7 50 

HEURISTIC ALGORITHM 4 

STEP 1 

Identify all pairs that satisfy the priority condition presented at the beginning of Section 

5.2.3. In other words, if a certain product type is only loaded in one receiving truck, identify 

all shipping trucks that need to load that particular type of product. If a certain product type is 

needed by only one shipping truck, identify all receiving trucks that load that particular type 

of product. 

STEP 2 

If there are any pairs that satisfy the priority condition, go to 2a in STEP 2. Otherwise, go to 

2b in STEP 2. 

2a 

Apply Heuristic Algorithm I to all pairs that satisfy the priority condition. 

Go to STEP /. 
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2b 

Apply Heuristic Algorithm 1. 

Go to STEP 1. 

5.2.3.5 Heuristic Algorithm 5 - Maximum Ratio with Priority Assignment 

Heuristic algorithm 5 is exactly the same as heuristic algorithm 2 except it assigns 

priority to the pairs that satisfy the priority condition. 

HEURISTIC ALGORITHM S 

STEP I 

Identify all pairs that satisfy the priority condition presented at the beginning of Section 

5.2.3. 

STEP 2 

If there are any pairs that satisfy the priority condition, go to 2a in STEP 2. Otherwise, go to 

2b in STEP 2. 

2a 

Apply Heuristic Algorithm 2 to all pairs that satisfy the priority condition. 

Go to STEP /. 

2b 

Apply Heuristic Algorithm 2. 

Go to STEP 1. 

5.2.3.6 Heuristic Algorithm 6 - Maximum Fitness with Priority Assignment 

Heuristic algorithm 6 is exactly the same as heuristic algorithm 3 except it assigns 

priority to the pairs that satisfy the priority condition. 
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HEURISTIC ALGORITHM 6 

STEP 1 

Identify all pairs that satisfy the priority condition presented at the beginning of Section 

5.2.3. 

STEP 2 

If there are any pairs that satisfy the priority condition, go to 2a in STEP 2. Otherwise, go to 

2b in STEP 2. 

2a 

Apply Heuristic Algorithm 3 to all pairs that satisfy the priority condition. 

Go to STEP I. 

2b 

Apply Heuristic Algorithm 3. 

Goto STEP 1. 

Figure 12 describes the algorithmic steps of the heuristic algorithms 4, 5 and 6. To 

illustrate how the modified versions of heuristic algorithms 1, 2, and 3 work, heuristic 

algorithm 6 is applied to Example 3 presented in Section 5.2.2.2. Heuristic algorithms 4 and 

5 can be similarly applied as heuristic algorithm 6 without major modification. They follow 

the same procedure as heuristic algorithm 6 except that they use the flow factor a,j or the 

ratio factor fiy instead of the fitness factor <%. The step by step procedure is presented as 

follows: 

STEP 1 

To identify the pairs that satisfy the priority condition, each product type is examined: 

Product type 1: Loaded in receiving trucks 1 and 3 & 

Needed for shipping trucks 1 and 3. 

Product type 2: Loaded in receiving truck 1 & Needed for shipping truck 2. 

Product type 3: Loaded in receiving trucks 1 and 3 & 

Needed for shipping trucks 1 and 3. 
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Step 2 Are there 
any pairs that satisfy the 

priority condition? No 

Yes 

Heuristic Algorithms 4,5 or 6 

Heuristic Algorithm 4 
Step 2b 
Apply Heuristic 
Algorithm I. 

Heuristic Algorithm 5 
Step 2b 
Apply Heuristic 
Algorithm 2. 

Heuristic Algorithm 6 
Step 2b 
Apply Heuristic 
Algorithm 3. 

Step I 
Identify all pairs that satisfy the 
priority condition. 

Heuristic Algorithm 6 
Stçp 2a 
Apply Heuristic 
Algorithm 3 to the pairs 
that satisfy the priority 
condition. 

Heuristic Algorithm 5 
Step 2a 
Apply Heuristic 
Algorithm 2 to the pairs 
that satisfy the priority 
condition. 

Heuristic Algorithm 4 
Step 2a 
Apply Heuristic 
Algorithm I to the pairs 
that satisfy the priority 
condition. 

Figure 12. Heuristic Algorithms 4,5 and 6 for the Case 2 Problem 
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Product type 4: Loaded in receiving truck 2 & Needed for shipping truck 2. 

Product type 5: Loaded in receiving truck 2 & Needed for shipping truck 1. 

Product type 6: Loaded in receiving truck 4 & Needed for shipping truck 2. 

Product type 7: Loaded in receiving truck 4 & Needed for shipping truck 3. 

Therefore, the following five pairs satisfy the priority conditions: 

{(Receiving Truck 1 and Shipping truck 2), (Receiving Truck 2 and Shipping truck 1), 

(Receiving Truck 2 and Shipping truck 2), (Receiving Truck 4 and Shipping truck 2), 

(Receiving Truck 4 and Shipping truck 3)}. 

STEP 2 

Because there are pairs that satisfy the priority condition, go to 2a in STEP 2. 

2a 

For all pairs that satisfy the priority condition, apply Heuristic Algorithm 3. 

STEP 1 of Heuristic Algorithm 3 

Calculate the 'fitness' Oy for all pairs that satisfy the priority condition as follow: 

1 
Receiving ^ 

Truck 
3 

4 

Fitness is calculated using Equation (5-20). 

For example, the fitness of receiving truck 1 and shipping truck 2, an, is 

[-) 
=_V501 =Q 2oo 

u 5 

The fitness of receiving truck 2 and shipping truck 2, is 

( 200) 

Shipping Truck 

1 2 3 

X 0.200 X 

0.250 0.250 X 

X X X 

X 0.250 0.250 
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STEP 2 of Heuristic Algorithm 3 

Because the fitness factors <%/ = = a4z = 043 = 0.250, the flow factors or?/, 022, oui 

and CC43 need to be calculated. 

00/ = 50 (50 units of product type 5), or# = 200 (200 units of product type 4), 

CC42 = 100 (100 units of product type 6), eus — 50 (50 units of product type 7). 

Because the flow factor 022 has the highest value, choose the pair of receiving truck 2 and 

shipping truck 2. Note that the pair of receiving truck 3 and shipping truck 3 is chosen in 

the first iteration of Heuristic Algorithm 3. However the pair of receiving truck 3 and 

shipping truck 3 cannot be chosen in Heuristic Algorithm 6 because it does not satisfy the 

priority condition. 

STEP 3 of Heuristic Algorithm 3 

Update the remaining number of products in the receiving trucks and the shipping trucks. 

Receiving Trucks Shipping Trucks 

Truck Product Quantity 

1 150 
1 2 50 

3 50 

2 
4 0 

5 50 

3 
1 150 

3 
3 150 

4 
6 100 

7 50 

Truck Product Quantity 

1 100 
1 3 50 

5 50 

2 50 
2 4 0 

6 100 

1 200 
3 3 150 

7 50 

Go to Step 1 of Heuristic Algorithm 6. 

STEP 1 

Identify the pairs that satisfy the priority condition: 

Product type 1 : Loaded in receiving trucks 1 and 3 & 

Needed for shipping trucks 1 and 3. 

Product type 2: Loaded in receiving truck 1 & Needed for shipping truck 2. 
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Product type 3: Loaded in receiving trucks 1 and 3 & 

Needed for shipping trucks I and 3. 

Product type 4: No product type 4 exists anymore. 

Product type 5: Loaded in receiving truck 2 & Needed for shipping truck 1. 

Product type 6: Loaded in receiving truck 4 & Needed for shipping truck 2. 

Product type 7: Loaded in receiving truck 4 & Needed for shipping truck 3. 

Therefore, the following four pairs satisfy the priority conditions: 

{(Receiving Truck 1 and Shipping truck 2), (Receiving Truck 2 and Shipping truck 1), 

(Receiving Truck 4 and Shipping truck 2), (Receiving Truck 4 and Shipping truck 3)}. 

STEP 2 

Because there are pairs that satisfy the priority condition, go to 2a in STEP 2. 

2a 

For all pairs that satisfy the priority condition, apply Heuristic Algorithm 3. 

STEP 1 of Heuristic Algorithm 3 

Calculate the 'fitness* a;y for all pairs that satisfy the priority condition as follow: 

1 
Receiving ^ 

Truck ^ 

4 

STEP 2 of Heuristic Algorithm 3 

Because the fitness factors o>/ = <xc = 0.333, the flow factors and cui need to be 

calculated. 

&2i = 50 (50 units of product type 5), oui = 100 (100 units of product type 6). 

Because the flow factor CU2 has the highest value, choose the pair of receiving truck 4 and 

shipping truck 2. 

Shipping Truck 

1 2 3 

X 0.250 X 

0.333 X X 

X X X 

X 0.333 0.250 
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STEP 3 of Heuristic Algorithm 3 

Update the remaining number of products in the receiving trucks and the shipping trucks. 

Receiving Trucks Shipping Trucks 

Truck Product Quantity 

1 150 
1 2 50 

3 50 

2 
4 0 

5 50 

3 
1 150 

3 150 

4 
6 0 

7 50 

Truck Product Quantity 

1 100 
1 3 50 

5 50 

2 50 
2 4 0 

6 0 

1 200 
3 3 150 

7 50 

The procedure is continued until all equal zero. Heuristic algorithm 6 found eight 

matching pairs and the solution is the same as the solution of heuristic algorithm 3 as 

presented in Table 16. 

5.2.4 Makespan 

Once the number of matching pairs of receiving and shipping trucks and product 

routing are know from a solution for the Case 2 problem, makespan is calculated as follows: 

* AT 

Makespan=^£mkrut+(P-l)D+V (5-21) 

where, 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

N= Number of product types in the set, 

rlk = Number of units of product type k which is initially loaded in receiving truck i, 

Sjk = Number of units of product type k which is initially needed for shipping truck j, 

Uk = Unloading time for one unit of product type k from a receiving truck, 

Ik = Loading time for one unit of product type k to a shipping truck, 
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mk = Effective time required to unload or load one unit of product type k, m* = max(w*, /*), 

D = Delay time for truck change, 

V = Moving or travel time of products from the receiving dock to the shipping dock, 

P = Number of matching pairs of receiving and shipping trucks in the solution for the Case 2 

problem. 
* s 

The first term, , represents the total required time for unloading all 
/•I t*I 

products from all receiving trucks and loading them to all shipping trucks in the set. Note that 

unloading and loading can be done simultaneously after the first V units of time have passed. 

Therefore, it is the larger of the two parameters u*, and /* that affects the makespan. The first 

s s 
term can be replaced with ^£mksJk . The second term, (P-l)D, presents the delay time for 

j'i *»i 

truck changes. Because the number of pairs in the solution is P, the total number of truck 

changes required is (P-l). The last term, V, represents the required time for products to travel 

from a receiving dock to a shipping dock. 

If it is assumed that loading time and unloading time are the same for all types of 

products and they are one unit of time, Equation (5-21) is simplified as follows: 
* V 

Makespan=^£^Tr1Jk + (P -\)D+V . (5-22) 
i" 1 *•! 

R V 
The first term, presents the total number of products in the set; note that it can be 

i-t *-l 

Î » 
replaced with ^sjk . The second and third terms are the same as in Equation (5-21). 

y» 1 

5.2.5 Sequencing of Receiving and Shipping Trucks 

The second mathematical model and the heuristic algorithms found the minimum 

number of matching pairs of the receiving and shipping trucks instead of finding the 

receiving and shipping truck sequences. However, the real interest is not the minimum 

number of matching pairs but the best sequences for truck spotting for both receiving and 
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shipping trucks. Therefore, there is the need to develop a method that is able to convert the 

matching pairs to the best spotting sequences for the receiving and shipping trucks. 

As shown in Table 15 in Section 5.2.2.2, the minimum number of matching pairs 

required for receiving and shipping trucks was eight for Example 3. They are as follows: 

{(/1, f2), i f  / ,  / 3 ) ,  ( f f / ) ,  i f 2 ,  f 2 ) ,  3, f* 1), i f  3,13), i f4, f2), i f4, /j)}. 

How can the above matching pairs be converted to near optimal sequences for the receiving 

and shipping trucks? It can be done by choosing any pair arbitrarily and placing the receiving 

truck at the end of the receiving truck sequence and placing the shipping truck at the end of 

the shipping truck sequence. The order of the selection of the matching pairs does not affect 

makespan. If the pairs are chosen from the left to the right direction, the receiving and the 

shipping truck sequences can be constructed as follows: 

Receiving Truck Sequence :tri-*tri-*tr2-*tr2-*tr3-nr3->tr4-+trj. 

Shipping Truck Sequence : -»/;-»// -> f 2 -»//-» /j —» f2 -> fj-

After removing the redundant sequences in the receiving truck sequence, the final sequences 

are presented as follows: 

Receiving Truck Sequence : -» fV 

Shipping Truck Sequence :A—»/;-»//—»A—>//—»/_,—fs. 

Now suppose the pair that has the lowest shipping truck identification number is 

scheduled first; then the sequences for the receiving and shipping trucks can be presented as 

follows: 

Receiving Truck Sequence :tr2-*tr3->tri-*tr2-*tr4-*tri-*tr3->f4-

Shipping Truck Sequence ://-»//-» fS -» fS -> -+ -»/, -» f 3 .  

After the redundant sequences in the shipping truck sequence are removed, the final 

sequences are presented as follows: 

Receiving Truck Sequence :tr2->tr3->iri->ir2-*ir4-+tri-nr3->tr4. 

Shipping Truck Sequence : f 1 —» f 2 —» /j. 

For both sequences presented above, makespan is the same regardless of the order of 

the pairs. Furthermore, as presented in Equation (5-21) or (5-22) in the previous section, the 

number of matching pairs only affects makespan, while the order of the pairs does not. 

Therefore, within the schedule that produces the minimum number of the matching pairs of 
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the receiving and shipping trucks, the matching pairs can be arranged in any order to 

construct the schedule. For example, if there is a truck that needs to be released early, priority 

can be given to the pair that includes the truck and then assign the pair to the earliest 

available sequence positions. 

5.2.5.1 Sequencing of Receiving and Shipping Trucks to minimize the Mean Flow Time 
for Receiving and Shipping Trucks with the given Number of Matching Pairs 
for the Case 2 Problem 

As mentioned above, makespan is the same regardless of the order of selection of the 

matching pairs for the Case 2 problem. In this section, given the number of matching pairs as 

determined from the previous sections, solution approaches to minimize the mean flow time 

for receiving and shipping trucks in the distribution center are developed. The flow time of a 

receiving truck is defined as the time interval from the time the receiving truck first unloads 

its product or item onto the receiving dock to the time it unloads its last product or item onto 

the receiving dock. Similarly, the flow time of a shipping truck is defined as the time interval 

between the time the shipping truck first loads its needed product or item from the shipping 

dock to the time it loads its last product or item from the shipping dock. 

The choice of optimizing on minimum flow time of trucks is justified by the fact that 

it is consistent with the industrial practice of minimizing the elapsed time trucks have to 

spend at distribution centers to deliver or pickup their items during any delivery or pickup 

visit to a warehouse. This way, trucks that are delivering or picking items during a given time 

period (e.g., a day) can be informed of their delivery or pickup times ahead of time and use 

the information to schedule their arrival at the warehouse to coincide or come as close as 

possible to the time they are scheduled for dock unloading or loading to minimize their time 

of stay at the warehouse site. This would allow trucks to be attended as soon as they arrive at 

the warehouse. The procedure is consistent with just-in-time concept. Trucks will arrive at 

the time they are needed and be scheduled for unloading or loading at about the same time to 

minimize their time of stay. 
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Throughout this section, it is assumed that unloading time of a product onto the 

receiving dock and the loading time of a product into the shipping truck are the same for all 

product types and it is one unit of time. 

The following notations are used to develop the solution approach. 

f m = Receiving truck that is scheduled in the i* position in the matching pair sequence, 

f[ij = Shipping truck that is scheduled in the i4h position in the matching pair sequence, 

p'fij = Total number of products that transfer from receiving truck f  pj  to shipping truck fpj ,  

where (K),y, fpj) is a matching pair and scheduled in the 1th position in the matching 

pair sequence, 

D = Delay time for truck change, 

P = Number of matching pairs of the receiving and shipping trucks obtained from the 

previous solution, 

brt = The point in time at which receiving truck i comes the very first time into the receiving 

dock, 

bsi - The point in time at which shipping truck i comes the very first time into the shipping 

dock, 

f i = The point in time at which receiving track i leaves the warehouse after it unloads all of 

its products, 

/, = The point in time at which shipping truck i leaves the warehouse after it loads all of its 

needed products, 

F*i = Flow time of receiving truck i; in other words, the amount of time receiving truck / 

stays in the warehouse (=/, - b% ), 

Pi = Flow time of shipping truck /; in other words, the amount of time shipping truck i stays 

in the warehouse (=/, - b*i ), 

F = Mean flow time of the receiving and shipping trucks. 

Then the mean flow time for the receiving and shipping trucks is defined as follows: 

±F',+±F-j 

R + 's • (5'23) 
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Suppose the matching pairs are selected and scheduled as follows: 

if[ib ?[i]) —» -» ifmj f[Vj)if  [wj, f[wj) (ffpj,  I s[pj).  (5-24a) 

then the receiving and shipping truck sequences can be presented as follows: 

Receiving Truck Sequence : ff/y/ (5-24b) 

Shipping Truck Sequence : f[ij f[Vj f[Wj -* ... -> r^/y. (5-24c) 

Assume receiving truck /,• first appears in the Vth position and last appears in the w* 

position in the receiving truck sequence as presented in (5-24b). Therefore, ffVj = f, and 

= fThen, the flow time of receiving truck f„ F*t, is calculated as follows: 

^=2>'[I]+(*'-v)£>- (5-25) 
z*v 

The first term, , represents the time required to unload all products between the first 

appearance and the last appearance of receiving truck The second term, (w-v)Z), 

represents the time required for truck changes between the first appearance and the last 

appearance of receiving truck f,. Therefore, f, presents the flow time or staying time of 

receiving truck fi in the distribution center. Similarly, the flow time or staying time of 

shipping truck fj, F*j, is calculated as in equation (5-26) if it is assumed shipping truck fj first 

appears in the Vth position and last appears in the w* position in the shipping truck sequence 

as presented in (5-24c): 

F ' j  =y .p'[.-i +(w — v)D.  (5-26) 
r*v 

From this point, the receiving and shipping truck sequences will be expressed as the 

matching pair sequence presented in (5-24a) instead of expressing them individually as the 

receiving truck sequence as in (5-24b), and the shipping truck sequence as in (5-24c). 

Therefore, if the sequence is presented as in (5-24a), then it implies there is one receiving 

truck sequence as presented in (5-24b) and one shipping truck sequence as presented in (5-

24c). 

Consider Example 3 in Section 5.2.2.2 again. The minimum number of matching 

pairs required for the receiving and shipping trucks was eight as presented in Table 15 in 

Section 5.2.2. The pairs were as follows: 
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{( / / ,  f i ) ,  i f l ,  f i ) ,  { f2 ,  f  / ) ,  ( f2 ,  f2) ,  i f3 ,  f f ) ,  i f3 ,  f3) ,  i f 4, f i ) ,  i f 4, f*?)} .  

Assume truck change time for this example is 75 (D = 75). 

If the pairs are chosen from the left to the right direction, the sequence is as follows: 

i f  1,  f  2)  —> i f1 ,  f  3)  —> i f  2, f  i ) -+  i f2 ,  f  2)  —» i f3 ,  f  / )  —> i f  3,  f  3)-*  i f  4, f  2)  —> i f  4, f  j ) .  

In this case, Fri is calculated as follows using equation (5-25): 

F'i=^f'[:i+(w-v)D.=(50+200)+(2-l)75=325. 
5*1 

Receiving truck f / appears first in the first position and appears last in the second position in 

the matching pair sequence. 

Similarly, F s3 is calculated as follows using equation (5-26): 

8 

F'3 =£/>'[.-]+(w-v)£>.=(200+50+200+150+150+100+50)+(8-2)75=1350. 
z-2 

In this case, shipping truck f3 appears first in the second position and appears last in the 

eighth position in the matching pair sequence. 

For this sequence, the mean flow time or stay time is calculated as follows using 

equation (5-23): 

= (325+ 325+ 375+ 225)+(550+ 1350+ 1350) 4500 
r =o42.ao. 

7 7 

Now suppose that the pair that has the lowest shipping truck identification numbers is 

scheduled first; then the sequences of the receiving and shipping trucks can be presented as 

follows: 

i f2 ,  f  1)  —* i f3 ,  f  1)  -*  i f  1,  f2)  —» i f2 ,  f2)  —» i f4 ,  f2)  —» i f  1,  f  3)  —> i f3 ,  f  j)  —» i f4 ,  f i). 

The mean flow time for this schedule is then calculated as follows using equation (5-23): 

(775+675+1225+725)+(275+500+550) 4725 ^ Q() 

7 7 

As seen in the above example, the mean flow time or staying time depends on the 

sequences of the receiving and shipping trucks. To minimize the mean flow time of the 

trucks, two approaches were developed. The first approach is the enumeration method and 

the second method is the tabu search. 
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5.2.5.2 Complete Enumeration Method 

From the previous solution, the number of matching pairs of the receiving and 

shipping trucks and product routing are already known. Therefore, the optimal solution can 

be found by enumerating all possible combinations for the sequences of the matching pairs. 

The total number of possible sequences for this problem is (P!) when the complete 

enumeration method is used. 

For a small problem, it is possible to find an optimal solution with this method. 

However, this method is not practical for medium to large size problems. For example, 

suppose that the number of matching pairs is fifteen. Then the total number of possible 

sequences is {15!) = 1.3xl012. In this case, it is not practical to solve the problem by 

enumerating all possible sequences. Therefore, what is required is a method that finds 

solutions within reasonable amounts of time. The next section presents the tabu search to 

solve the problem of minimizing the mean flow time within reasonable time duration. 

The reason why the complete enumeration method is adopted in this research is to 

provide a basis to benchmark the performance of the tabu search. For small-sized problems, 

the first method is able to find the worst solution and the average solution of all possible 

sequences as well as the optimal solution because it enumerates over all possible sequences. 

Solutions obtained from the tabu search can be compared with the solutions obtained by the 

complete enumeration method to test the performance of the tabu search. 

5.2.5.3 Tabu Search Method 

The tabu search was introduced in Chapter 4 to solve Case 1 problem. The tabu 

search developed for the Case 2 problem is very similar to the tabu search used for the Case 

1 problem. The tabu search for the Case 2 problem used the following basic elements of the 

neighborhood search procedure: 

1. Initial Sequence - The initial sequence is randomly picked for the Case 2 problem. 

2. Neighborhood of the Current Solution - The adjacent pairwise interchange operation is 

used to generate a neighborhood of a current solution. Suppose the current receiving 

truck sequence and shipping truck sequence are scheduled as follows: 
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if (lb f['j) ^(2b f(2j) if (3b fPi) if[P-lb f(P-lj) -* if(Pb f(P])-

Then the neighborhood of the current solution would be exactly the following {P-l)  

sequences: 

i f (2] ,  f (2j)  -»  i f  ( lb  fCI)  i f (3b f(3j)  -»  -»  {f(P-lb f (P-l l )  i f  (Pb f(Pl)-

(Interchange the matching pairs i f  w, f p j )  and ( f w, f / : / ) ) .  

i f ( IJ> fUi)  i f (3b f(31)  i f (2b f [2]) i f (P-ib f[P-i])  i f (Pb f[P])-

(Interchange the matching pairs ( f  pj, fpj )  and ( f  f J J ,  f [ 3 j ) ) .  
O 

o 

i f ( lb  f[I])  i f [2b f[21)  -»  i f[3b f (3j)-*•••-> i f[Pb f[pj)  - •  i f (P-lb f(P-l / )•  

(Interchange the matching pairs (f/P./y, f[p- i / )  and ( f [Ph f[P])) .  

Even though this neighborhood limits the number of new choices to evaluate, it is 

relatively small and easy to generate. It is a trade-off against using a more complicated 

method of neighborhood generation that would require high computational time. 

3. Selection Criterion - To select the next solution after the adjacent pairwise interchange, 

all solutions in the neighborhood are evaluated and the best solution among all 

neighborhood solutions is chosen as the next solution even if this makes the objective 

function value somewhat worse. 

4. Termination - The tabu search will stop if there is no improvement in the objective 

function value after the search has been carried out with a new starting random solution 

or seed for a maximum number of times specified by the user. In other words, if a certain 

number of consecutive initial sequences generated randomly do not improve the current 

best solution, the algorithm will stop. For the Case 2 problem, 100 was used as the 

maximum number of random initial sequences. 

5. Number of Tabu List - Seven tabu lists were used for this algorithm. 

The tabu search algorithm developed for the Case 2 problem is as described below. 
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TABU SEARCH ALGORITHM FOR THE CASE 2 PROBLEM 

STEP 1 

Generate the initial sequence randomly. Set the current sequence as the initial sequence. Set 

the iteration number equal to one and initialize the tabu list. 

STEP 2 

For each neighborhood sequence of the current sequence, 

(2a) If the neighborhood sequence already exists in the tabu list, ignore the neighborhood 

sequence. Otherwise, go to Step (2b). 

(2b) Calculate the mean flow time, F, of the receiving and shipping truck sequences for the 

neighborhood sequence of the current sequence. 

STEP 3 

Choose the next sequence as the neighborhood sequence that has the smallest F. Set the 

current sequence as the next sequence. 

STEP 4 

If the current sequence is the best solution found so far, set the best sequence as the current 

sequence and set the iteration number and the random initial sequence number to 1. 

Otherwise, increase the iteration number by 1. 

STEPS 

If the iteration number is greater than the maximum number of iterations allowed, increase 

the random initial sequence number by 1. Otherwise, go to Step 2. 

STEP 6 

If the random initial sequence number is greater than the maximum number of random initial 

sequences allowed, choose the best sequence as the best solution found so far and stop. 

Otherwise, go to Step I. 
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This tabu search algorithm is very similar to the modified tabu search algorithm 

presented in Chapter 4. To enhance the quality of the solution, several initial seed sequences 

were used for the algorithm. The main drawback of this algorithm is that the selection of the 

next sequence is relatively expensive because the computational time required to evaluate 

each adjacent neighborhood interchange is very large. Therefore, the net change of the flow 

time or staying time for each adjacent neighborhood is evaluated to enhance the speed of the 

algorithm instead of actually calculating the mean flow time for each adjacent neighborhood. 

The following section presents how the net change of the flow time can be calculated. 

5.2.5.4 Calculation of the Net Change of Flow Time of Adjacent Neighborhood for the 
Tabu Search Method for the Case 2 Problem 

Suppose the sequence is scheduled as follows and the two adjacent neighborhoods 

( ffvj, f[vj) and (f[wj, <%/) are to be interchanged. 

if [lb f[l]) if(2b f(2j) -» if[+ fm) -» if(wj, f[wj) {f[Pb f[Pj)-

t t 
Interchange 

After the adjacent neighborhood interchange, the sequence will become as follows: 

i f ( ib  f  ( i l )  i f (2b f (2])-* —» i f (wb fm) i fM* fm) -»  -»  i f  (Pb f(Pj)-

As mentioned earlier, p'pj is defined as the total number of products that transfer 

from receiving truck fpj to shipping truck fpj, where {fpj, fpj) is a matching pair and 

scheduled in the 1th position in the matching pair sequence, and D is defined as the delay time 

for truck change. Let f fV/ = f, and f fWj = fj. In this case, the net change of the flow time for 

the receiving truck sequence is calculated according to the following algorithm or steps: 

NET CHANGE OF FLOW TIME FOR RECEIVING TRUCK INTERCHANGE 

If f  i  = f j ,  .% Net Change = 0. 

Otherwise (i.e. if f t  *  fj) ,  the net change is calculated as follows after evaluating the net 

change of and Fj before and after the interchange. 
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1. Iff, appears only once in the receiving truck sequence and ... 

i) If fj appears only once in the receiving truck sequence, then f, and F j before and 

after the interchange are as follows: 

Before: F i=p i
M & Fj=p'[W/ 

After: F i=p ,
[v]  & Fj=p'H 

:. Net Change = 0. 

ii) If f [w] is the first position of receiving truck fj in the receiving truck sequence, 

then Ft and Fj before and after the interchange are as follows: 

Before : Fi = p'fVj & Fj = p'[Wj + ... 

After: Fi=p' [ v]  & Fj = p'[w J  +D+ p'M  + . . .  

Net Change = ( p'[Vj + D). 

iii) If f  [wj  is a position between the first position and the last position of receiving 

truck fj in the receiving truck sequence, then F( and Fj before and after the 

interchange are as follows: 

Before : F( = p'[Vj & Fj = ...+ p'fVj + D + p'fWj + ... 

After : F (  = p ' f v j  & Fj= . . .  +p'[W j  + D+ p c
[ v ]  + . . .  

.'. Net Change = 0. 

iv) If f  [w j  is the last position of receiving truck f j  in the receiving truck sequence, 

then F, and Fj before and after the interchange are as follows: 

Before : F t  =/>%/ & Fj = ... + pl
M + D+ p'fw] 

After : F, = p'M & Fj= ...+ p'[W] 

.*. Net Change = -( pl
M + D ) 

2. If f  ( v j  is the first position of receiving truck f  i  in the receiving truck sequence and ... 

i) If fj appears only once in the receiving truck sequence, then F, and Fj before and 

after the interchange are as follows: 

Before : F t  = p'M + D+ p'[wf + ... & Fj=p'[w] 

After: Fj=p' fvJ+... & Fj=p'[wI 

.*. Net Change = -( pl
[wj + D). 
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ii) If f (w j  is the first position of receiving truck f j  in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : F t  = p'[vj + D+ p'[wj + ... & Fj= p'[wj +... 

After: Fi=p'[vj + ... & F}  = p'[wI + D+ p l
M + ... 

.-. Net Change = (p'[v] -p'[Wj ). 

iii) If f  [W j  is the position between the first position and the last position of receiving 

truck fj in the receiving truck sequence, then Fi and Fj before and after the 

interchange are as follows: 

Before : Fi=p'[Vj + D+p'(Wj+ ... & Fj= ... + p'[Vj + D + p'w + ... 

After : Fi=p'[vj +... & Fj=... +p'fWj + D+p'[Vj +... 

.-. Net Change = - (p'[Wj + D). 

iv) If f  [w j  is the last position of receiving truck f j  in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : Fi = p l
M + £>+ p'[wj + ... & Fj= ... + p'[Vj + D+ p' fwJ 

After: Fi=p'fVj+... & Fj=...+ p'fWj 

Net Change =-( p'M + + ̂  )• 

3. If f(Vj is the position between the first position and the last position of receiving truck 

f i in the receiving truck sequence and ... 

i) If fj appears only once in the receiving truck sequence, then F t  and Fj before and 

after the interchange are as follows: 

Before : = ... + p'fV/ + D+ p'[Wj + ... & Fj= p'fWj 

After: F, = ... + p'fwj+ D+p'[Vj+ ... & Fj=p'fWj 

:. Net Change = 0. 

ii) If f  fW j  is the first position of receiving truck f j  in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : Fi-...+p'[V/ + D+p'[W/+ ... & F j=p tfWj+... 

After: f,-= ... +p t(W] + D+p t[V]+ ... & F}  = p'[wj + £> + p'[vj + ... 

. - .  N e t  C h a n g e  =  (  p ' M  +  D ) .  
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iii) If ffWj is the position between the first position and the last position of receiving 

truck fj in the receiving truck sequence, then Ft and Fj before and after the 

interchange are as follows: 

Before: Fj = ... +p'[Vj + D+p'[Wj + ... & Fj- ...+p'[Vj + D+p'[Wj+ ... 

After: F t=... +p'[Wj + D+p tfvj + ... & Fj= ...+ p'[wj + D+ p'M + ... 

.". Net Change = 0. 

iv) If f[Wj is the last position of receiving truck fj in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : f,= ...+p'[Vj + D+p'[Wj + ... & Fj= ...+ p'[v] + D+ p'[Wj 

After: Fi-...+p'(Wj + D+p'[Vj + ... & Fj= ...+p'fw} 

:. Net Change = -( p\vj +D). 

4. If f  fV j  is the last position of receiving truck f  , in the receiving truck sequence and ... 

i) If fj appears only once in the receiving truck sequence, then F, and Fj before and 

after the interchange are as follows: 

Before : /% = ... + p'[Vj & F j = />%,/ 

After : F t= ... + p'(Wj + D+ p'[v} & F j = p' fwj 

: .  Net  Change = (/>%,/  + D).  

ii) If f[wj is the first position of receiving truck fj in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : f, = ... + p'[Vj & F j = p'[w] + ... 

After: Ft= ...+p'[Wj + D+p tfVj & F}  = p'[w} + D+ p l
M + ... 

.'. Net Change = ( p'[Vj + />%,/ +2D ). 

iii) If f  [wj  is the position between the first position and the last position of receiving 

truck fj in the receiving truck sequence, then Ft and Fj before and after the 

interchange are as follows: 

Before : F i=.. .+p t(Vj & Fj =.. .  +p t[V j  + D+p t[W j+ . . .  

After : Fi= ...+ />%,/ + D+ p'[vj & Fj = . . .+ p'rW]  + D+ p' [ v j  + . . .  

.'. Net Change = ( />%/ + D ). 
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iv) If f(wj is the last position of receiving truck fj in the receiving truck sequence, 

then Fi and Fj before and after the interchange are as follows: 

Before : Ft =... + pl
M & Fj = ...+ p'[vJ + £> + p'[wJ 

After : F, = ... + p'[wj + D+ p'[Vj & Fj- ... + p'fWj 

.-. Net Change = ( p'[W] -p 'fvj )• 

The exactly same argument goes to the net change of the flow time for the shipping 

truck sequence. Figure 13 presents the summary of net change of the flow time for the 

receiving truck sequence and Figure 14 presents the summary of net change of the flow time 

for the shipping truck sequence. After the net change of the flow time for the receiving truck 

change and shipping truck change are calculated and their sum is greater than zero, the 

interchange will increase the mean flow time. If their sum is zero, the mean flow time is the 

same before and after the interchange. If their sum is less than zero, it decreases the mean 

flow time after the interchange. Therefore, the neighborhood that has the smallest net change 

is chosen for the tabu search and it is set as the next sequence. 

To explain the net change of the mean flow time, consider Example 3 in Section 

5.2.2.2 again. Assume the current sequence is as presented in (5-27): 

( f  i ,  f 2 )  — *  ( f /, f 3 )  —» ( f 2 ,  f  1 )  —* ( f 2 ,  f  2) ( f 3 ,  f  1 )  —* ( f 3 ,  f 3 )  —» { f 4, f  2) —» ( f 4, f 3 ) -  (5-27) 

From Section 5.2.5.1, the mean flow time, F =642.86, was found. Next, suppose the 

matching pairs (f3, fj) and (f4, /j) are interchanged from sequence (5-27). Then the adjacent 

neighborhood of the current solution corresponding to this interchange is as presented in (5-

28): 

( f  h  f 2 ) — *  ( f t ,  f 3 ) ( f 2 ,  f  1 ) — * •  ( f 2 ,  f 2 )  - +  ( f 3 ,  f  / )  - >  ( f 4 ,  f 2 )  —» ( f 3 ,  f 3 )  -» ( f 4 ,  f  3 ) '  (5-28) 

One way of finding the mean flow time, F, is to calculate it using equation (5-23) presented 

in Section 5.2.5.1. 

= (325+325+550+450)+(550+l 125+1350) 4675 _ 
t = =oo7.ou . 

7 7 
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Let fM = fi and fM = f,. 

Iff, = f j ,  Net Change = 0. 

Otherwise(i.e. if fi*f>), the net change is calculated 
as follows after evaluating the net change of f, 
and fj before and after the interchange. 

1. If fi appears only once in the receiving truck 
sequence and... 

i) If fj appears only once in the receiving truck 
sequence. Net Change = 0. 

ii) If t%/ is the first position of receiving truck fj 
in the receiving truck sequence. Net 
C h a n g e  =  (  p ' M  +  D ) .  

iii) If f[wj is the position between the first 
position and the last position of receiving 
truck fj in the receiving truck sequence. .*. Net 
Change = 0. 

iv) If f [ w j  is the last position of receiving truck f j  
in the receiving truck sequence. Net Change 
=  - (  P ' M + D ) .  

2 .  If f [ v )  is the first position of receiving truck f , in 
the receiving truck sequence and... 

i) If ft appears only once in the receiving truck 
s e q u e n c e .  . \  N e t  C h a n g e  =  -  (  p ' ( w }  +  D ) .  

ii) If fM is the first position of receiving truck f} 
in the receiving truck sequence. Net Change 
~  ( P ' m - P ' f w j ) -

iii) If fM is the position between the first 
position and the last position of receiving 
truck fj in the receiving truck sequence. Net 
C h a n g e  =  -  (  p ' M  +  D ) .  

iv) If fM is the last position of receiving truck fy 

in the receiving truck sequence. Net Change 
- - ( P'M  + P'm + 2D ). 

3. If is the position between the first position 
and the last position of receiving truck f, in the 
receiving truck sequence and ... 

i) If fj appears only once in the receiving truck 
sequence. Net Change = 0. 

ii) If f fw/ is the first position of receiving truck f, 
in the receiving truck sequence. Net 
C h a n g e  =  (  p ' ( v J  +  D ) .  

iii) If f(w/ is the position between the first 
position and the last position of receiving 
truck fj in the receiving truck sequence. 
Net Change = 0. 

iv) If f  f w j  is the last position of receiving truck f ,  
in die receiving truck sequence. Net 
C h a n g e  =  - (  p ' M  +  D ) .  

4. If f  ( v j  is the last position of receiving truck f ,  in 
the receiving truck sequence and ... 

i) If fj appears only once in the receiving truck 
s e q u e n c e .  . \  N e t  C h a n g e  =  (  p ' M  +  D ) .  

ii) Iff(W/ is the first position of receiving truck fj 
in the receiving truck sequence. Net Change 
= ( P'M P'M +2D ). 

iii) If fM is the position between the first 
position and the last position of receiving truck 
fj in the receiving truck sequence. .\ Net 
Change = ( p'H + £> ). 

iv) If fH is the last position of receiving truck f; 

in the receiving truck sequence. Net Change 
~ (P'M ~P'M )-

Figure 13. Net Change of the Flow Time for the Receiving Truck Interchange 
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Let f M  =  f t  and f M  =  f } .  

If Is, = fj, Net Change = 0. 

Otherwise(i.e. if f c * f j ) ,  the net change is calculated 
as follows after evaluating the net change of Ft

t 

and F*j before and after the interchange. 

I. If fi appears only once in the shipping truck 
sequence and... 

i) If fj appears only once in the shipping truck 
sequence. .'. Net Change = 0. 

ii) If f [ w ]  is the first position of shipping truck f ,  
in the shipping truck sequence. Net Change 
=  ( p ' [ v J  +  D ) .  

iii) If f[Wj is the position between the first 
position and the last position of shipping truck 
fj in the shipping truck sequence. .*. Net 
Change = 0. 

iv) If f [ w j  is the last position of shipping truck f ,  
in the shipping truck sequence. Net Change 
= - ( p'm + D)-

2. If f [ v J  is the first position of shipping truck f ,  in 
the shipping truck sequence and ... 

i) If fj appears only once in the shipping truck 
sequence. .'. Net Change = -( p'[wI + D ). 

ii) If fM is the first position of shipping truck ft 

in the shipping truck sequence. Net Change 
~ (p'm ~ p'm)-

iii) If f[W/ is the position between the first 
position and the last position of shipping truck 
fy in the shipping truck sequence. Net 
C h a n g e  =  -  (  p ' M  +  D ) .  

iv) If f [ w )  is the last position of shipping truck f t  

in the shipping truck sequence. .*. Net Change 
= -( p'm + P'm * -D )-

3. If f[v] is the position between the first position 
and the last position of shipping truck f, in the 
shipping truck sequence and ... 

i) If fj appears only once in the shipping truck 
sequence. .*. Net Change = 0. 

ii) If f / W ]  is the first position of shipping truck f ,  
in the shipping truck sequence. Net Change 
=  { p ' w  +  D ) .  

iii) If fM is the position between the first 
position and the last position of shipping truck 
fj in the shipping truck sequence. Net 
Change=0. 

iv) If fM is the last position of shipping truck f, 
in the shipping truck sequence. .\ Net Change 
= - ( p'M + ^ )• 

4. If f [ v j  is the last position of shipping truck f ,  in 
the shipping truck sequence and ... 

i) If fj appears only once in the shipping truck 
sequence. .% Net Change = ( p'M + D ). 

ii) If f [ W j  is the first position of shipping truck f ,  
in the shipping truck sequence. Net Change 
= ( p'm + P'm +2D )-

iii) If ffWj is the position between the first 
position and the last position of shipping truck 
fj in the shipping truck sequence. Net 
Change = ( p'M + D ). 

iv) If fM is the last position of shipping truck f, 
in the shipping truck sequence. Net Change 
= ( p'm ~p'm )• 

Figure 14. Net Change of the Flow Time for the Shipping Truck Interchange 
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However, a simpler way of finding F  is to use the net change equations of the flow 

time. Consider the matching pair sequence before the pairs (f3, r*j) and (f4, /:) are 

interchanged as presented in sequence (5-27). As can be seen, receiving trucks f[6j = f3 and 

f[?] ~ in sequence (5-27). Receiving truck is in the last position or appearance of 

receiving truck f3 in the receiving truck sequence and receiving truck fpj is the first position 

or appearance of receiving truck ^ in the receiving truck sequence. Therefore, the net change 

of the flow time for the receiving truck interchange is calculated as follows: 

Net Change for Receiving Truck Interchange 

=  ( p ' [ v ]  +  p 'fwj +2D ) = (150 +100 + 2(75)) = 400. 

For the shipping trucks, f ( 6 j  = f i  and f p j  = rS in sequence ( 5 - 2 7 ) .  Shipping truck f ^ i  

is in a position between the first appearance and the last appearance of shipping truck f3 in 

the shipping truck sequence. Note that the first appearance in the shipping truck sequence for 

shipping truck f 1 is fpj and the last appearance in the same sequence for shipping truck Is3 is 

f[8 1 in sequence (5-27). Meanwhile, shipping truck fpj is in the last appearance for shipping 

truck Is2 in sequence (5-27). Therefore, the net change of the flow time for the shipping truck 

interchange is calculated as follows: 

Net Change for Shipping Truck Interchange 

—  — ( p ' f v j  + D  ). — —(150 + 75) = —225. 

Total net change of the receiving and shipping truck interchanges will be 175 (= 400 

- 225). Therefore, it will increase the mean flow time by ^^=25. The mean flow time of 

the adjacent interchange as presented in sequence (5-28) will be 642.86 plus 25 which equals 

667.86. This mean flow time, 667.86, is the same as the mean flow time found using 

equation (5-23) presented in Section 5.2.5.1. 

Consider another adjacent neighborhood interchange. If the two matching pairs (f/, 

f2) and {f /, f 3) are interchanged from sequence (5-27), the new sequence will be as follows: 

if 1, f3) —» (ft, f2) —> if2, f/) —» if2, f2) —» (fj. f 1) if3, f3) —• if4, f2) —» {f4, f3). (5-29) 

Using equation (5-23) presented in Section 5.2.5.1, the mean flow time for sequence (5-29), 

F =621.43, was found. 
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In order to find the mean flow time of sequence (5-29), suppose the net change of 

flow time is used. Then, for the receiving truck interchange, it can be seen from sequence (5-

27), f[i] = fi and fpj = f/. Because receiving trucks f[ij and fpj are the same receiving 

truck fi (i.e. fpj (=f/ ) = fpj (=f/)), the net change of flow time for receiving truck 

interchange is zero. 

Net Change for Receiving Truck Interchange = 0. 

For the shipping truck interchange, f p j  = f 2  and f p j  = f i  from sequence ( 5 - 2 7 ) .  

Shippi n g  truck fpj is in the first appearance of shipping truck rS and shipping truck fpj is 

also in the first appearance of shipping truck fj in sequence (5-27). Therefore, the net change 

of the flow time for the shipping truck interchange is calculated as follows: 

Net Change for Shipping Truck Interchange 

= ( p'[vj — p'fwj )= (50 — 200) = —150. 

Total net change of the receiving and shipping truck interchanges will be -150 (= 0 - 150). 

-150 
Therefore, it will change the mean flow time by —-—=- 21.43. The mean flow time of the 

adjacent interchange as presented in sequence (5-29) will be 642.86 minus 21.43 which is 

621.43. This mean flow time, 621.43, is the same as the mean flow time found using 

equation (5-23) presented in Section 5.2.5.1. 

Using the net change to find the mean flow time for adjacent neighborhoods, the run 

time of the tabu search was drastically reduced. In the real implementation of the tabu search, 

the net change of the flow time was used to evaluate the adjacent neighborhood and to select 

the next sequence instead of using equation (5-23) presented in Section 5.2.5.1. 

53 Implementation and Results 

After applying mathematical programming model of Model II and the six heuristic 

algorithms to the same twenty sets of problems as in the Case I problem, the results shown in 

Tables 17 and 18 were obtained. Table 17 shows the optimal solutions that were obtained 

using the Model II mathematical model. The solutions are presented as the number of 

matching pairs of the receiving and shipping trucks. The product routings for the optimal 

solutions are presented in Appendix C. 
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Table 17. Minimum Number of Matching Pairs obtained from the Mathematical Model (Model II) for the Case 2 Problem 

Problem 
Number 

Number 
of 

Receiving 
Trucks 

Number 
of 

Shipping 
Trucks 

Number 
of 

Product 
Types 

Total 
Possible 

Matching 
Pairs 

Upper 
Bound of 
Matching 

Pairs 

Mathematical Model II 

Problem 
Number 

Number 
of 

Receiving 
Trucks 

Number 
of 

Shipping 
Trucks 

Number 
of 

Product 
Types 

Total 
Possible 

Matching 
Pairs 

Upper 
Bound of 
Matching 

Pairs 

Number of 
Variables 

Number of 
Constraints 

Optimal 
Solution 

(Matching Pairs) 

1 4 5 4 20 19 100 116 11 

2 5 4 6 20 19 140 174 11 

3 3 3 8 9 9 81 120 8 

4 5 5 8 25 21 225 280 16 

5 5 3 8 15 14 135 184 11 

6 4 4 5 16 14 96 120 11 

7 5 4 6 20 17 140 174 11 

8 3 5 7 15 13 120 161 12 

9 4 4 8 16 15 144 192 12 

10 3 4 9 12 11 120 171 10 

11 5 4 6 20 18 140 174 11 

12 6 4 8 24 20 216 272 15 

13 5 6 8 30 23 270 328 17 

14 5 5 8 25 25 225 280 15 

15 6 5 4 30 29 150 164 13 

16 5 6 6 30 26 210 246 16 

17 4 4 7 16 12 128 168 II 

18 6 6 7 36 26 288 336 16 

19 5 5 10 25 22 275 350 16 

20 6 6 9 36 30 360 432 18 
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Table 18. Number of Matching Pairs obtained from Heuristic Solutions for the Case 2 Problem 

Problem 
Number 

Upper 
Bound of 
Matching 

Pairs 

Optimal 
Solution 

(Matching 
Pairs) 

Heuristic Solutions of the Case 2 Problem (Matching Pairs) 

Problem 
Number 

Upper 
Bound of 
Matching 

Pairs 

Optimal 
Solution 

(Matching 
Pairs) 

Heuristic 1 Heuristic 2 Heuristic 3 Heuristic 4 Heuristic 5 Heuristic 6 
Compound 
Heuristic 

1 19 11 12 12 12 12 12 12 12 

2 19 11 13 13 13 13 14 14 13 

3 9 8 9 8 9 9 9 9 8 

4 21 16 19 20 18 20 20 20 18 

5 14 11 12 12 12 II II 11 11 

6 14 11 12 11 II 12 II II II 

7 17 11 12 12 12 13 13 13 12 

8 13 12 12 12 12 12 12 12 12 

9 15 12 12 12 12 12 12 13 12 

10 11 10 11 11 11 11 11 11 11 

11 18 11 12 12 12 12 12 12 12 

12 20 15 18 18 17 17 17 17 17 

13 23 17 19 19 18 19 19 18 18 

14 25 15 20 20 18 20 18 18 18 

15 29 13 18 17 17 18 17 17 17 

16 26 16 17 18 17 17 16 17 16 

17 12 11 12 11 12 12 12 12 11 

18 26 16 18 18 17 17 17 17 17 

19 22 16 18 18 18 19 19 19 18 

20 30 18 22 21 22 22 21 21 21 
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The results obtained from the six heuristic algorithms and the compound heuristic 

algorithm are presented in Table 18. Similar to the defoliation in Section 4.3, the compound 

heuristic solution for the Case 2 problem is the best solution found after applying all six 

heuristic algorithms. As can be seen in Table 18, the compound heuristic algorithm found 

solutions that were close to the optimal solutions. The compound heuristic algorithm found 

the optimal solution in only seven of the twenty test problems. However, as it can be seen, 

most of the compound heuristic solutions were very close to the optimal solutions. The 

differences between the optimal solutions and the compound heuristic solutions were one or 

two matching pairs in most cases. In the worst case, the difference was four in Test Set 15. 

The optimal solution was 13 and the compound heuristic solution found 17. However, the 

heuristic solution found a solution that was far below the upper bound of 29 for test problem 

set 15. 

Among the six heuristic algorithms, heuristic algorithm 3 (Maximum fitness) 

performed the best. Heuristic algorithm 3 found the best solutions among the six heuristic 

solutions in fifteen out of twenty test problems. Meanwhile, the worst algorithm among the 

six heuristic algorithms was heuristic algorithm 1. Heuristic algorithm 1 found the best 

solutions among the six heuristic solutions only in eight out of twenty test problems. 

Moreover, heuristic algorithm 1 was dominated by heuristic algorithm 3. It means that the 

solutions found by heuristic algorithm 1 was worse than or equal to the solutions found by 

heuristic algorithm 3 in all the twenty test sets. One interesting characteristic found from 

Table 18 is that only heuristic algorithm 2 found the optimal solutions in two problem sets 

(sets 3 and 17) among the six heuristic algorithms. Similarly, only heuristic algorithm 5 

found the optimal solution in test problem 16 among the six heuristic algorithms. It suggests 

that applying the ratio Pi} produces good solutions in some cases. 

Table 19 presents the comparison between the optimal solution and the compound 

heuristic solutions to analyze the performances of the heuristic algorithms. This table shows 

the makespan for the optimal solution, makespan for the compound heuristic solution and the 

percentage deviation of makespan between the optimal solution and the compound heuristic 

solution. To calculate makespan, the loading time and unloading time of each type of product 

need to be known. Delay time for truck changes and the moving time of products from the 
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receiving dock to the shipping dock should also be known. For all twenty sets of test 

problems, it is assumed that the loading time and unloading time are the same for all products 

and it takes one unit of time. Additionally, it is assumed that truck change time takes 75 units 

of time and travel time of products from the receiving dock to the shipping dock takes 100 

units of time. With the above information, makespan is calculated as given in equation (5-22) 

and presented in Table 19. 

Table 19. Makespans and Percentage Deviations of Makespan for the Case 2 Problem 

Problem 
Number 

Makespan for 
Optimal Solution 

Makespan for Compound 
Heuristic Solution 

Percentage Deviation 
of Makespan 

1 1840 1915 4.08% 

2 1880 2030 7.98% 

3 1515 1515 0.00% 

4 2225 2375 6.74% 

5 1810 1810 0.00% 

6 1870 1870 0.00% 

7 1830 1905 4.10% 

8 1815 1815 0.00% 

9 1825 1825 0.00% 

10 1705 1780 4.40% 

11 2470 2545 3.04% 

12 3100 3250 4.84% 

13 2910 2985 2.58% 

14 2830 3055 7.95% 

15 3030 3330 9.90% 

16 2915 2915 0.00% 

17 2030 2030 0.00% 

18 2995 3070 2.50% 

19 2945 3095 5.09% 

20 3395 3620 6.63% 
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Percentage deviation of makespan between the optimal solution and the compound 

heuristic solutions is calculated as follows: 

'Makespan for Compound^ (Makespan for ^ 

Heuristic Solution ' Percentage Deviation> 

v of Makespan (%) 

Optimal Solution J 
xlOO (5-30) 

Makespan for Optimal Solution 

As can be seen in Table 19, the range of percentage deviation for makespan in the 

twenty problem sets is 0%-9.90%. The overall average percentage deviation for makespan is 

3.49%. The above analysis implies that the solutions found from the compound heuristic 

algorithm are very close to the optimal solutions. 

In order to apply the complete enumeration method and the tabu search method to 

minimize the mean flow time for the Case 2 problem, where the matching pairs and product 

routing are known from the previous solution, the minimum number of matching pairs which 

are obtained after applying the second mathematical model and presented in Appendix C 

were used. After applying the complete enumeration method and the tabu search method, the 

solutions are obtained and are as presented in Table 20. All algorithms were implemented on 

a personal computer (Intel Pentium Pro Microprocessor 200MHz) and the execution times 

were recorded for the problems. Because of the computational time, the complete 

enumeration method is only applied to eleven test problems whose number of matching pairs 

are less than or equal to twelve matching pairs. For one of the two problems with twelve 

matching pairs, it took more than seven hours to find the optimal solution using the complete 

enumeration method. The optimal receiving and shipping truck sequences for the eleven 

problems whose solutions were obtained from the complete enumeration method are 

presented in Appendix D. Appendix E presents the receiving truck and shipping truck 

sequences obtained from the tabu search method. As can be seen from Table 20, the tabu 

search found the optimal solution in all eleven test problems. The time required for finding 

the solutions by the tabu search ranged from 5 to 19 seconds and the computational time did 

not change significantly as the problem sizes increased in the tabu search. On the other hand, 

the solution time increased exponentially in the complete enumeration method as the problem 

sizes increased. The procedure behaved as expected. 
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Table 20. The Mean Flow Time for Complete Enumeration Solution and Tabu Solution for the Case 2 Problem 

Problem 
Number 

Complete Enumeration Method Tabu Search Method Problem 
Number Optimal 

Solution 
Average Solution Worst Solution Elapsed Time Tabu Solution Elapsed Time 

1 466.556 856.704 1263.000 17 min. 3sec. 466.556 5.823 sec. 

2 482.000 864.830 1193.444 16min. 54 sec. 482.000 5.823 sec. 

3 623.833 857.583 1068.000 1.251 sec. 653.833 4.450 sec. 

4 N/A* 668.500 10.179 sec. 

5 565.625 949.083 1319.750 16 min 30 sec. 565.625 6.966 sec. 

6 600.000 941.163 1290.625 16 min 32 sec. 600.000 6.121 sec. 

7 423.222 808.822 1134.667 18 min. 2 sec. 423.222 6.084 sec. 

8 590.000 987.958 1328.750 3 hrs. 37 min. 590.000 9.191 sec. 

9 597.250 1020.608 1391.750 7 hrs. 48 min. 597.250 7.396 sec. 

10 594.143 940.405 1263.857 1 min. 15 sec. 594.143 5.455 sec. 

11 649.444 1199.889 1657.778 16 min. 52 sec. 649.444 6.606 sec. 

12 N/A* 871.100 12.827 sec. 

13 N/A' 740.364 17.222 sec. 

14 N/A" 832.800 9.437 sec. 

15 N/A* 679.455 8.153 sec. 

16 N/A* 728.000 13.528 sec. 

17 623.625 1075.375 1458.250 16 min. 43 sec. 623.625 6.485 sec. 

18 N/A* 674.667 18.139 sec. 

19 N/A* 828.700 11.848 sec. 

20 N/A* 785.750 15.041 sec. 

* N/A : Cannot find the solution because of computational time. 
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5.4 Conclusions 

Three solution approaches have been developed to solve the cross docking problem 

for the Case 2 model. A mixed integer programming model (Model I) to minimize the 

makespan of a cross docking operation was developed as the first approach. The second 

approach also employed another mathematical model. The second mathematical model 

(Model IT) is an integer programming model whose objective is to minimize the number of 

matching pairs of the receiving and shipping trucks. By changing the objective, the number 

of variables and constraints in the problem is decreased drastically. Both mathematical 

models were able to find the global solution to the problem but are ineffective for solving 

medium to large size problems because of their intense computational requirements. 

Therefore, to improve solution efficiency, heuristic algorithms were developed. 

The third approach used heuristic algorithms. Although the heuristics were able to 

find solutions to the problems rather quickly, no optimality is guaranteed. Six heuristic 

algorithms were developed and tested for the Case 2 problem. Heuristic algorithms 1, 2 and 3 

follow the same format except that they employ different criterion for selecting the best 

matching pair of the receiving and shipping trucks. In each iteration, the best matching pair is 

chosen based on the selection criterion. Heuristic algorithms 4, 5 and 6 are the modified 

versions of heuristic algorithms 1, 2, and 3, respectively. They use the same criteria as the 

first three algorithms, but they also have a condition for priority assignment. In a given 

iteration, if there are multiple pairs that satisfy the priority condition, then heuristic 

algorithms 1, 2 or 3 is applied only to the pairs that satisfy the priority condition. Thereafter, 

the best matching pair is chosen among those pairs that satisfy the priority condition. If there 

are no pairs that satisfy the priority condition in a given iteration, the process automatically 

reverts to heuristic algorithms 1, 2 or 3. Of the six heuristic algorithms, heuristic algorithm 3 

(Maximum fitness) performed the best based on the test problems. It found the best solutions 

among the six heuristic solutions in fifteen out of the twenty test problems. Heuristic 

algorithms 2 and 5 yielded the best results in some cases. Overall, the heuristic algorithms 

produced solutions that were close to the global optimal solutions. 

For the Case 2 problem, once the minimum number of matching pairs is found then 

makespan is the same regardless of the order of selection of the matching pairs. However, the 
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mean flow time or staying time of the receiving and shipping trucks at the warehouse 

depends on the spotting sequences of the receiving and shipping trucks. Therefore, two 

approaches were developed to find the best spotting sequences of the receiving and shipping 

trucks with the objective of minimizing the mean flow time for all trucks, where the number 

of matching pairs is as obtained from the complete enumeration method, Model H, heuristic, 

or the tabu search method, depending on which minimum matching pair procedure is used. 

Using the complete enumeration method, the optimal solutions are found in eleven 

test problems among the twenty test problems because of computational time. It took more 

than seven hours to find the solution for one of the twelve matching pair problems. On the 

other hand, the tabu search found the solution very quickly. It found the solution within 

twenty seconds in all twenty test problems. The performance of the tabu search was very 

good. The tabu search found the optimal solution in all eleven problems whose optimal 

solutions were known and found by the complete enumeration method. To reduce the 

computational time of the tabu search, the net change of the flow time was developed and 

used instead of calculating the mean flow time for each adjacent neighborhood. 
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CHAPTER 6. CASE 3 - CROSSDOCKING MODEL 
WITH TEMPORARY STORAGE AND 

DOCK REPEAT TRUCK HOLDING PATTERN 

6.1 Model Descriptions 

fa the third case of the cross docking problem studied in this research, it is assumed 

that there is temporary storage in firent of the shipping dock and that both the receiving trucks 

and the shipping trucks can intermittently move in and out of the dock during the time 

intervals between their task execution. After a receiving truck unloads some of its products 

for a certain shipping truck, one of two choices can be made; either more products are 

unloaded from the current receiving truck and sent to the temporary storage, or the current 

receiving truck is moved out from the receiving dock and another receiving truck is sent to 

the receiving dock to unload its products. This operation plan can be similarly applied to the 

shipping truck. Suppose a shipping truck loads some of its needed products from a certain 

receiving truck or temporary storage and no products at the shipping dock are needed for the 

current shipping truck. Then, the current shipping truck either waits until its needed products 

arrive at the shipping dock or is allowed to move out from the shipping dock and another 

shipping truck is sent to the shipping dock to load its needed products. 

The objective of the Case 3 problem is the same as in Case 1 or Case 2 problems. It is 

to find the best sequence for truck spotting for both the receiving and shipping trucks to 

minimize total operation time or to maximize the throughput of the cross docking system. 

Additionally, the solution needs to show the product routings or the product assignments. In 

other words, the solution needs to show how many products move from a certain receiving 

truck to a certain shipping truck as well as what types of products move between them. The 

solution also needs to show whether the products move directly from a receiving truck to a 

shipping truck or pass through temporary storage during a transition. 

fa the Case 3 problem, there are two types of delay times. The first type of delay time 

occurs when there is a shipping truck change. The second type of delay time occurs when the 

current shipping truck does not load any products from a certain receiving truck or temporary 

storage and waits until its needed products arrive at the shipping dock. The change of 

receiving trucks or the unloading of products from a receiving truck and sending the products 
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to temporary storage may also cause the second type of delay time. For Case 3 problem, 

makespan is equal to the total delay time plus the total unloading or loading time of all 

products. Since the latter is a constant in any schedule, the minimization of the makespan is 

equivalent to the minimization of the total delay time in Case 3 problem. 

The Case 3 problem has the following characteristics: 

1. If delay time for a truck change, £>, is relatively larger than the average length of time 

required to unload one batch of products from a receiving truck, it is preferable to 

decrease the number of truck changes rather than decrease the number of products that 

pass through the temporary storage. A batch of products is defined as a set of products 

unloaded consecutively from a given receiving truck without any time delay or 

interruption. It is because the shipping truck may need to wait at the dock while the 

receiving truck is unloading the products and sending the unloaded products to temporary 

storage. If D is very large, it is better to hold a receiving truck at the dock to unload its 

products and sending the unloaded products to the temporary storage instead of 

frequently changing the receiving and shipping trucks at the docks. Therefore, the 

approach adopted in solving the problem is to first minimize the number of truck 

changes, and then minimize the number of products that pass through temporary storage. 

This situation is the same as that of Case 1 problem. The objective of Case 1 problem is 

to minimize the number of products that pass through the temporary storage. Because in 

the Case 1 problem a receiving truck or shipping truck can only visit the dock once, the 

optimum strategy is to fix the number of truck changes to the minimum. 

2. On the other hand, if the average time required to unload one batch is relatively larger 

than Z), it is preferable to decrease the number of products that pass through the 

temporary storage rather than decrease the number of truck changes. If the average time 

required to unload one batch is very large, it is preferable to incur more visits and 

consequently more changes of the receiving and shipping trucks at the docks than to send 

products to temporary storage. In this situation, the Case 3 problem will turn out to 

behave like that of the Case 2 problem. The objective of Case 2 problem is to minimize 

the number of truck changes. No products are allowed to pass through temporary storage 

in the Case 2 problem. 
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From the above characteristics, it is obvious that the solution of Case 3 problem 

depends on the values of D and u*. where u* is defined as the unloading time for one unit of 

product type k from a receiving truck, because the time required to unload a batch is directly 

related to u*. hi other words, different solutions can be obtained for the same track and 

product characteristics depending on the values ofD and u*. 

6.2 Model Developments 

To solve the cross docking problem for Case 3 problem, two approaches were 

developed. A mathematical model was developed as the first approach. Even though the 

mathematical model for Case 3 problem can be developed, it is difficult to solve because the 

number of variables and constraints grow exponentially as the number of receiving trucks, 

the number of shipping trucks, and the number of product types increase. As a result, a 

second approach was developed to solve the problems. The second approach employs 

heuristic algorithms. The heuristics were able to obtain solutions to the problem very quickly, 

except that no optimality is guaranteed. 

6.2.1 Mathematical Model 

The following mathematical model was developed to find the optimal solution that 

minimizes the makespan for Case 3 problem. 

6.2.1.1 Notations 

The following notations are used for the mathematical model: 

Continuous Variables: 

T= Makespan, 

Uij = Time at which the variable Uj transferring from receiving truck i to shipping truck j 

starts to unload from receiving truck i onto the receiving dock, 

Ly = Time at which the variable r,y transferring from receiving truck i to shipping truck j 

finished loading from the shipping dock into shipping truck j, 
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Integer Variables: 

Xijk - Number of units of product type k which transfer from receiving truck / to shipping 

truck j, 

tij = Total number of units of products which transfer from receiving truck i to shipping truck 

( N \ 
j, where t9 , 

v *«i y 

Binary Variables: 

fl, If any products transfer from receiving truck/to shipping truck j 
,J [0, Otherwise 

Purr 

Poorr — 

1, If the variable/,y immediately or directly precedes the vairable/,y in the receiving 

sequence 

0, Otherwise 

fl, If the variabler.y is placed at the first position in the receiving sequence 

10, Otherwise 

fl, If the variable/,y is placed at the last position in the receiving sequence 
P"°° jo, Otherwise 

lor/ 

9 oo rr ~ 

1, If the variable/,y immediately or directly precedes the variable/,y in the shipping 

sequence 

0, Otherwise 

fl, If the variable/,y is placed at the first position in the shipping sequence 

10, Otherwise 

fl, If the variable/,y is placed at the last position in the shipping sequence 

[0, Otherwise 

Data: 

R = Number of receiving trucks in the set, 

S = Number of shipping trucks in the set, 

JV = Number of product types in the set, 

rat - Number of units of product type k which is initially loaded in receiving truck /, 

sjk = Number of units of product type k which is initially needed for shipping truck j, 
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D = Delay time for truck change, 

V= Moving or travel time of products from the receiving dock to the shipping dock, 

M=Big number. 

6.2.1.2 Mixed Integer Programming Model 

For the mathematical model of the Case 3 problem, it is assumed that the unloading 

time from a receiving truck and the loading time into a shipping truck are the same for all 

products and it takes one unit of time for one unit of products. Additionally, it is assumed it 

takes one unit of time to unload one unit of any product from a conveyor to the temporary 

storage or loaded from the temporary storage into a shipping truck. With the above 

assumptions, the following mixed integer programming model was developed for the Case 3 

problem. 

Mathematical Model for the Case 3 Problem 

Min T 

Subject to 

T > L y ,  f o r  a l i i ,  j  (6-1) 

Zx**=rtf' f°ralli'k (6-2) 

= s j k ,  f o r a l l  j , k  (6-3) 

N 
=f-y /orfl///,y (6-4) 

l i j - M  V  f o r  a l i i ,  j  (6-5) 

v » = £ £  P u e r  +  P i j o o, M all i, j (6-6) 

(6-7) 
i-i y-i 

vu =Z2X.y +9,yoo. for alii, j (6-8) 
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» s 
V-T =Z2Xr/ +Ç000-, foralli'J' 

i«l y«l 

ZZ^oo.T =l' 
r-i /-1 

I"1 y'»l 

= ̂ ' 
r«i /«1 

* s 
S S ̂'>00 — ̂  
1-1 y-i 

Pijij =0, for ail ij 

=0, for ail ij 

Ur/ > Ujj + r,y -A/(l- Pijff ) /or a//1, y, i', j' and where i = /" 

C/,T >C/,y +f,y +£>-A/(l - p(>l7 )t foralli,j\i',j'and wherei * 1" 

Ly >Uy + K +t.., ybr a// /, j 

Lrf >Ly +trr -M(l-qijrr\ for all i, j, i', j' and where j = j' 

Lrr >Ly +t,r +D-Af{l-qijrj.\ for ail /, j, i', j' and where j * / 

ail variables > 0. 

(6-9) 

(6-10) 

(6-11) 

(6-12) 

(6-13) 

(6-14) 

(6-15) 

(6-16-a) 

(6—16—b) 

(6-17) 

(6-18-a) 

(6—18—b) 

Constraint (6-1) ensures that makespan is greater than or equal to the time the last 

product is loaded onto the last scheduled shipping truck. Constraint (6-2) ensures that the 

total number of units of product type k that transfer from receiving truck i to all shipping 

trucks is exactly the same as the number of units of product type k which is initially loaded in 

receiving truck i. Similarly, constraint (6-3) ensures that the total number of units of product 

type k that transfer from all receiving trucks to shipping truck j is exactly the same as the 

number of units of product type k which is initially needed for shipping truck j. Constraint 

(6-4) defines the f,y variables which is used in constraints (6—16) to (6-18) in order to 
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calculate the unloading and loading times. Constraint (6-5) just enforces the correct 

relationship between the r,y variables and the v,y variables. 

Constraint (6-6) ensures that only one of the r,y variables can immediately or directly 

precede another Uy variable in the receiving sequence when v,y = 1. Constraint (6-7) ensures 

that only one of the /,y variables can immediately or directly follow another r,y variable in the 

receiving sequence when v,j- = 1. Similar to constraints (6-6) and (6-7), constraint (6-8) 

ensures that only one of the z,y variables can immediately precede another Uy variable in the 

shipping sequence when v,y = 1 and constraint (6-9) ensures that only one of the tir variables 

can immediately follow another /,y variable in the shipping sequence when v,-j>= 1. 

Constraint (6-10) ensures only one of the variables can be placed at the first 

position of the receiving sequence. Constraint (6-11) ensures only one of the r,y variables can 

be placed at the last position of the receiving sequence. Similarly, constraints (6-12) and 

(6—13) ensures only one of the r,y variables can be placed at the first position and only one of 

the r,y variables can be placed at the last position of the shipping sequence, respectively. 

Constraints (6-14) and (6-15) ensure that there are no consecutive sequences that transfer 

products from the same receiving truck to the same shipping truck. 

Constraints (6-16-a) and (6-16-b) make a valid sequence of unloading times for the 

tij variables, based on their order. If there is no receiving truck change between the 

consecutive unloading sequences (in case of i = i% constraint (6-16-a) is applied. However, 

if there is a change of receiving trucks between the consecutive unloading sequences (in case 

of i * i% the delay time for receiving truck change must be considered, thus constraint 

(6-16-b) is applied. 

Constraint (6-17) establishes the proper relationship between the variables U,j and 

Lij. Finally, constraints (6-18-a) and (6-18-b) ensure a valid sequence for the loading times 

of the tij variables, based on their order. If there is no shipping truck change between the 

consecutive loading sequences (in case of j — /), constraint (6-18-a) is applied However, if 

there is a change of shipping trucks between the consecutive loading sequences (in case of j * 

j\ then the delay time for shipping truck change must be considered, thus constraint 

(6-18-b) is applied. 
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The number of decision variables for this integer programming model is 

RS(2RS+N+8)+I. The decision variables consist of RS(2RS+5) of binary variables, RS(N+I) 

of integer variables and (2RS+1) of continuous variables. The number of constraints is 

2RS(RS+5)+N(R+S)+4, including RS(2RS+3) of inequality constraints and 

(7RS+RN+SN+4) of equality constraints. The number of decision variables and constraints 

for some representative values of R, S, and TV is illustrated in Table 21. 

As can be seen in Table 21, the number of variables and constraints in the mathematical 

model grow exponentially based on the number of receiving trucks, the number of shipping 

trucks, and the number of product types involved. Because the computational intensity of the 

mathematical model is too high and therefore makes the approach impractical to use, the 

heuristic algorithm was developed to solve the Case 3 problem. 

6.2.1 J Interpretation of the Solution 

First, the receiving sequence of the ttJ variables can be found from the 

Poor/ * Pyrr ' and variables. From the receiving sequence of the variables, the receiving 

truck spotting sequence can be identified. Similarly, the shipping sequence of the tl} variables 

can be found from the 9oo,y > Ryrr, and <7,yoo variables. From the shipping sequence of the ti; 

variables, the shipping truck spotting sequence can be identified. The number of products 

unloaded and loaded can be found from the x,y* variables. The variable T represents the 

makespan for the total cross docking operation. Detailed information about the unloading 

time and the loading time of the tij variables can be found from the U,j and Ly variables. 

Table 21. The Number of Decision Variables and Constraints for Some Representative 
Values of R, S, and N of the Mathematical Model for the Case 3 Problem 

R S JV 
Decision Variables Constraints 

R S JV 
Binary Integer Continuous Total Equality Inequality Total 

3 3 8 207 81 19 307 115 189 304 
4 4 5 592 96 33 721 156 560 716 
5 5 10 1375 275 51 1701 279 1325 1604 
5 6 8 1950 270 61 2281 302 1890 2192 
6 6 9 2772 360 73 3205 364 2700 3064 
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6.2.2 Heuristic Method 

As mentioned at the beginning of this chapter, there are two types of idle times for the 

Case 3 problem; 1) truck change time, and 2) the idle time of a shipping truck at the shipping 

dock while it waits for the arrival of products from the receiving dock. For the Case 3 

problem, one of two types of decisions can be made after products, which are transferred 

from a current receiving truck to a certain shipping truck, are unloaded from the current 

receiving truck. The first type of decisions is to change the current receiving truck to another 

receiving truck. The second type of decisions is to unload more products from the current 

receiving truck and send the unloaded products into temporary storage. 

Similarly, one of two types of decisions can be made after a current shipping truck 

loads all of its needed products available at the shipping dock; 1) change the current shipping 

truck to another shipping truck, and 2) the current shipping truck is allowed to wait at the 

shipping dock until its other needed products arrive from the receiving dock. Depending on 

the decision made at each decision point, delay time may be added to increase the makespan. 

The heuristic algorithm for the Case 3 problem must be able to choose the schedule that adds 

the smallest idle time to makespan at each decision point. 

The heuristic algorithm developed for the Case 3 problem consists of two phases. In 

Phase /, the product routing is decided. The initial receiving and shipping truck sequences 

are also created in Phase /. In the schedule of Phase /, no products are sent to temporary 

storage. In Phase II, a check is made to determine whether the makespan is decreased by 

changing the current receiving truck at the dock for another receiving truck or keeping the 

current receiving truck at the dock to continue unloading its items and sending the items to 

temporary storage. If a certain condition that decreases makespan by sending products to 

temporary storage is met, the schedule is modified to unload more products from the current 

receiving truck and moving the unloaded items to temporary storage instead of changing the 

receiving truck. Phase II is continued until the schedules do not satisfy any conditions that 

decrease makespan. Throughout this section, it is assumed that all unloading and loading 

times are the same for all products and that this time is one unit long in duration for one unit 

of any products. 
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6.2.2.1 Notations 

The following notations are used in this section: 

R : Number of receiving trucks in the set, 

S : Number of shipping trucks in the set, 

N : Number of product types in the set, 

rik : Number of units of product type k which is initially loaded in receiving truck z, 

Sjk : Number of units of product type k which is initially needed for shipping in trucky, 

D : Delay time for truck change, 

V : Moving time of products from the receiving dock to the shipping dock, 

f t : Receiving truck z, 

fj : Shipping truck y, 

A*j : Set of associate receiving trucks for shipping trucky, 

T  : The ordered set of scheduled receiving trucks, 

V  : The ordered set of scheduled shipping trucks, 

V  :  The ordered set of product routing based on the receiving and shipping truck sequences, 

atJ : Product routing presented in set V (aïj represents the products that are transferred from 

receiving truck z to shipping truck y), 

T : The ordered set of the number of products transferred from a receiving truck to a 

shipping truck corresponding to the product routing in V ,  

Pij : Total number of units of products transferred from receiving truck z to shipping truck y 

corresponding to the product routing csy, 

F : The ordered set of completion time of receiving truck z corresponding to product routing 

ay in set Tp, 

y,j : Completion time of the receiving truck z corresponding to product routing atJ in set V, 

f : The ordered set of leaving time of the shipping truck corresponding to the shipping truck 

sequence in set 7*, 

Ô, : Leaving time of the shipping truck z corresponding to the shipping truck sequence in set 

V. 
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6.2.2.2 Phase I of Heuristic Algorithm for the Case 3 Problem 

At each iteration of Phase I, the first step is to find the best associate receiving trucks 

for each unscheduled shipping truck. Then the shipping truck that has the smallest number of 

associate receiving trucks is selected as the next scheduled shipping truck because it will 

minimize delay time for receiving truck changes. The selected shipping truck and its 

associate receiving trucks are scheduled in the shipping truck sequence and the receiving 

truck sequence, respectively. 

Once a shipping truck and its associate receiving trucks are scheduled, the remaining 

number of products in the receiving trucks is updated. Next, for each unscheduled shipping 

truck, a new set of its associate receiving truck is formed from the updated receiving truck 

list. Again, the shipping truck that has the smallest number of associate receiving trucks is 

selected and scheduled. Once a shipping truck and its associate receiving trucks are selected 

and scheduled, the remaining number of products in the receiving trucks is again updated. 

The process of selection, scheduling and updating is continued until all trucks are scheduled. 

When all receiving and shipping trucks are scheduled, Phase I is terminated and Phase II is 

started. The heuristic algorithm for Phase I is presented below. 

PHASE I OF THE HEURISTIC ALGORITHM FOR THE CASE 3 PROBLEM 

STEP 1 

Initialize sets T ,  T ,  V  and T . T - 0 ,  V  =  0 ,  V - 0  and T  =  0 .  

STEP2 

For each unscheduled shipping truck f j €  7 * ,  find its best associate receiving trucks ASj and 

product routing cty, where fteASj, using one of the following strategies: 

Strategy I - Maximum flow between the receiving truck and the shipping truck. (Strategy 1 

is similar to Heuristic Algorithm 1 for the Case 2 problem.) 

Strategy 2 - Maximum ratio between the receiving truck and the shipping truck. {Strategy 2 

is similar to Heuristic Algorithm 2 for the Case 2 problem.) 
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Strategy 3 - Maximum fitness between the receiving truck and the shipping truck. (Strategy 

3 is similar to Heuristic Algorithm 3 for the Case 2 problem.) 

The procedure of forming the best associate receiving trucks Asj of an unscheduled shipping 

truck fj involves the sequential selection of one of the receiving trucks based on one of the 

above selection criteria in each iteration. After the best receiving truck is selected in each 

iteration, the remaining number of products in the shipping truck is updated. The above 

procedure is continued until the shipping truck loads all of its needed products from its best 

associate receiving trucks. The selection procedure for finding the best associate receiving 

trucks is similar to the selection procedure for the Case I problem presented in Section 

4.2.3.2. 

STEP 3 

Choose the shipping truck that has the smallest number of associate receiving trucks. If there 

is a tie, choose the shipping truck that needs the largest number of products. 

3a Place the selected shipping truck, fy. at the end of the sequence in set I*. 

3b Schedule the best associate receiving trucks of the selected shipping truck, ASj» = {f rij, 

{[2],*-, f/*/} at the end of sequence in set T. 

3c Place the product routing, {«/•/£•, apjj*,..., } at the end of sequence in set V. 

3d Place the total number of products transferred corresponding to apy, where I < i < k, 

i n  s e t  V  ( i . e .  { f i p j j * ,  P p y , . . . ,  P w  } )  a t  t h e  e n d  o f  s e q u e n c e  i n  s e t  T .  

STEP 4 

Update the remaining number of products in the receiving trucks. If there is any unscheduled 

shipping truck, go to Step 2. Otherwise, stop Phase L The solution for Phase I is found. The 

solution shows the following four sequences: 

1. Receiving truck sequence T  

2. Shipping trucks sequence V  

3. Information for product routing V  

4. Total number of products transferred from a receiving truck to a shipping truck T .  

Go to Phase ZT. 
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Figure 15 describes the algorithmic steps of the heuristic algorithm of Phase I. To 

illustrate Phase I of the Case 3 problem, consider Example 4 as described below. Example 4 

has five receiving trucks, four shipping trucks and six product types as presented in Table 22. 

Example 4 is the same example as test problem set 7 in Appendix B. It is assumed that truck 

change time takes 20 units of time and item moving time from the receiving dock to the 

shipping dock takes 10 units of time. Suppose Strategy 1, "Maximum flow between the 

receiving and shipping trucks", is adapted for this example. Then, Phase I proceeds as 

follows: 

After sets T, T, V and T are initialized in Step 1 of Phase /, Step 2 is to find the best 

associate receiving trucks for each unscheduled shipping truck. The procedure to find the 

best associate receiving trucks for shipping truck 1 is presented in Table 23. In the first 

iteration, fin - 42 because 14 units of product type 1 and 28 units of product type 3 can be 

moved from receiving truck 1 to shipping truck 1. Following the procedure, the values of /?:/, 

foi, f3*i and f3si are calculated. After all values of fin, fri, #/, p4i and fri are found, 

receiving truck 5 is selected in the first iteration because it has the highest value which is 

131. From receiving truck 5 to shipping truck 1, 36 units of product type 3 and 95 units of 

product type 6 can be transferred. After receiving truck 5 is selected in the first iteration, the 

remaining products in the shipping truck are updated and the procedure is repeated. 

In Iteration 2, receiving truck 2 is selected because it has the highest value of P21 = 

50. After receiving truck 2 is selected in the second iteration, the loading requirement for 

shipping truck 1 is fully satisfied. Therefore, the best associate receiving trucks for shipping 

truck 1 are found and they are receiving trucks 5 and 2. A similar procedure is applied for 

shipping trucks 2, 3 and 4 in order to find their best associate receiving trucks. After applying 

the procedure to all remaining shipping trucks, the following result is obtained. 

A s i  =  { f s ,  (3} 

As2 = {A, A, fi}-

A s 3  =  { { 1 ,  f 4 »  f 2 ,  f s } ~  

As4 = {/<}. 
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STEP 1 
Initialize sets T, T, ? and T. 

* ~ 
STEP 2 
For each unscheduled shipping truck, 
find the best associate receiving trucks 
based on one of the following criteria: 

Strategy / ^ Strategy 2 + Strategy 3 \ -
STEP 2 
Maximum flow between 
the receiving and shipping 
trucks. 

S T S P 2  
Maximum ratio between 
the receiving and shipping 
trucks. 

STEP 2 
Maximum fitness between 
the receiving and shipping 
trucks. 

1 y r 

STEP 3 
Choose the shipping truck that has the smallest number of 
associate receiving trucks. If there is a tie, choose the 
shipping truck that needs the largest number of products. 
3a Schedule the selected shipping truck. 
3b Schedule the best associate receiving trucks of the 

selected shipping truck. 
3c Schedule the product routing. 
3d Record the total number of products transferred from each 

associate receiving truck to the selected shipping truck. 

1 
STEP 4 
Update the remaining number of products in 
the receiving trucks. 

Are all shipping trucks 
scheduled? 

STEP 4 
Stop Phase I. The solution for Phase I is found. 
Go to Phase II. 

Figure 15. Phase I of the Heuristic Algorithm for the Case 3 Problem 
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Table 22. Example Set 4 to Illustrate the Heuristic Algorithm for the Case 3 Problem 

Receiving Truck Shipping Truck 

Truck Product Quantity 
1 14 

1 2 69 1 
3 28 
5 69 
1 50 

2 4 40 
6 70 

3 2 190 
1 23 

4 3 115 
5 92 
3 44 

5 5 66 
6 110 

Truck Product Quantity 
1 50 

1 3 36 
6 95 
2 194 

2 3 53 
5 62 
6 74 
1 37 
2 65 

3 3 18 3 
4 40 
5 165 
6 11 

4 3 80 

Table 23. Procedure for Finding the Best Associate Receiving Trucks for Shipping Truck 1 

Iteration Receiving 
Truck 1 

Receiving 
Truck 2 

Receiving 
Truck 3 

Receiving 
Truck 4 

Receiving 
Trucks 

Selected 
Receiving 

Truck 

1 0n = 42 P21 = 120 

o
 ll <5 

04i = 59 051= 131 fs 

2 II <
 II ©

 H o
 

04i - 23 

o
 II 0$ 

6 

Because all unscheduled shipping trucks have found their best associate receiving 

trucks, then Step 3 of Phase I can be started at this point. In Step 3, shipping truck f4 and its 

associate receiving truck f4 are selected because shipping truck f4 has the smallest number of 

associate receiving trucks. Now, the remaining number of products in receiving and shipping 

trucks is updated as shown in Table 24 in Step 4. 
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Table 24. The Remaining Products after Shipping Truck 4 and Its Associate Receiving Truck 
4 are selected in the First Iteration 

Receiving Truck 

Truck Product Quantity 
1 14 

1 2 69 
1 

3 28 
5 69 
1 50 

2 4 40 
6 70 

3 2 190 
1 23 

4 3 35 (Updated) 
5 92 
3 44 

5 5 66 
6 110 

Shipping Truck 

Truck Product Quantity 
1 50 

1 3 36 
6 95 
2 194 

2 
3 53 

2 
5 62 
6 74 
1 37 
2 65 

3 3 18 
3 

4 40 
5 165 
6 11 

Shipping truck 4 is removed because it is already scheduled and all its needs have been met 

Because shipping trucks f  i ,  A and f3  are not yet scheduled, the procedure is 

continued by going back to Step 2. In Step 2, for unscheduled shipping trucks f 1, Is: and a 

new set of its associate receiving truck As/, AS: and ASj are formed from the updated 

receiving truck list in Table 24. Again, the shipping truck that has the smallest number of 

associate receiving trucks is selected and scheduled. The process of selection, scheduling and 

updating is continued until all trucks are scheduled. Tables 25 and 26 show the solution for 

the Phase I algorithm sequenced according to the order of selection of the shipping trucks 

and their associate receiving trucks. At the end of Phase /, the complete solution for Phase I 

is presented as follows: 
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Associate Receiving Associate Receiving Associate Receiving Associate Receiving 
Trucks for f4 Trucks for 11 Trucks for f3 Trucks for f; 

rS r-S /  A \  
r= { f« f5, f2, f  / ,  f t ,  f 2 ,  f 5 ,  f 3 ,  f 5 ,  f 2 ,  f 4 ,  f  I  } •  

r= { f 4, f l ,  fu f 2 }• 

r= { au, asi, OC21, an, 043, (Z23, as3, a32, (*52, O22, <*42, tt/2}. 
r = o

" 00 

131,50, 166, 115,51, 4, 190,85, 59, 35, 14}. 

Table 25. The Selected Sequences of the Shipping Tracks and Their Associate Receiving 
Tracks after Applying Phase I for the Case 3 Problem 

Iteration Shipping Track Associate Receiving Trucks 

1 f4 > 11 

2 fl 11 ?
 

3 f3 As3 — {f 1, f4, f2, fs) 

4 f2 A S 2 — { f3 ,  f5 ,  f2 ,  f4 ,  f  / } •  

Table 26. Product Routing between Receiving and Shipping Tracks after Applying the Phase 
I Algorithm for the Case 3 Problem 

Receiving 
Truck 

Shipping 
Truck 

Total 
Number of 
Products 

Transferred 
f4 f* 80 
fs fi 131 
f2 fi 50 

ft fs 166 
f4 fs 115 
f2 fs 51 

Receiving 
Truck 

Shipping 
Truck 

Total 
Number of 
Products 

Transferred 

fs fs 4 

fs f2 190 

fs fi 85 

f2 f2 59 

f4 f 2 35 

fl f2 14 
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6.2.2.3 Phase II of Heuristic Algorithm for the Case 3 Problem 

At the beginning of Phase H, the initial sequences for the receiving and shipping 

trucks are known from the solution of Phase I. Also known from Phase I are the product 

routing and the number of products transferred from a scheduled receiving truck to a 

scheduled shipping truck. The solution of Phase I does not send any products to temporary 

storage. Instead of sending products to temporary storage, receiving truck changes are 

employed. In Phase II, a search is carried out to decrease the makespan by sending products 

to temporary storage instead of changing the receiving trucks. 

The heuristic algorithm for Phase U does not change the sequence of the shipping 

trucks. Therefore, the shipping truck sequence of Phase II remains the same as the shipping 

sequence of Phase /. On the other hand, the rest of the sequences such as the receiving truck 

sequence (i.e. set T), the sequence for product routing (i.e. set V) and the sequence for the 

number of products transferred (i.e. set 7") are modified if the modified sequences decrease 

makespan. This implies there is the possibility of decreasing makespan by changing the 

receiving truck sequence and the product routing in Phase II. 

In Phase n,  two conditions that can decrease makespan are identified. For the first 

condition, consider two consecutively scheduled shipping trucks f, and fj in the shipping 

truck sequence and their associate receiving trucks in the receiving truck sequence are 

presented as follows: 

Suppose the two consecutive shipping trucks, r\ and f j ,  need the same associate 

receiving truck, fp. It means that the receiving truck fp needs to be scheduled twice at the 

dock for the two consecutively scheduled shipping trucks. Suppose receiving truck fp 

unloads the products needed for shipping truck fj immediately after it unloads the products 

needed for shipping truck If this occurs, then the truck changing time for receiving truck 

Associate Receiving Associate Receiving 
Trucks for Trucks for fj 

T — {  . . .  ,  
V  = {  . . .  ,  
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fp is avoided (i.e., saved) because receiving truck fp only needs to come to the receiving 

dock once for the two consecutive shipping trucks, ft and fj. On the other hand, the departure 

time of shipping truck r1, may be delayed because shipping truck may need to wait without 

being loaded with products while receiving truck fp unloads products for shipping truck fj. If 

this happens, the departure time of shipping truck can be delayed up to the completion 

t ime for  unloading the  products  which t ransfer  f rom receiving t ruck f p  to  shipping t ruck f j ,  

thus makespan can be increased by an amount of time equal to the time required to unload 

the products transferred to temprorary storage. From the above observation, it can be seen 

that  i f  two consecut ive  shipping t rucks ,  f i  and f j ,  need the  same associa te  receiving t ruck f p  

and the total time required to unload products which transfer from receiving truck fp to 

shipping truck fj is less than the delay time for truck change, then the makespan can be 

decreased by unloading the products needed for shipping truck fj immediately after 

unloading the products needed for shipping track Based on the above characteristic, the 

first condition for modifying the schedules in Phase II is explained below. 

Condition 1 

Suppose that shipping trucks /*, f{ and fj are sequentially scheduled in the shipping track 

sequence. If shipping trucks fi and fj have the same associate receiving tracks, then the 

sequences in sets T, V and T are modified based on one of the following situations: 

1 .  Shipping t racks  r t ,  and f j  have in  common only  one associa te  receiving t ruck f p .  

i) If all of the following three conditions, Cl, C2 and C3, are satisfied, the sequences will 

appear as in sequence (6-20). 

QL-PPj<D. 

C2. Receiving track fp is the first scheduled receiving truck among the associate 

receiving trucks of shipping track 

C3. Receiving track fp is the last scheduled receiving truck among the associate 

receiving t racks  of  shipping t ruck f h .  
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Associate Receiving Associate Receiving Associate Receiving 
Trucks for fh Trucks for f, Trucks for t, 

( K \ ( À \ ( À \ 

^ ™' {•••» • • *1 ^p) ^J ̂OI * • • 9 ^f} 9 * * * J ^C 9 ^n/l • • •» * " " } 

7* = {..M fh i  f  h  f jv  } 

^ {•••» • ••» ûfei'j • • *i &çjy Gtpj* &djy » • * * } 

7* ""{•••» fîph* fipi* * * *» ^6i» »*•» fîcjj fipfa fidj* » (6—20) 

t 
Ppi < D 

Then sequences in sets T, V and T can be modified as follows to decrease 

makespan: 

1. In set T,  remove the associate receiving truck f p  of shipping truck f j .  

2. In set V, move the product routing Opj to the next position of product routing Op,. 

3. In set T, move Ppj to the corresponding position of % above. 

The modified sequences in sets T, V and T will appear as in sequence (6-21). 

Associate Receiving Associate Receiving Associate Receiving 
Trucks for fh Trucks for f, Trucks for f, 

r A \ t A \ 
•• ^p9 ^fll ft J • • ^C 9 ^t/l ***9 • • * J" 

7* = {..., f h9 ? ii fy» . . }. 

^ {•••» * &pit9 @pÎ9 Opj* &Ol9 $ &bt9 • • -1 û<y» &d]9 ***» } • 

T9 ? 0ptl9 ftpii fipj* A"» '*•»  f tb i9  * Aç/ï ftd}9 " - 9 }• (6-21 ) 

ii) Otherwise (i.e. if any of the above three conditions C7, C2 or CJ, is not satisfied), the 

sequences may appear as in sequence (6-22). 
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Associate Receiving Associate Receiving 
Trucks for fh Trucks for f, 

Associate Receiving 
Trucks for fj 

T— {... ,  

V = {..., f ht 

" 't ÛSw't &bii 

{••*» •"! • • ; fiai* Ppii Pbh • • • i • • •» Pcj* Ppjy Pdj* }• (6—22) 

Then sequences in sets T, V and T can be modified as follows to decrease 

a. In set T,  remove the associate receiving truck f p  of shipping truck f j .  Move the 

associate receiving truck fp of shipping truck r1, to the last position of the 

associate receiving trucks for shipping truck f,. 

b. In set V, move the product routing a?, to the corresponding position of fp above. 

Move the product routing Opj to the position next to product routing 

c. In set T, move /%,, and Ppj to the corresponding position of Op, and aPJ above, 

respectively. 

The modified sequences in sets T,  V and T will then appear as in sequence (6-23) .  

makespan: 

Associate Receiving Associate Receiving 
Trucks for Trucks for t, 

Associate Receiving 
Trucks for f, 

T — {..., 

V— {. . . ,  fk ,  

r ={.. . ,  
T = {. . . ,  

*  - >  CCqî ,  •  *  - >  Opj, *  GCdjy * * * »  } •  

' ' • j Pah Pbit "**» fipi* Ppji * • *' Pcji Pdj» » * * • }• (6—23) 
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2. Shipping trucks f t  and f j  have in common more than one associate receiving trucks f p ,  

fq, fr and fm- Assume that pPJ>D> Pqj > fa > pmj for explanation. The following 

notations are defined for explanation: 

{e'= Receiving truck whose P#, is the largest among the common associate receiving 

trucks (i.e. f ? = fp), 

f E' - Receiving truck whose P^ is the second largest among the common associate 

receiving trucks (i.e. /V = fq). 

i) If both of the following two conditions, C4 and C5, are satisfied; the sequences 

will appear as in sequence (6-24). 

C4. Receiving truck f? (i.e. receiving truck fp) is the first scheduled receiving 

truck among the associate receiving trucks of shipping truck r1, . 

C5. Receiving truck f e- (i.e. receiving truck fp) is the last scheduled receiving 

truck among the associate receiving trucks of shipping truck rV 

Associate Receiving Associate Receiving Associate Receiving 
Tracks for Trucks for f, Trucks for fj 

1 — \  
^•1» •*» "j **» fQ t t fy» fpi »*i fm* •*» •••}* 

^ • • • } »  

•» û&fii» » &rii * Ûpj9 , } 

•* finm» * firi fioj* firji $<ij* ftpj* $ A")) •*» •••}• 

/ f \ \ (6-24) 

Pn<D PV<D P„>D pmi<D 

Then sequences in sets T, V and 7* can be modified as follows to decrease 

makespan: 

a. hi set T, remove all associate receiving trucks f: of shipping truck fj whose /3Ly is 

less than truck change time among the common associate receiving trucks; (i.e. 

remove the associate receiving trucks fq, fr and trm of shipping truck fj). Move 

the associate receiving truck f E- (i.e. fq) of shipping truck f, to the last associate 

receiving t ruck posi t ion for  shipping t ruck f ( .  

Upiy Gqif 

Pph, 
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b. In set V, move the product routing ûtc-î (i.e. to the corresponding position of 

{c- (i.e. fq) above. Move all product routings % whose Pzj is less than truck 

change time among the common associate receiving trucks (i.e. a^, arj and Omj) to 

the position immediately following the product routings cfc (i.e. Oq„ a* and ami), 

respectively. 

c. In set T, move /3ci (i.e. fiqi) to the corresponding position of aei (i.e. Oq,) above. 

Move all £/, which is less than truck change time among the common associate 

receiving trucks, (i.e. and fimj) to the corresponding position of product 

routings Ozj (i.e. a#, Orj and Omj) above, respectively. 

The modified sequences in sets T, V and T will appear as in sequence (6-25). 

Associate Receiving Associate Receiving Associate Receiving 
Trucks for f\ Trucks for ft Trucks for f, 

^ A_ 
r \ ( \ 

^ ~ (...) •••» ^mi .*» f r» "i ^ft " • ^o, ^p, ...}• 

7* (...) ^ hi ^i 9 ^/j 

^ {".) &ph* &pii ...» &mi> Omjt ÛJii Ot/»--» û^i) ÛSy',.*» Oo/, ÛJj/> ...}. 

^ (*••' fiph* Ppi» •••) finth fimji » firi fitjt—i fiqh /»*•» fiaji fipji ...J. 

(6-25) 

ii) Otherwise (i.e. if any of the above two conditions C4 or C5 is not satisfied), the 

sequences may appear as in sequence (6-26). 

Associate Receiving Associate Receiving Associate Receiving 
Trucks for Trucks for ft Trucks for (, 

rh / A \ ( A \ 

^ {*••» • • M ^T» •••? •*» •*» ^Hf ^p) "J ^r» "1 ... } • 

7* — {• • m ^Aï ^i» •••}• 

^ """ {*•*» •••» ûfri» &tnt9 *** "» ûty» &tnj* Gtpjj Ctqji • -Û^ï •••}• 

^  {*•*» i  f t r i  » f ip i*  ;  ? f imi  $ *  f io j*  f ip j»  » /^7» $ • •*}* 

/ t \ \ (6"26> 

Ay<D fly<D Az<D 
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Then sequences in sets T,  V and T can be modified as follows: 

a. In set 7e, remove all associate receiving trucks f z  of shipping truck fy whose fa is 

less than truck change time among the common associate receiving trucks; (i.e. 

remove the associate receiving trucks fq, fr and fm of shipping truck fj). Remove 

the associate receiving truck f? (i.e. fp) of shipping truck fy. Move the associate 

receiving truck f ? (i.e. fp) of shipping truck to the last associate receiving 

truck position for shipping truck 

b. In set V,  move the product routing (i.e. Op,) to the corresponding position of 

f c- (i.e. fp) above. Move the product routing ac-} (i.e. <%) to the position next to 

product routing aci (i.e. a?,). Move all product routings a-j whose is less than 

truck change time among the common associate receiving trucks (i.e. Orj and 

Omj) to the position next to product routings <%, (i.e. On and ami), respectively. 

c. In set 7", move pci and pej (i.e. fipt and /?py) to the corresponding position of ae-, 

and acj (i.e. cç,, and <%,) above, respectively. Move all fizj, which are less than 

truck change time among the common associate receiving trucks, (i.e. /%%, /?r, and 

Pmj) to the corresponding position of product routings okj (i.e. cty, and <%*/) 

above, respectively. 

The modified sequences in sets T, V and T will appear as in sequence (6-27). 

Associate Receiving 
Trucks for 

rS r  
T  { » • • )  f  r r  '  '  . f  

7* =  { . . . ,  f  ht  

I9 {•"» """» ÛW» 

7*={..., ..., Pri, Prj, • 

Associate Receiving 
Trucks for f, 

Associate Receiving 
Trucks for f, 

A 
f f f i qy *•», i *•» • py 

Qqiy Ûç-! —, Omit 05»/» 

fiqit P& ••••> fimit flmji fipit 

Opjt -, Qa 

Ppji "i fiaji ••• }• 

(6-27) 
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Now, consider the second condition for Phase J7. Because of the characteristics of the 

heuristic algorithm for the Case 3 problem, each shipping truck appears only once in the 

shipping truck sequence. However, a receiving truck may need to come into the dock several 

times to unload its products. So a receiving truck may appear more than once in the receiving 

truck sequence. The second condition for Phase II checks whether makespan can be 

decreased by reducing the number of receiving truck changes. In order to reduce the number 

of receiving truck changes, receiving trucks that appear more than once in the receiving truck 

sequence are considered. By reducing the number of revisits of the same receiving truck into 

the dock, the number of receiving truck changes can be decreased. Decreasing the number of 

repeat visits into the dock by a receiving truck, of course, will cause the unloading of more 

products, which are not needed by the current shipping truck, and therefore these products 

will have to be sent to temporary storage. Unloading more products not needed by the current 

shipping truck may increase the waiting time of the shipping truck at the dock, which in turn 

may delay the departure time of the current shipping truck. However, makespan can be 

decreased by decreasing the delay time due to receiving truck changes. 

Makespan can be decreased whenever the condition presented below is satisfied. For 

each scheduled receiving truck in set T, the total number of products unloaded, when it 

comes into the dock, can be found from the information in sets T, V and T. Suppose that 

the time required to unload products from receiving truck fp in a certain position in the 

receiving truck sequence is less than the delay time for receiving truck change D. This means 

makespan can be decreased by unloading the products from receiving truck fp and sending 

them to temporary storage rather than changing the receiving truck, if possible. Therefore, if 

the time required to unload products from receiving truck fp is less than the delay time for 

truck change D, and it is not the first occurenence of receiving truck fp in the receiving truck 

sequence, then makespan can be decreased by unloading the products at the earlier occurence 

of receiving truck fp in the receiving truck sequence. The second condition for Phase II is 

explained as follows: 
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Condition 2 

This condition only applies to receiving trucks that appear more than once in the receiving 

truck sequence. Suppose the time required to unload products from the associate receiving 

truck fp of shipping truck fj is less than the delay time for truck change D. Additionally, 

suppose that the receiving truck fp is already scheduled earlier in the receiving truck 

sequence before it is scheduled as an associate receiving truck for shipping truck fj. If the 

scheduling of the associate receiving truck fp of shipping truck A is the last time fp is 

scheduled before it (i.e., fp) is scheduled again as an associate for shipping truck fj, then the 

sequences in sets T, V and T are modified as follows: 

1. If receiving truck fp unloads products only for shipping truck fj when it comes into dock, 

the sequences may be presented as in sequence (6-28). 

The last position of fp 
scheduled prior to the 
position of as an Associate Associate 
associate receiving truck Receiving Receiving 
for shipping truck Trucks for f, Trucks for fk 

T — { . . .  

r= { . . .  

r = {... 

» * Û > • p* * 0> • * '•»»•»» •»»» * C > • p» * a» r a » 

f i ,  

> i &ah &pii &bi'j » 

» *••» ftoiy fipi* $bh ) 

fk ,  

Time required to 
unload products is less 

Associate &an the delay time for 
Receiving tnjck change 

Trucks for f. 

.., ÛSji &dj* •" » ...J. 

• • •» ficj* fipj* fidji • • • » ...}. (6-28) 

t 
Pn<D 

Only Op, is unloaded from receiving truck fp 

If Ppj < D, sequences in sets T, V and T can be modified as follows to decrease 

makespan: 

a. hi set T, remove the associate receiving truck f p  of shipping truck f j .  

b. In set V,  move the product routing Opj to the next position that follows product 

routing Opt. 

c. In set V,  move fipJ to the corresponding position of <%, above. 
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The modified sequences in sets T, 1v and T will now appear as in sequence (6-29). 

Associate Receiving Associate Receiving Associate Receiving 
Trucks for ft Trucks for ft Tracks for f, 

( A \ A \ ( A \ 

^  ~  9 * *  *9 f0  9 fP9 fb l  •  •  • ,  .  . . . .  .J  •  •  • ,  fC9 fd9 • •• )  

T— fh A, fy, •••}• 

 ̂— {•••» t .. .f CCQÎJ Opi, Qffji Obi9 ** * 9 ......, &cj9 &dj9 • • • » 

~ {"*1 ;  "*$ Pai l  Ppi i  Ppj9  Pbt9  » » •••» Pç)9 Pdji •••» } (6—29) 

2. If receiving truck fp unloads products for more than one shipping truck fj when it comes 

into dock, the sequences maybe presented as in sequence (6-30). 

The last position of fp 
scheduled prior to the 
position of as an 
associate receiving truck 
for shipping truck f, 

T — { . . . ,  

T  ~ { . . . ,  

V  = { . . . ,  

Associate 
Receiving 

Trucks for f, 

A 

Associate 
Receiving 

Trucks for ft 

» 

• *1 A») rpl> rft'» •** » 

f * c > 

Time required to 
.,a,e unload products is less a 

— dj 

•9 Ûfc;') %, Qpn» Qdji • 

•9 Pcjt Ppji Ppmi Ppiti fidj9 

(6-30) 

{fipj+Pp^PpJ^D 
ctp,, Op* and are unloaded 

from receiving truck (p continuously. 

If (fipj+fipm+fipn) < D, sequences in sets T, V and T can be modified as follows to 

decrease makespan: 

a. In set T, remove the associate receiving truck f p  of shipping truck f j .  

b. In set V,  move the product routings <%, Opm and ctp„ to the next positions that follow 

product routing a#. 

c. In set T, move Ppj, Pm and Pp„ to the corresponding positions of %, Opm and Op„ 

above, respectively 
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The modified sequences in sets T, V and T will now appear as in sequence (6-31). 

Associate Receiving Associate Receiving Associate Receiving 
Trucks for t1, Trucks for fk Trucks for fy 

r \ , A \ 
^ — fP* fbt • • m ....... • • •, fct fdf • • •) ...J. 

T — {.... f h ?k, fy, 

^ {*"* **'* &ait @piy Gfpmi @bh "• » ^*ï &dji • • • »  . . . } .  

{•••»  f ia i t  f ip i t  f ip j t  f ipat i  f ipni  f ib i t  •  f ic j t  f id j t  . . . } .  

(6-31) 

The algorithm for Phase II will change the schedules if any of the above two 

conditions are satisfied. The procedure for Phase II is presented as follows: 

PHASE 77 OF THE HEURISTIC ALGORITHM FOR THE CASE 3 PROBLEM 

STEP 1 

From Phase I, the solution for the receiving truck and shipping truck sequences, and 

information about product routing and the number of products transferred from the scheduled 

receiving trucks to the scheduled shipping trucks are known. Take this information as input. 

STEP 2 

Starting from the beginning of the shipping truck sequence in set T, sequentially investigate 

two consecutive shipping trucks, and fy, and their associate receiving trucks. 

2a If any two consecutive shipping trucks in the shipping truck sequence, and fy, have 

the same associate receiving truck fp, modify the sequences in sets T, V and T as 

presented in Condition 1. 

2b If all shipping trucks in set 7* are investigated, go to Step 3. Otherwise, go to Step 2a 

in order to investigate the next two consecutive shipping trucks. 
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STEP 3 

Starting from the end of set T, check Condition 2 presented above. If Condition 2 is 

satisfied, modify the sequences in sets T, V and T as presented in Condition 2. Continue 

Step 3 until the first scheduled receiving truck in set T is checked. 

STEP 4 

Stop. The best solution for the Case 3 problem is found. Sets T and T show the receiving 

truck sequence and the shipping truck sequence, respectively. Product routing and the total 

number of products transferred between the scheduled receiving and shipping trucks are 

presented in sets V and T, respectively. 

Figure 16 describes the algorithmic steps of the heuristic algorithm of Phase II. To 

illustrate Phase II algorithm for the Case 3 problem, consider Example 4 problem that was 

presented earlier under Phase I in Section 6.2.2.2. In Step 1 of Phase //, the following 

information is known from the solution of Phase I as presented in sequence (6-19). 

Associate Receiving Associate Receiving Associate Receiving Associate Receiving 
Trucks for f4 Trucks for Trucks for fj Trucks for A 

rS ( A \ ( \ 
^ = { f4, f 5, f 2, f I, ^4, f2, f5, f3, A, f2, f 4, f 1 } • 

T ~ { f 4, fI, 1*3, f 2 }• 

V ~ { CC44, ClSl, <*21, 013,043,023,053, 032, 0S2,022, 042, 012}. 

r = {  8 0 ,  1 3 1 , 5 0 ,  1 6 6 ,  1 1 5 , 5 1 ,  4 ,  1 9 0 , 8 5 ,  5 9 ,  3 5 ,  1 4 } .  

In Step 2, the first two shipping trucks {f v, f1 /} in set V and their associate receiving 

trucks {f 4,fs,f 2} in set Tr are investigated. Because all receiving trucks appeared only once 

in the sequence, the next two shipping trucks {f 1,1*3} in set V, and their associate receiving 

trucks {f y, {2, f 1, f4, f2, f5} in set T are investigated. In this step, receiving trucks f 2 and f$ 

are  found to  be  scheduled twice  for  the  consecut ively  scheduled shipping t rucks  f t  and f } .  

Following sequence (6-27) in Condition 1, sets T, V and T are scheduled. After the sets T, 

V and T are rescheduled, the new schedule now appears as follows: 
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STEP 2b 
Are all shipping trucks 

investigated? 

No 

Yes 

STEP 3 No 
Are all receiving trucks 

investigated? 

STEP 4 
Stop Phase II. The best solution for the Case 3 
problem is found. 

STEP 3 
Starting from the end of set T, check Condition 2. If 
Condition 2 is satisfied, modify the sequences in sets T, 
V and V as presented in Condition 2. 

STEP 2 
Starting from the beginning of the shipping truck 
sequence, sequentially investigate two consecutive 
shipping trucks and their associate receiving trucks. 

SIEEJs. 
If any two consecutive shipping trucks in the shipping 
truck sequence have the same associate receiving truck, 
modify the sequences in sets T, V and T as presented 
in Condition I. 

STEP / 
From Phase I, the following sequences are known: 
1. Receiving truck sequence, T. 
2. Shipping truck sequence, T. 
3. Product routing, T. 
4. Total number of products transferred from the 

scheduled receiving truck to the scheduled shipping 
truck, r. 

Figure 16. Phase II of the Heuristic Algorithm for the Case 3 Problem 



www.manaraa.com

166 

Associate Receiving Associate Receiving Associate Receiving 
T r u c k s  f o r  f 4  T r u c k s  f o r  T r u c k s  f o r  f s  

r = {  f 4 ,  

T - { rV 

7P = { cm, 

T = { 80, 

(*Sl, OS3, U2l, (*23, <*13, CC43, 

131, 4, 50, 51, 166,115, 

V 

Associate Receiving 
T r u c k s  f o r  f :  

_A_ 
( X 

(3 ,  f5 ,  f2 ,  f4 ,  f  1  } •  

*2 }• 

(*32, <*52, (*22, (*42, <*12}. 

190, 85, 59, 35, 14}. 

asi and aSj are unloaded 
f r o m  r e c e i v i n g  t r u c k  f  s  

continuously. 

ct;i and a2J are unloaded 
f r o m  r e c e i v i n g  t r u c k  f  > 

continuously. 

Note that receiving truck f  2  is placed at the last position of the associate receiving trucks for 

shipping truck fj because P23 (=51) is larger than @53 (=4). 

Now, the next two shipping trucks {Is3, Is2} in set 7*, and their associate receiving 

trucks {f 1, t4, f3, f5, f2, f4, (iS in set T are investigated. Receiving trucks f/ and f4 are 

scheduled twice. Following sequence (6-27) in Condition I again, sets T, V and T are 

rescheduled. After the sequences are modified, the new schedule at the end of Step 2 is as 

shown below: 

Associate Receiving Associate Receiving 
Trucks for f4 Trucks for 

r-S 
r = {  f4, 

r = {  f4, 

V = { (*44, 

r  = { 80, 

<*51, aS3, (*2l, 

131, 4, 50, 

Associate Receiving 
T r u c k s  f o r  f }  

r 
f 1, f 4, 

f 3 ,  

(*23, <*13, (*!2, CC43, 

51, 166, 14, 115 y 
a,s and at: are unloaded 
from receiving truck f, 

continuously. 

Associate Receiving 
Trucks for 

\ r 
f 3, f 5, f 2 }• 

6 }. 

<*42, (*32, (*52, (*22} • 

35.190, 85, 59}. 

a43 and otc arc unloaded 
from receiving truck (4 

continuously. 
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In Step 5, there is no schedule that satisfies Condition 2 as presented in Table 27. 

Table 27 shows the time required to unload products from a scheduled receiving truck in set 

T, when it comes to dock. Therefore, Step 4 is invoked without modifying the schedules in 

Associate Receiving 
Trucks for 

' 7Î, 6, f: >. 

6 }• 

0(42, Ct32, a$2, «»}• 

35, 190, 85, 59}. 

Figures 17 and 18 show the Gantt charts of Example 4 for Phase I and Phase II of the 

heuristic algorithm for the Case 3 problem, respectively. Makespan after Phase I for this 

example is 1,200. It decreased to 1,130 after Phase II. 

6.2.2.4 Makespan 

From the solution of the Case 3 problem, the following information is known: the 

receiving truck sequence, the shipping truck sequence, the product routing, and the number 

of products transferred corresponding to the product routing. Suppose that the solution is 

presented as follows, where [i] represents the fh sequence position in a set rather than the 

number i itself. For the sets V and T, [i] ' refers to the receiving truck involved in the (h 

sequence position while [i] "refers to the shipping truck involved in the ih sequence position. 

Table 27. Time Required unloading Products from Each Scheduled Receiving Truck 

Receiving Truck Sequences 6 6 fi f, f4 6 fs fi 

Time Required unloading Products 80 135 101 180 150 190 85 59 

Step 3. In Step 4, the best solution is found as shown below. 

Associate Receiving Associate Receiving 
Trucks for t4 Trucks for f i 

r~^-\ 
r = {  6 ,  

r = {  6 ,  

T9 = { Ot44, 

r = { so, 

Ctsj, OCS3, «2/. 

131, 4, 50, 

Associate Receiving 
Trucks for f} 

r _A_ 
fu f* 

f3 ,  

(*23, CCi3, Oi2, CC43, 

51,166,14,115, 

A 
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Figure 17. Gantt Chart of Example 4 after Phase / of the Case 3 Problem 
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Figure 18. Gantt Chart of Example 4 after Phase II of the Case 3 Problem 
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7<= { f VI •> fpb 

T~{  ?[lb  ?[2b 

T 9  ~  {  < * [ a / 2 / 7 2 / - ,  0 [ 3 } J 3 J " ,  

T " =  (  Pmvi * Pi2]-[2]'> Pnmv-

f [a-1] , fM }• 

/.$-//, }-

<*/»-// 76-// -, CC[b] •[b] - }. 

fi[b-l]-[b-l]", P[b]-[b]- }. 

Then makespan is calculated by finding two sets, F and F that contain task 

completion times. Elements in set F are the completion times of the activities associated 

with the product routing at; in set V. As defined previously, if %• is the completion time of 

the receiving truck 1 corresponding to product routing a,y in set V, set F is the ordered set of 

leaving or departure times of the shipping trucks corresponding to the shipping truck 

sequence in set 7*, and Ô, is the leaving or departure time of the shipping truck i 

corresponding to the shipping truck sequence in set 7*, then 

pr= { Yw77/- y[2]'[2j", yp/rsj', , Kfb-ij-fb-ir, yfbjTbr K 

F*= { àfij, ô[2j, •••, à[s-ij, àfsj }• 

To calculate makespan, the procedure first finds the completion time 7^,7 7,7- in set F 

of the receiving truck [i] ' associated with the product routing 0^/7,7-. Next, the departure 

time, 8[jj, in set F of the shipping truck r1/*/ in the shipping truck sequence is found. The 

procedure for calculating makespan is presented below. 

1. Find the completion time of the receiving truck corresponding to each product routing in 

set  V as  fol lows ( i .e .  f ind 7/1/7/ / - in  se t  F):  

i) For the first element, 7/7/7//-, in set F. 

The completion time of the first element, 7/7/7//-, is simply the same as the unloading 

time of the first product routing 

ii) From the second element, 7/2/72/-, to the last element, 7/6/76/-, in set F. 

7/7/7'/" ~P[i]W'- (6-32) 

"iwvr - 7/I-//7'-//" +P[']Til"> 

7/iy 7'7* = 7/i-//7'-//* +£> + P[iJW"> 

i f [ i] '=[i - l] ' .  (6-33-a) 

(6-33-b) 



www.manaraa.com

173 

The completion time from the second element to the last element is the same as the 

sum of the completion time of the previous element (i.e. Y/w/y,-//-) and the unloading 

time of the corresponding product routing 0:7,77,7- (i.e. /?/-,/7,7-) when there is no 

receiving truck change as presented in equation (6-33-a). If there is a receiving truck 

change, the delay time for the receiving truck change from receiving truck to 

receiving truck f7,7- must be added to the completion time, so equation (6-33-b) 

holds. 

2. Find the departure times of the shipping trucks corresponding to the shipping truck 

sequence in set T (i.e. find fy,y in set F*). In order to find the departure time of a shipping 

t ruck ,  t he  l a s t  pos i t i on  o f  t he  p roduc t  r ou t i ng  a s soc i a t ed  w i th  t he  sh ipp ing  t r uck  i n  s e t  V 

must be identified first. Suppose that the last product routing associated with shipping 

truck f[ij is ct[i*i •[(•]-, where [i'j represents the last position of the product routing 

associated with shipping truck f[tj. Then, Ô7,/ in set F* is calculated as follows: 

i) Find the first element, Ô/7/, in set F* corresponding to the first scheduled shipping 

truck f m as follows: 

where the last product routing associated with shipping truck f[ij is in set Tp. 

Equation (6-34) says that the departure time of the first shipping truck is simply the 

same as the sum of the completion time of receiving truck f/-/•/' corresponding to 

product routing cr/v -in set V and the moving time of products from the receiving 

dock to the shipping dock. 

ii) From the second element, ôpj, to the last element, ô/$;, in set F corresponding to 

shipping trucks fpj through shipping truck r^sy, find the departure times as follows: 

again, where the last product routing associated with shipping truck fpj is ctf,•//.•/- in 

setT". 

Equation (6-35) implies that the departure time from the second scheduled shipping 

truck to the last scheduled shipping truck is the larger value of two components, 

à [i} - y [i'17'V"+ v (6-34) 

<?[,.]= max •jy( (6-35) 
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N 
0[,r[I.r + H and (<5[m] + D + ^ 6151 component, (X[(-r[(-r + v), is the sum 

*•1 

of the completion time of receiving truck /},./- corresponding to product routing 

a['']'[•'}" i® set V and the moving time of products from the receiving dock to the 

N 
shipping dock. The second element, (<?[,_,] +Z) + £s(,lt ), is the sum of the departure 

*«1 

time of shipping truck truck change time from shipping truck //,_// to shipping 

truck f[ij and the loading time of all needed products for shipping truck f [q. 

3. After the departure times for all the shipping trucks in set F* are found, makespan is ô[sj 

which is the departure time of the last scheduled shipping truck or as given below in 

equation (6-36). 

T = ô[sj (6-3 6-a) 

T- max {dfij) (6-36-b) 

To illustrate the procedure for calculating makespan, consider Example 4 presented in 

Section 6.2.2.2. The following solution, which is presented in sequence (6-19), was found in 

Section 6.2.2.3. Assume that truck change time takes 20 units of time and moving time of 

products from the receiving dock to the shipping dock takes 10 units of time. 

r={  {4, fs ,  f2 ,  fu  f* ,  f3 ,  f5 ,  f2}-

r={  14, 6,  6 ,  6  }.  

7 p ={ (*44, Ctsh a53, CC21» a23, <z/ j ,  a /2 ,  CC43,  a#2,  aj2, (X52, 022}. 

r  = {  80, 131, 4, 50, 51, 166,14 ,115,35 ,  190, 85, 59} 

The first step is to find the completion time, ypjpj", in set F of the receiving truck [i] ' 

associated with the product routing 0^/7,7- using the information in sets V and V. The first 

element, 7/7/7-//-= is calculated as follow using equation (6-32): 

7wf//"(=7#v) = P[ 1 i [ i ] ' ) = 80. 

In order to find the second element, 7/2/72/"= 7s / ,  first investigate whether there is a receiving 

truck change for the consecutive elements in product routing. In this example, there is a 
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receiving truck change because receiving truck ////' corresponding to product routing ûr/777//-

(=044) is receiving truck f 4 and receiving truck fpj- corresponding to product routing ar/2/72/-

(=<%/) is receiving truck f 5. Therefore, ypjpj'(=ysi) is calculated as follows using equation 

(6-33-b): 

7/2/72/-(r*Ysi) ~ & + P[2172]"= y*4 + D + Psi = 80 + 20 + 131 = 231. 

For the third element, 7/3/73/- = 7%, receiving truck f 5 stays in the dock because receiving 

truck fpj' corresponding to product routing 0/2/72/- (=%/) and receiving truck fpy 

corresponding to product routing 0/3/73/-(=<%») are the same as receiving truck {5. Therefore, 

7/3/73/" (=753) is calculated as follows using equation (6-33-a): 

7/3/73/-(=753) = 7/2/72/- + P[3]73/"~ysi  + P53 - 231 + 4 = 235. 

The procedure is repeated until all tyy /jy- in set F are found. The complete solution for set F 

is as presented below. 

7/7/7//"' 7/2/72/" 7/3/73/", .... 7////7//Z" 7//2/7Z2/"} 

= { >4, 75/, 753, 7?/, 153, 7/3, 7/2, 7c, 7#2, 732, 752, 7?2 } 

= { 80, 231,235, 305, 356, 542, 556, 691, 726, 936,1041, 1120 }. 

Next, the departure times of the scheduled shipping trucks are calculated. For the first 

e l emen t ,  Ô / / /  (=&, )  i n  s e t  F,  t he  l a s t  p roduc t  r ou t i ng  a s soc i a t ed  w i th  sh ipp ing  t ruck  fp j  (=f 4 )  

is a[i*] •[!•]'= ût///7//-= (X44. Then Ô/// (=64) is calculated as follows using equation (6-34): 

S f i j  (=64 ) = 7//*/7/*/"+ v ~ 7///7//"+ V=y44+V= 80 + 10 = 90 

To calculate the departure time for the second scheduled shipping truck, which in this 

example is shipping truck fpj (=fi), again the last product routing associated with shipping 

truck fpj (-f /) must be identified first. The last product routing associated with shipping 

truck fpj {-f /) is a/2*/72«/" (=Q,W7#/- = %/). Then ôpj (=ô/) is calculated as follows using 

equation (6-35) : 

4:|(= £,)=maxjz[2.r[2.r +V,S [ X ] +D + f>[2)i 1 = maxjy[4r[4]. + V,  S { l ]  + D + i>[21* 1 
4*1 J I *«l 

y 
= max^y21 + t\ <?4+D + 2\,A = {305 + 10, 90 + 20 + 181} =315. 

*«! 
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Note that the total number of products needed by shipping truck f[2j {-f i) is 181. The same 

procedure is repeated to find 6p; (=ôj) and à [4] (=62) after the last product routing associated 

with shipping truck fp] (=fs) and f[4] (=fr2) are identified as apv'PV" ~ afsj'[sj- = 043 and 

a[4']'[4*]-~ ci[i2]'[i2j"= 022, respectively. The complete solution for set F* is presented below. 

F ~ { 5/-//, 0(2], 5(3], 8[4] } 

=  {  &4,  à i ,  ô3,  62 }  

= { 90, 315, 701, 1130 }. 

Makespan for this problem is 1,130 (=ô[4] = 62) which is the same as the solution found with 

Gantt Chart in Section 6.2.2.3. 

6J Implementation and Results 

The same twenty sets of problems as in Cases 1 and 2 are used in applying and 

testing the heuristic algorithm for the Case 3 problem. The optimal solutions for the problem 

instances could not be found using mathematical programming because of the large 

computational time required. For example, for Test Problem Set 3, which is the smallest 

problem among the twenty problems sets, with three receiving trucks, three shipping trucks 

and eight product types, attempt was made to solve it using LINDO and CPLEX. The 

mathematical model for the problem (i.e., Test Problem Set 3) has 307 decision variables that 

include 207 binary variables, 81 integer variables and 19 continuous variables. The number 

of constraints for the Test Problem Set 3 is 304 consisting of 189 inequality constraints and 

115 of equality constraints. Both softwares, LINDO and CPLEX, ran for more than a day and 

still could not find the optimal solution. (LINDO was implemented on a personal computer 

(Intel Pentium HI Microprocessor 800MHz).) Moreover the convergence rate was very low. 

With the experience gained from Test Problem Set 3, it was evident that mathematical model 

approach is not practical to solve the Case 3 problem for even small problems. 

To assess the performance of the heuristic algorithm for the Case 3 problem, the 

heuristic solutions needs to be compared with the optimal solutions for the Case 3 problem 

instances that cannot be found using the mathematical programming model. However, the 

optimal solutions for the Cases I and 2 models can be used as the upper bounds for the 

optimal solutions for the Case 3 problem to assess the performance of the heuristic 
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algorithm. The optimal solution for the Case 3 problem must be, at least, as good as or better 

than the optimal solutions obtained for the Cases 1 and 2 models since the Case 3 problem is 

the most relaxed problem among the three cases studied in this research. 

To test the heuristic algorithm for the Case 3 problem, two different truck change 

times were used since the optimal solution is affected by the truck change time. For the first 

test, it is assumed that it takes 75 units of time to execute a truck change operation. Table 28 

presents the optimal solutions for the Cases 1 and 2 problems, and the heuristic solutions for 

the Case 3 problem after applying the three different selection strategies in Phase /. The 

detailed heuristic solutions for the Case 3 problem such as the receiving truck sequence, the 

shiping truck sequence and the product routing are presented in Appendix F. The second test 

is exactly the same as the first test except that 15 units of time is required to execute a truck 

change operation. The solutions for the second test are presented in Table 29. The detailed 

heuristic solutions of the second test for the Case 3 problem are presented in Appendix G. 

When the optimal solutions for the Cases 1 and 2 problems are compared to each 

other based on the first test as shown in Table 28, the solution for the Case 1 problem 

dominates that of the Case 2 problem as expected. This is expected because the truck change 

time of 75 time units is relatively larger than the average length of time required to unload a 

batch of products from a receiving truck for the first test. (i.e. Unloading time of one time 

unit, which is the time it takes to unload one unit of product from a receiving truck, is much 

smaller than the truck change time of 75 time units in the first test.) Therefore, it is preferable 

to route the products through the temporary storage rather than incur delay due to truck 

change. On the other hand, the solution for the Case 2 problem dominates that for the Case 1 

problem in the second test as presented in Table 29 because the truck change time of 15 time 

units is relatively smaller than the average length of time required to unload a batch of 

products from a receiving truck for the second test. In this case, it is preferable to incur the 

delay due to truck change rather than route the products through the temporary storage. 

For the first test results presented in Table 28, the optimal solutions obtained from the 

Case 1 model are better than those of the Case 2 model in all twenty test problems. The 

compound heuristic solution of the three strategies for the Case 3 problem found better 

solution than the optimal solution of the Case 1 problem in thirteen test problems. The 
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Table 28. Makespans of the Optimal Solutions for the Cases 1 and 2 Problems and the 
Heuristic Solutions for the Case 3 Problem where Truck Change Time is 75 

Problem 
Number 

Case 1 
Optimal 

Case 2 
Optimal 

Case 3 Heuristics Problem 
Number 

Case 1 
Optimal 

Case 2 
Optimal Strategy 1 Strategy 2 Strategy 3 Compound 

1 1557 1840 1509 1532 1480 1480 

2 1577 1880 1683 1580 1580 1580 

3 1372 1515 1354 1354 1354 1354 

4 1749 2225 1940 1860 1912 1860 

5 1579 1810 1484 1484 1484 1484 

6 1546 1870 1497 1497 1495 1495 

7 1535 1830 1549 1510 1510 1510 

8 1525 1815 1461 1461 1451 1451 

9 1473 1825 1443 1415 1440 1415 

10 1452 1705 1399 1399 1399 1399 

11 2232 2470 2320 2320 2263 2263 

12 2833 3100 2800 2725 2725 2725 

13 2386 2910 2330 2405 2526 2330 

14 2385 2830 2392 2334 2380 2334 

15 2745 3030 2802 2906 2745 2745 

16 2407 2915 2574 2540 2465 2465 

17 1867 2030 1805 1805 1730 1730 

18 2502 2995 2620 2620 2695 2620 

19 2553 2945 2495 2495 2495 2495 

20 2732 3395 2938 3066 2863 2863 

compound heuristic solution of the Case 3 problem and the optimal soluton of the Case I 

problem are the same in one test problem {Test Set 75). In six test problems, the optimal 

solution of the Case 1 problem are better than the compound heuristic solution of the Case 3 

problem, but the differences are very small. The compound heuristic solution of the Case 3 

problem found better solution than the optimal solution for the Case 2 problem in all twenty 

problems. 
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Table 29. Makespans of the Optimal Solutions for the Cases 1 and 2 Problems and the 
Heuristic Solutions for the Case 3 Problem where Truck Change Time is 15 

Problem 
Number 

Case 1 
Optimal 

Case 2 
Optimal 

Case 3 Heuristics Problem 
Number 

Case 1 
Optimal 

Case 2 
Optimal Strategy 1 Strategy 2 Strategy 3 Compound 

1 1257 1240 1195 1195 1195 1195 

2 1321 1280 1250 1250 1235 1235 

3 1192 1095 1065 1065 1065 1065 

4 1389 1325 1295 1265 1295 1265 

5 1279 1210 1180 1180 1180 1180 

6 1306 1270 1225 1225 1210 1210 

7 1251 1230 1200 1200 1200 1200 

8 1225 1155 1095 1095 1095 1095 

9 1232 1165 1105 1105 1105 1105 

10 1212 1165 1120 1120 1120 1120 

11 1932 1870 1840 1840 1855 1840 

12 2473 2260 2245 2230 2215 2215 

13 2026 1950 1875 1875 1890 1875 

14 2025 1990 1945 1960 1930 1930 

15 2385 2310 2302 2295 2280 2280 

16 2047 2015 1985 1985 1970 1970 

17 1585 1430 1385 1385 1385 1385 

18 2142 2095 2065 2035 2050 2035 

19 2253 2045 1985 1985 1970 1970 

20 2432 2375 2360 2345 2330 2330 

Among the three heuristic solutions derived from the three strategies for the Case 3 

problem, the third strategy (i.e. maximum fitness) found the best solution in fifteen problems. 

The first strategy (i.e. maximum flow) found the best solution in six problems and the second 

strategy (i.e. maximum ratio) found it in eleven problems. 

For the second test presented in Table 29, the optimal solutions of the Case 2 model 

are better than those of the Case 1 model in all twenty test problems. The compound heuristic 

solution obtained for the Case 3 problem was better than the optimal solutions of the Cases 1 
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and 2 models in all twenty test problems. Among the three heuristic solutions for the Case 3 

problem, the third strategy (i.e. maximum fitness) found the best solution in sixteen test 

problems. The first strategy (i.e. maximum flow) found the best solution in ten problems and 

the second strategy (i.e. maximum ratio) found it in twelve problems. 

For further analysis of the performance of the heuristic algorithm, the percentage 

deviation of makespan between the optimal solutions of the Cases 1 and 2 problems and the 

heuristic solutions for the Case 3 problem were calculated, respectively. Percentage deviation 

is calculated as given below in equation (6-37). 

where *=1, 2. 

Table 30 presents the percentage deviation of makespan when 75 units of time are 

assumed for truck change time. As can be seen in Table 30, the average of percentage 

deviation between the optimal solutions for the Case 1 problem and the compound heuristic 

solution for the Case 3 problem is -1.39% for the twenty test problems. It means that the 

compound heuristic solutions for the Case 3 problem is better than the optimal solutions for 

the Case I problem on the average. The average percentage deviations between strategies 1. 

2 and 3 for the Case 3 problem and the optimal solution for the Case I model are 0.75%, 

0.13% and -0.49%, respectively. It shows that every strategy for the Case 3 problem found 

solutions which are very close to the optimal solutions for the Case 1 model. 

The percentage deviation of makespan when 15 units of the truck change time are 

assumed is shown in Table 31. The average percentage deviations for the twenty sets 

between the optimal solutions of the Case 2 model and the compound heuristic solution of 

the Case 3 problem is -3.19%. In this test, all three strategies for the Case 3 problem found 

better solutions than the optimal solutions for the Case 2 model on the average. 

Among the three strategies of the heuristic algorithm for the Case 3 problem, the 

average of the percentage deviation of strategy 3 (maximum fitness) are the lowest in all 

cases regardless of truck change time. Even though strategy 3 performed the best among the 

three strategies, it must be pointed out that the percentage deviation of strategy 3 goes up to 

PercentageDeviation 

of Makespan (%) 

fMakespan for Case3\ f Makespan for Case ky 

^ Heuristic Solutions J {Optimal Solution J 
xlOO (6-37) 

Makespan for Case k Optimal Solution 
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Table 30. Percentage Deviation for Makespan between Optimal Solution for the Case 1 Model and Heuristic Solutions for the 
Case 3 Problem and between Optimal Solution for the Case 2 Model and Heuristic Solutions for the Case 3 Problem 
where Truck Change Time is 75 

Problem 
Number 

Between Optimal Solution for Case / and Heuristics for Case 3 Between Optimal Solution for Case 2 end Heuristics for Case 3 Problem 
Number Strategy 1 Strategy 2 Strategy 3 Compound Strategy 1 Strategy 2 Strategy 3 Compound 

1 -3,08% -1.61% -4.95% -4.95% -17.99% -16.74% -19.57% -19.57% 

2 6.72% 0.19% 0.19% 0.19% -10.48% -15.96% -15.96% -15.96% 

3 -1.31% -1.31% -1.31% -1.31% -10.63% -10.63% -10.63% -10.63% 

4 10.92% 6.35% 9.32% 6.35% -12.81% -16.40% -14.07% -16.40% 

5 -6.02% -6.02% -6.02% -6.02% -18.01% -18.01% -18.01% -18.01% 

6 -3,17% -3.17% -3.30% -3.30% -19.95% -19.95% -20.05% -20.05% 

7 0.91% -1.63% -1.63% -1.63% -15.36% -17.49% -17.49% -17.49% 

-4.20% -4.20% -4.85% -4.85% -19.50% -19.50% -20.06% -20.06% 

9 -2.04% -3.94% -2.24% -3.94% -20.93% -22.47% -21.10% -22.47% 

10 -3.65% -3.65% -3.65% -3.65% -17.95% -17.95% -17.95% -17.95% 

11 3.94% 3.94% 1.39% 1.39% -6.07% -6.07% -8.38% -8.38% 

12 -1.16% -3.81% -3.81% -3.81% -9.68% -12.10% -12.10% -12.10% 

13 -2.35% 0.80% 5.87% -2.35% -19.93% -17.35% -13.20% -19.93% 

14 0.29% -2.14% -0.21% -2.14% -15.48% -17.53% -15.90% -17.53% 

15 2.08% 5.87% 0.00% 0.00% -7.52% -4.09% -9.41% -9.41% 

16 6.94% 5.53% 2.41% 2.41% -11.70% -12.86% -15.44% -15.44% 

17 -3.32% -3.32% -7.34% -7.34% -11.08% -11.08% -14.78% -14.78% 

18 4.72% 4.72% 7.71% 4.72% -12.52% -12.52% -10.02% -12.52% 

19 -2.27% -2.27% -2.27% -2.27% -15.28% -15.28% -15.28% -15.28% 

20 7.54% 12.23% 4.80% 4.80% -13.46% -9.69% -15.67% -15.67% 

Average 0.57% 0.13% -0.49% -1.39% -14.32% -14.68% -15.25% -15.98% 
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Table 31. Percentage Deviation for Makespan between Optimal Solution for the Case 1 Model and Heuristic Solutions for the 
Case 3 Problem and between Optimal Solution for the Case 2 Model and Heuristic Solutions for the Case 3 Problem 
where Truck Change Time is 15 

Problem 
Number 

Between Optimal Solution for Case / and Heuristics lor Case 3 Between Optimal Solution for Case 2 and Heuristics for Case 3 Problem 
Number Strategy 1 Strategy 2 Strategy 3 Compound Strategy 1 Strategy 2 Strategy 3 Compound 

1 -4.93% -4.93% -4.93% -4.93% -3.63% -3.63% -3.63% -3.63% 

2 -5.37% -5.37% -6.51% -6.51% -2.34% -2.34% -3.52% -3.52% 

3 -10.65% -10.65% -10.65% -10.65% -2.74% -2.74% -2.74% -2.74% 

4 -6.77% -8.93% -6.77% -8.93% -2.26% -4.53% -2.26% -4.53% 

5 -7.74% -7.74% -7.74% -7.74% -2.48% -2.48% -2.48% -2.48% 

6 -6.20% -6.20% -7.35% -7.35% -3.54% -3.54% -4.72% -4.72% 

7 -4.08% -4,08% -4.08% -4.08% -2.44% -2.44% -2.44% -2.44% 

8 -10.61% -10.61% -10.61% -10.61% -5.19% -5.19% -5.19% -5.19% 

9 -10,31% -10.31% -10.31% -10.31% -5.15% -5.15% -5.15% -5.15% 

10 -7.59% -7.59% -7.59% -7.59% -3.86% -3.86% -3.86% -3.86% 

11 -4,76% -4.76% -3.99% -4.76% -1.60% -1.60% -0.80% -1.60% 

12 -9.22% -9.83% -10.43% -10.43% -0.66% -1.33% -1.99% -1.99% 

13 -7.45% -7.45% -6.71% -7.45% -3.85% -3.85% -3.08% -3.85% 

14 -3.95% -3.21% -4.69% -4.69% -2.26% -1.51% -3.02% -3.02% 

15 -3.48% -3.77% -4.40% -4.40% -0.35% -0.65% -1.30% -1.30% 

16 -3.03% -3.03% -3.76% -3.76% -1.49% -1.49% -2.23% -2.23% 

17 -12.62% -12.62% -12.62% -12.62% -3.15% -3.15% -3.15% -3.15% 

18 -3.59% -5.00% -4.30% -5.00% -1.43% -2.86% -2.15% -2.86% 

19 -11.90% -11.90% -12,56% -12.56% -2.93% -2.93% -3.67% -3.67% 

20 -2.96% -3.58% -4.19% -4.19% -0.63% -1.26% -1.89% -1.89% 

Average -6.86% -7.08% -7.21% -7.43% -2.60% -2.83% -2.96% -3.19% 
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9.32% in the worst case. To eliminate such poor solutions and ensure finding good solutions, 

the application of all three strategies is suggested. This can be done by implementing the 

compound heuristic algorithm for the Case 3 problem that would improve the overall 

performance of the heuristic. 

6.4 Conclusions 

A mathematical model and a heuristic algorithm were developed to solve the cross 

docking problem for the Case 3 problem. In the Case 3 problem, trucks can come in and out 

of the dock multiple times until all their loads are unloaded or loaded depending whether it is 

a receiving truck or shipping truck. The decision to allow a truck to stay at the dock or leave 

the dock and be rescheduled later to continue its unloading or loading operation is based on 

what strategy can best reduce the overall makespan of the cross docking operation. Although 

the problem of scheduling the trucks at the docks to minimize makespan is clearly an 

optimization problem that can be modeled mathematically as done in this research, the 

computational requirement of such model is so prohibitive to render mathematical 

optimization ineffective as a solution approach. For such a mathematical model, the number 

of variables and constraints grows exponentially based on the number of receiving trucks, the 

number of shipping trucks, and the number of product types. Given the inability to establish 

the optimal solution for the test problems using mathematical programming, an alternate 

approach was adopted instead. The adopted approach employs the optimal solutions obtained 

for the Cases 1 and 2 problems as the upper bounds for the solutions of the Case 3 problem 

This way, the performance of the heuristic algorithm developed could be benchmarked. 

The heuristic algorithm consists of two phases. In Phase I, the initial receiving track 

sequence, the initial shipping truck sequence and the product routing are determined. In the 

Phase I schedule, no products are sent to temporary storage. In order to find the associate 

receiving trucks in Phase /, three strategies were developed. The associate receiving trucks 

for a shipping truck is a set of candidate receiving trucks that can fully satisfy from their 

consignments the needs of the shipping truck. In Phase H, the receiving truck sequence and 

the product routing are modified as necessary to reduce makespan by sending some products 

to the temporary storage instead of changing trucks at the dock. The execution of Phase II is 
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continued until makespan can no longer be decreased any further by modifying the current 

schedules. 

The run time of the heuristic algorithm is very short to produce a solution. Because 

the solutions for the Case 3 problem depends on the delay time for truck change (i.e., D) and 

the unloading time (i.e. %&) for one unit of product type k, two different truck change times 

were used to test the performance of the heuristic algorithm. In the first twenty instances of 

test problems, 75 units of time were used for a truck change operation. Because D is 

relatively larger than the average length of time required to unload a batch of products from a 

receiving truck in this case, the optimal solutions for the Case 1 model are better than those 

of the Case 2 model in all twenty problem instances. In the second set of twenty test 

problems, 15 units of truck change time were used. In this case, the optimal solutions for the 

Case 2 model are better than those of Case 1 model in all twenty test problems because D is 

relatively smaller than the average length of time required to unload a batch of products from 

a receiving truck. 

For each test problem in Case 3 model, three solutions were obtained from the 

heuristic algorithm based on three strategies in Phase /. Of the three strategies, strategy 3 

(maximum fitness) performed the best, although it did find the worst solutions among the 

three strategies in a few problem instances. As a result, under real application it is advisable 

to run all three strategies to determine the best solution for a given problem instance. Even 

under normal algorithmic test situations, it is also suggested that all three strategies be run to 

ensure that the best solution is found in each case. 

For the first set of twenty test problems with 75 units of delay time for a truck change 

operation, the average percentage deviation of the best compound solutions for the Case 3 

problem from the optimal solutions of the Case 1 model is -1.39%. This implies the 

solutions obtained by the heuristic under the Case 3 model are better, on the average, than the 

optimal solutions obtained from the Case 1 model for the same problem scenario. For the 

second set of twenty test problems with 15 units of delay time for truck change operation, the 

average percentage deviation between the optimal solutions of the Case 2 model and the 

compound heuristic solution of the Case 3 problem is -3.19%. Again, the heuristic algorithm 

for the Case 3 problem found superior solutions than the optimal solutions for the Case 2 
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model on the average for the same problem scenarios. Overall, the compound heuristic 

algorithms for the Case 3 model produced solutions that were superior to the optimal 

solutions for the Cases 1 and 2 models on the average regardless of the truck change time. 

This implies the implementation of a flexible cross docking policy that allows trucks to make 

repeat visits to docks and allowing items to be routed to temporary storage is superior to 

policies that remove these flexibilities either partially or fully. 
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CHAPTER 7. CONCLUSIONS AND FUTURE RESEARCH 

7.1 Conclusions 

A cross docking operation involves multiple trucks (known as receiving trucks) that 

deliver products or items from suppliers to a warehouse and multiple trucks (known as 

shipping trucks) that ship items from the warehouse to customers. Based on customer 

demands, a receiving truck may have its items transferred to multiple shipping trucks. 

Similarly, a shipping truck can receive its consignments from multiple receiving trucks. A 

unique characteristic of a cross docking system is the absence or prohibition of long term 

storage of items at the warehouse. Items delivered to the warehouse from suppliers are 

shipped to customers as soon as possible without being placed in storage in the warehouse. 

The system can be operated with or without temporary storage. Ultimately, at the end of 

schedule period (e.g, one day), no item is left in the temporary storage. 

Depending on the facility and operating conditions or strategies employed, it is 

possible to generate various cross docking models. In this research, thirty-two different 

models are suggested based on the number of docks at the site, the dock holding pattern for 

trucks, and the existence of temporary storage. Among the thirty-two models, three specific 

models of the cross docking systems are considered in this research. The three models are as 

follows: 

Case 1 Model. There is temporary storage in front of the shipping dock. In this model, once a 

receiving truck or shipping truck pulls into a dock, it must stay at the dock until all of its 

items are unloaded if it is a receiving truck or all of its items are loaded if it is a shipping 

truck. A truck can come and leave the dock only once during a schedule period. Separate 

receiving and shipping docks are assumed. 

Case 2 Model. In this model, there is no temporary storage in the warehouse or distribution 

center. However, both the receiving truck and the shipping truck can move in and out of 

the docks as many times as needed until their unloading or loading tasks are completed. 

Case 3 Model, hi this model, there is temporary storage in front of the shipping dock and 

both the receiving truck and the shipping truck can move in and out of the dock until their 

tasks are completed. 
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One of the objectives for cross docking systems is how well the trucks can be 

scheduled at the dock and how the items in receiving trucks can be allocated to the shipping 

trucks to optimize on some measure of system performance. The objective of this research is 

to find the best sequence for truck spotting for both receiving and shipping trucks to 

minimize total operation time or to maximize the throughput of the cross docking system. 

The product routing is also decided simultaneously as well as the spotting sequences of the 

receiving and shipping trucks. 

7.1.1 Case 1 

To solve the cross docking problem for the Case 1 problem, five different approaches 

were developed; the mixed integer programming model, the complete enumeration of all 

possible sequences, the heuristic algorithm, the tabu search and the branch and bound 

method. The first two approaches were able to find the global optimal solution, but were not 

effective for solving medium to large size problems because of their computational intensity. 

Therefore, to increase solution efficiency, the heuristic algorithms were developed. 

The main idea of the heuristic algorithm was to minimize the total number of 

products that pass through temporary storage. Because three strategies for selecting the 

associate receiving trucks and three strategies for selecting the shipping truck were 

developed, a total of nine heuristic algorithms were developed and tested for the Case I 

problem. In order to test the performance of the heuristic algorithm, the twenty test problem 

sets were randomly generated. The problems were solved using the mixed integer 

programming model, the complete enumeration method, and the heuristic. Comparison of the 

solutions obtained from the heuristics with the optimal solutions indicated that the heuristic 

solutions were close to the optimal solutions. The heuristic solutions differed from the 

optimal solutions by an average of 1.80%; a value that clearly attests to the effectiveness of 

the heuristic. 

As the fourth approach, the tabu search was implemented to further test the 

performance of the heuristic algorithm. In comparing the heuristic solutions with the tabu 

solutions, the tabu search outperformed the heuristic algorithm if the best out of ten different 

tabu solutions generated by using ten different random starting solutions for each problem set 
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is selected. However, if only one random starting solution is used for the tabu search for each 

set of test problem and the final solutions obtained from the one single starting random 

solution were used for comparison with the heuristic solutions, then the heuristic algorithm 

outperformed the tabu search. 

The last approach suggested for the Case 1 problem was the branch and bound 

method. In implementing the branch and bound approach, the best heuristic solution obtained 

for each problem was used as the initial upper bound. The use of a good starting upper bound 

helped to reduce the computational time required to solve and obtain the optimal solutions to 

the problems. The computational time required by the branch and bound method was smaller 

than that required by the complete enumeration method. 

7.1.2 Case 2 

To solve the cross docking problem for the Case 2 model, three approaches were 

developed; a mixed integer programming model, an integer programming model and a 

heuristic algorithm. The objective of the first mixed integer programming (Model I) model is 

to minimize makespan. For the Model I model, the number of variables and constraints grow 

exponentially as the number of receiving trucks, number of shipping trucks, and number of 

product types increase. Computationally, the approach is not effective for solving the test 

problems, including the smallest one. A different view point to the Case 2 problem led to the 

development of a second integer program model (Model II). Model H is relatively simple. 

The objective of the integer programming model or Model II is to minimize the number of 

matching pairs of the receiving and shipping trucks. A receiving truck and a shipping truck 

are said to form a matching pair if there is material exchange between them. With the 

objective of minimizing the number of matching pairs, the number of variables and 

constraints are dramatically decreased. However, in spite of the reduction in the number 

variables and constraints, Model II was still found not to be effective for solving medium to 

large size problems because of computational time requirement. Therefore, to increase 

solution efficiency, heuristic algorithms were developed. 

The third approach used heuristic algorithms. Six heuristic algorithms were 

developed and tested for the Case 2 problem. The six heuristics employed different rules to 
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determine the next shipping and receiving trucks to select or schedule. The six heuristics are 

based on the followings basic principles; 1) maximum flow between pairs, 2) maximum ratio 

between pairs, 3) maximum fitness between pairs, 4) maximum flow with priority 

assignment, 5) maximum ratio with priority assignment, and 6) maximum fitness with 

priority assignment. Of the six heuristic algorithms, heuristic algorithm 3 (maximum fitness) 

performed the best. It found the best solutions among the six heuristic solutions in fifteen out 

of twenty test problems. Overall, the heuristic algorithms produced solutions that were close 

to the global optimal solutions. For example, the range of percentage deviations from optimal 

for the twenty problem sets based on makespan minimization is 0%-9.90%. The overall 

average deviation from optimal is 3.49%. 

For the Case 2 problem, once the minimum number of matching pairs is found, then 

makespan is the same regardless of the order of selection of the pairs. The second integer 

programming model and the heuristic algorithms found the minimum number of matching 

pairs for the receiving and shipping trucks instead of directly finding the receiving and 

shipping truck sequences. However, the real interest is not the minimization of the number of 

matching pairs but the best spotting sequence for both receiving and shipping trucks. 

Therefore, there was the need to develop a method that would convert the matching pairs to 

near optimal sequences for the receiving and shipping trucks. 

hi order to find the sequences for both receiving and shipping trucks, where the 

number of matching pairs is given from the previous solution, solution approaches to 

minimize the mean flow time for receiving and shipping trucks in the distribution center were 

developed. The flow time of a receiving (shipping) truck is defined as the time interval 

between the time the truck first unloads (loads) an item to the time it unloads (loads) its last 

item or unit. 

To solve the problem, two approaches were used; the complete enumeration method 

and the tabu search method. Using the complete enumeration method, the optimal solutions 

were found in eleven out of the twenty test problems. Solutions to all the twenty problems 

could not be obtained because of the high computational time required. On the other hand, 

the tabu search found the solutions very quickly. It found the solutions within twenty seconds 

for all twenty problems. The performance of the tabu search was very successful. The tabu 
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search found the optimal solutions in all the eleven problems whose optimal solutions are 

known. To reduce the computational time of the tabu search, the net change equation of the 

flow time was developed and used instead of directly calculating the mean flow time for each 

adjacent neighborhood interchange. 

7.1.3 Case 3 

To solve the cross docking problem for the Case 3 problem, two approaches were 

developed; the mixed integer programming model and the heuristic algorithm. Even though 

the Case 3 problem could be modeled mathematically, it is difficult to solve because of the 

large number of variables and constraints present as the number of receiving trucks, number 

of shipping trucks, and the number of product types increase. Therefore, the second approach 

was developed to solve the problems. The second approach used some heuristic algorithms. 

The heuristic algorithm developed for the Case 3 problem consists of two phases. In 

Phase /, product routing is determined. The initial receiving and shipping truck sequences are 

also created in Phase /. In the schedule of Phase /, no products are sent to temporary storage. 

In Phase II, the algorithm searches for improved solution by allowing items to be sent to 

temporary storage instead of changing the current receiving truck at the dock if that would 

reduce the makespan. If a certain condition that decreases the makespan is met, an 

appropriate quantity of the products is sent to temporary storage instead of changing the 

receiving trucks at the dock. The current spotting sequence is appropriately modified to 

reflect the number of truck changes at the dock. The Phase II search is continued until the 

schedule does not identify any conditions that would decrease the makespan. Based on the 

strategy for finding the best associate receiving trucks for each unscheduled shipping truck in 

Phase I, three heuristic algorithms were developed; 1) maximum flow, 2) maximum ratio, 

and 3) maximum fitness. Among the three heuristic algorithms, the average performance of 

strategy 3 (maximum fitness) was the best regardless of truck change time. However, 

strategy 3 also found the worst solution among the three strategies in a few problem cases. 

Therefore, for actual implementation, it is suggested that all three strategies of the heuristic 

be applied and to choose the best solution found by the three strategies as the adopted 
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solution. Overall, the heuristic algorithm for Case 3 produced solutions that were better than 

the optimal solutions for Cases 1 and 2 on the average regardless of truck change time. 

7.2 Future Research 

Because research in cross docking is at its infancy, tremendous opportunities exist in 

the future to exploit the vastly untapped possible extensions to this research. Here are the 

representative future research areas that can be extended from this research. 

1. All three models studied in this research assumed that a warehouse or a distribution 

center has only one receiving dock and one shipping dock, respectively. The development 

of models with multiple receiving docks and multiple shipping docks will constitute an 

excellent future research area. 

2. So far, temporary storage is assumed to have infinite capacity. However, the capacity of 

the temporary storage is often constrained in practice. In this case, a different operating 

strategy that recognizes the capacity limitation may be needed. Development of an 

operating strategy that recognizes the presence of a capacity constrained temporary 

storage is another possible extension to the current research. 

3. In some distribution centers, both cross docking operation and a regular warehouse for 

long term material storage may co-exist together. In those distribution centers, some 

products unloaded from receiving trucks may transfer to the warehouse section for long-

term storage while others are directly transferred from the receiving trucks to the 

shipping docks as in cross docking systems. Similarly, a shipping truck may load some of 

its needed products directly from receiving trucks and some of others from the long-term 

storage warehouse. Development of a model for this kind of operating scenario is another 

possible future extension of the current research. 

4. While this research is focused on activities within one warehouse, the greatest 

opportunities in both research and economy of scale appears to be in the integration of 

multiple warehouses. One of the future research areas is the development of models and 

solution algorithms that considers not only the operations within a warehouse but also the 

integration of the whole operations in a network consisting of multiple supply chain 

members that are distributed over a wide geographic area. Such network problem can be 
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addressed based on physical material flow management or information management. In 

order to facilitate a real-time access to the network-wide solutions developed, the 

deployment of the models and the solution procedures on Internet can be considered in 

future research. 
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APPENDIX A. STEP BY STEP PROCEDURE FOR SOLVING 
HEURISTIC ALGORITHM FOR THE CASE 1 PROBLEM 

The following problem is used to demonstrate the use of the heuristic algorithm for 

the Case 1 problem. The problem has a set of four receiving trucks and three shipping trucks. 

The number of product types is four. All information about receiving trucks and shipping 

trucks is presented in Table A-l. It is assumed that all types of loading and unloading times 

for all types of products are the same and they are one unit of time in duration. Truck change 

time takes 75 units of time and transferring time of products from the receiving dock to the 

shipping dock takes 100 units of time. 

Assume that the first strategy for the associate receiving truck selection strategy is 

chosen for this demonstration. For the shipping truck selection strategy, the first strategy is 

also selected. 

1. Associate Receiving Truck Selection Strategy 1: 

- Choose the receiving truck that transfers the smallest number of products from a 

receiving truck to temporary storage. 

Table A-l. Example Set to Illustrate the Heuristic Algorithm for the Case I Problem 

Receiving Truck Shipping Truck 

Truck Product Quantity 

1 
1 100 

1 
3 50 

1 100 

2 2 50 

3 100 

1 100 

3 2 40 

4 60 

4 
2 100 

4 200 

Truck Product Quantity 

1 
1 100 

1 
2 100 

1 120 

2 3 110 

4 160 

1 80 

3 
2 90 

3 
3 40 

4 100 
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2. Shipping Truck Selection Strategy 1: 

Choose the shipping truck and its associated receiving trucks that transfer the smallest 

number of products from the associate receiving trucks to temporary storage. 

The following solution procedure shows the entire steps for solving the problem with 

the heuristic algorithm for the Case 1 problem. 

STEP 1 

Set 7*" = 0, r = 0, If = {f i, f2,^3,^4) and If = {/*/, fz, fj}- Set t i  =  t 2  = t 3  = t 4  = 0. 
STEP 2 

For shipping truck f 1, 

2aAr, = <Z,pAT, = 0 ,pASi = 200 (=100100+0+0). 

2bT = 0.s'ik<- s ik, for k = 1,2, 3 and 4. Go to 2d in Step 2. 

2d ^[max{j,'t -tk ,0}]=200. Go to 2e in Step 2. 
t»i 

2e 

For (i : pRTn = 50 (50 units of product type 3) 

p*5!! = 100 (100 units of product type 1) 

For f 2 : pRT2i = 100 (100 units of product type 3) 

pRS2i = 150 (100 units of product type 1 and 50 units of product type 2) 

For f 3 : pRT3i = 60 (60 units of product type 4) 

pRS3i = 140 (100 units of product type 1 and 40 units of product type 2) 

For {4 : pRT4i = 200 (200 units of product type 4) 

pRS4i = 100 (100 units of product type 2) 

To calculate pRTu, equation (4-15) was used. For p*5,/, equation (4-16) was used. 

2£Because the associate receiving truck selection strategy 1 is used, choose the receiving 

t r u c k  f  / .  A R
i  =  { / / } .  

Note that if the associate receiving truck selection strategy 2 is applied, receiving 

truck f2 is selected here instead of receiving truck ft. If the associate receiving truck 

selection strategy 3 is applied, receiving truck f 3 is selected here instead of receiving 

truck f 1. As it can be seen here, the associated receiving trucks can be formed 
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differently for the same shipping truck based on the associate receiving truck 

selection strategy. 
4 

2% s // = s /3 = s ri4 = 0 and s 'u = 100. Since =100, go to 2d in Step 2. 
k-1 

2d y^[max{s(t ~tk ,0}]=100. Go to 2e in Step 2. 
k-1 

2s. 
For f 2 : pRT2i - 200 (100 units of product type 1 and 100 units of product type 3) 

pnS2i = 50 (50 units of product type 2) 

For f 3 : pRTu = 160 (100 units of product type 1 and 60 units of product type 4) 

pRS3i = 40 (40 units of product type 2) 

For f 4 : pRT4i = 40 (40 units of product type 4) 

pRS4i = 100 (100 units of product type 2) 

To calculate pRTn and pRTji equation (4-15) was used. However, equation (4-14) was 

used to calculate pRT
4i- Note that shipping truck fi is filled all of its needed products 

with receiving trucks f / and f4. Therefore, it looks like no products are sent to 

temporary storage, (i.e. it looks like pRT
4i = 0). However, if receiving truck f 4 is 

scheduled in the second position of the receiving truck sequence, a total of 40 units of 

product type 4 needs to be sent to temporary storage when next scheduled shipping 

truck is f 2- If the next scheduled shipping truck is f j, a total of 100 units of product 

type 4 needs to be sent to temporary storage. Therefore pRT
4i = 40 presents the least 

number of products that transfer to temporary storage when receiving truck f4 is 

scheduled in the second position in the receiving truck sequence. It can be calculated 

from equation (4-14). To calculate p*5,/, equation (4-16) was used. 

2£Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f4- ARi = {ft, f4). 

N 

2g.s'u=s'i2 = s'i3=s'i4 = 0. Since ^s'lk =0, go to 2h in Step 2. 
t-i 

2h Receiving trucks fz and do not have their associated receiving trucks. Go to the 

beginning of the Step 2. 
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For shipping truck 2, 

2a A*2 = 0,PAT
2 = O, PAS

2 = 390 (=120+0+110+160). 

2b T -<2.s 2k «— sa» for k = 1,2,3 and 4. Go to 2d in Step 2. 

2J £ [max{jjt - tk, 0}]=390. Go to 2e in Step 2. 
t-i 

For f = 0 

pRSi2 = 150 (100 units of product type 1 and 50 units of product type 3) 

For f 2 : pRT22 = 50 (50 units of product type 2) 

pRS22 — 200 (100 units of product type 1 and 100 units of product type 3) 

For f s : pRTj2 = 40 (40 units of product type 2) 

prs32 - 160 (100 units of product type 1 and 60 units of product type 4) 

For f 4 : pRT42 = 140 (100 units of product type 2 and 40 units of product type 4) 

prs42 = 160 (160 units of product type 4) 

To calculate pRTi2, equation (4-15) was used. For pRSi2, equation (4-16) was used. 

2f Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f /. AR2 = {//}. 

4 

2g 5 j/ = 20, s 22 = 0, s '23 = 60 and s '24 ~ 160. Since ^ s'2k =240, go to 2d in Step 2. 
t-t 

2d ^[max{sjt -tk ,0}]=240. Go to 2e in Step 2. 
t-i 

2e 

For f 2 : = 170 (80 units of product type 1, 50 units of product type 2 and 40 

units of product type 3) 

pRS22 = 80 (20 units of product type 1 and 60 units of product type 3) 

For f j : pRT32 - 120 (80 units of product type 1 and 40 units of product type 2) 

pRS32 = 80 (20 units of product type 1 and 60 units of product type 4) 

For f4 : pRT42 - 140 (100 units of product type 2 and 40 units of product type 4) 

pRS42 = 160 (160 units of product type 4) 

To calculate pRTa, equation (4-15) was used. Forequation (4-16) was used. 
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2£ Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f j. AR
2 = {f/, fj}. 

4 

2g_s'2i~ s 22 = 0, s 23 = 60 and 5 24 =100. Since ^s'2k =160, go to 2d in Step 2. 

2d ^[max($2t -tk ,0}]=160. Go to 2e in Step 2. 
km | 

2e 

For (2 : pRT22 = 190 (100 units of product type 1, 50 units of product type 2 and 40 

units of product type 3) 

pRS22 - 60 (60 units of product type 3) 

For f 4 : pRT42 = 200 (100 units of product type 2 and 100 units of product type 4) 

pRS42 = 100 (100 units of product type 4) 

To calculate pRTi2, equation (4-15) was used. For pRS,2, equation (4-16) was used. 

21 Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f 2 .  A r
2  ={(i,  f 3,6} • 

4 

2s. s'2i= s'22=s'23 = 0 and a 24 = 100. Since ^s'2k =100, go to 2d in Step 2. 
km I 

2d ^[maxfôt - tk ,0}]=100. Go to 2e in Step 2. 
kml 

2e 

For f4 :pRT42 = 0 

pRS42 - 100 (100 units of product type 4) 

equation (4-14) was used to calculate pRT42- To calculate p^u, equation (4-16) was 

used. 

2f Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f4. Ar
2 = {ft, f3, Ï2, {4}. 

4 

2%s 'j i  = s 22 =s'23 - s '24 = 0. Since =0, go to 2hinStep 2. 
km I 

2h f 3 does not have its associated receiving trucks. Go to the beginning of the Step 2. 
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For shipping truck 3, f3, 

2a A*3 = 0, p at
3 = 0,p as

3 = 3\0 (=80+90+40+100). 

2bT= {}.5 forfr = 1,2,3 and 4. Go to 2d in Step 2. 

2d £[max{jj4 -tk ,0}]=310. Go to 2e in Step 2. 
t-i 

2e 

For f i : pRT 11 = 30 (20 units of product type 1 and 10 units of product type 3) 

pRSi3 = 120 (80 units of product type 1 and 40 units of product type 3) 

For f 2 : pRT23 - 80 (20 units of product type 1 and 60 units of product type 3) 

pRS23 = 170 (80 units of product type 1, 50 units of product type 2 and 40 

units of product type 3) 

For f 3 : pRT
33 = 20 (20 units of product type 1) 

pRS33 = 180 (80 units of product type 1, 40 units of product type 2 and 60 

units of product type 4) 

For f 4 : pRT43 =110(10 units of product type 2 and 100 units of product type 4) 

pRS43 = 190 (90 units of product type 2 and 100 units of product type 4) 

To calculate pRTa, equation (4-15) was used. For equation (4-16) was used. 

2f Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f3. AR3 = {fj}. 

4 

2gs '31 = 0, s 32 - 50, s 33 = 40 and s *# = 40. Since £s'u =130, go to 2d in Step 2. 
km 1 

4 

2d ^[max($3t -tk ,0}]=130. Go to 2e in Step 2. 
k-1 

2e 

For (i : pRTa = 110 (100 units of product type 1 and 10 units of product type 3) 

p^is = 40 (40 units of product type 3) 

For f2 : pRT23 - 160 (100 units of product type 1 and 60 units of product type 3) 

pRS23 = 90 (50 units of product type 2 and 40 units of product type 3) 

For {4 : pRT43 = 210 (50 units of product type 2 and 160 units of product type 4) 

pRS43 = 90 (50 units of product type 2 and 40 units of product type 4) 
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To calculate pRTa, equation (4-15) was used. For p^u, equation (4-16) was used. 

2£Because the associate receiving truck selection strategy 1 is used, choose the receiving 

t r u c k  f  / .  A R s  =  { / j ,  f / } .  

4 

s 3/ = 0, s 'n ~ 50,5 jj = 0 and s = 40. Since £ =90, go to 2d in Step 2. 
km I 

2d ^[max{jJt -tk ,0}]=90. Go to 2e in Step 2. 
k-1 

2e 

For f 2 : pRT23 - 200 (100 units of product type 1 and 100 units of product type 3) 

pRS23 = 50 (50 units of product type 2) 

For f 4 : pRT43 - 50 (50 units of product type 2) 

pR543 = 90 (50 units of product type 2 and 40 units of product type 4) 

To calculate pRT21 equation (4-15) was used. However, equation (4-14) was used to 

calculate pRT4i- If the next scheduled shipping truck is Is2, a total of 50 units of 

product type 2 needs to be sent to temporary storage. For equation (4-16) was 

used. 

2£Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f4. Ar
3 = {f3, f i, ft}. 

4 

2gs f3i = J '32 - s '33 - s '34 = 0. Since ^s'3k =0, go to 2h in Step 2. 
km I 

2h All shipping trucks have their associated receiving trucks. Go to Step 3. 

STEP 3 

For f t  and A R
t  = { f i , f 4 } ,  

pATi = 90 (50 units of product type 3 and 40 units of product type 4) 

pASi = 200 (100 units of product type 1 and 100 units of product type 2) 

p™i = 365 (=pASt + pATi + Cz-l)D) (In this case, z = 2 and D = 75) 

For Is
2 and AR

2 = {f 1,^3, f2,^4}, 

pAT2 - 320 (180 units of product type 1, 100 units of product type 2 and 40 units of 

product type 3) 
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pAS2 = 390 (120 units of product type 1, 110 units of product type 3 and 160 units of 

product type 4) 

p™: = 935 (= pAS2 + pAT2 + (z-l)D) (In this case, z- 4 and D = 75) 

For f3 and AR
3 = {6, 6, . 

pATs = 180 (120 units of product type 1, 50 units of product type 2 and 10 units of product 

type 3) 

pAS3 = 310 (80 units of product type 1, 90 units of product type 2, 40 units of product type 

3 and 100 units of product type 4) 

p™i = 640 (= pAS
3 + pAT3 + (z-l)D) (In this case, z- 3 and D = 75) 

STEP 4 

Because the shipping truck selection strategy 1 is used here, choose shipping truck r1/, 

I f  —  { f  3 \ - T  —  { f  / } .  

STEPS 

[ f  —  { f 2 ,  f 3 }  •  F  —  { f t ,  f A -

STEP 6 

trL = tr4-ni-ri2 = ri3=0 and r{4 = 200. ti=t2 = 0, t3 = 50 and = 40. 

STEP 7 

{ / =  { f j ,  f j } .  l f =  { f 2 ,  f 3 }  . G o  X o  S t e p  2 .  

STEP 2 

For shipping truck 2, f1?, 

2a Ar
2 = 0, PAT

2 = 0, PAS
2 = 390 (=120+0+110+160). 

2b s 21 = 120, s j2= 0, s'23= 110 and s 2^ = 0. AR
2 = { f4 }. 

4 

2c Because ^s'2t =230, calculatepAT2. 
km I 

pAT2 — 40 (40 units of product type 4). Go to 2d in Step 2. 

4 

2d Because [maxfôt -tk ,0}]=180 (120 units of product type 1 and 60 units of product 
M 

type 3), go to 2e in Step 2. 
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2e 

For f 2 : p*T22 - 50 (50 units of product type 2) 

pRS22 = 200 (100 units of product type 1 and 100 units of product type 3) 

For f 3 : pRT32 = 100 (40 units of product type 2 and 60 units of product type 4) 

pRS32 = 100 (100 units of product type 1) 

To calculate pRTa, equation (4-15) was used. For p^a, equation (4-16) was used. 

2£ Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f2. A* 2= 

4 

2gsr2i = 20, s'22 = 0,s 23 - 10 and 5 24 = 0. Since £s'2k =30, go to 2d in Step 2. 
km 1 

2d Because £ [maxfô* -tk ,0}]=20 (20 units of product type 1), go to 2e in Step 2. 
km I 

2e 

For f 3 : pRT32 = 0 

pRS32 - 20 (20 units of product type 1) 

To calculate pRTa, equation (4-14) was used. For pRSt2, equation (4-16) was used. 

2£Because the associate receiving truck selection strategy 1 is used, choose the receiving 

truck f3. ARz = {fj, fj}. 
4 

2gs'n = 0, s '22 = 0, s'23 = 10 and a z, = 0. Since ^s'2k =10, go to 2d in Step 2. 
km I 

2d Because ]T [max{j2* -tk ,0}]=0, go to 2h in Step 2. 
km I 

2h Shipping truck f 3 does not have its associated receiving trucks. Go to the beginning of 

the Step 2. 

For shipping truck 3, f*j, 

2a A*3 = <Z,PAT
3 = 0 ,pASi = 310 (=80+90+40+100). 

2b s'u = 80, s 22= 90, s'23= 40 and s'24 = 0. AR3 = { f4 }. 

4 

2c Because ^5^ =210, calculate pATj. 
km I 

pAT3 = 100 (100 units of product type 4). Go to 2d in Step 2. 
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2d Because [max {s'3k -tk ,0}]=170 (80 units of product type 1 and 90 units of product 

type 2), go to 2e in Step 2. 

2e 

For f2 : pRT23 = 80 (20 units of product type 1 and 60 units of product type 3) 

p^zs - 170 (80 units of product type 1, 50 units of product type 2 and 40 

units of product type 3) 

For f 3 : pRT33 — 80 (20 units of product type 1 and 60 units of product type 4) 

pRS33 - 120 (80 units of product type 1 and 40 units of product type 2) 

To calculate pRTa, equation (4-15) was used. For equation (4-16) was used. 

2f Because the associate receiving truck selection strategy 1 is used, choose the receiving 

t ruck  f 2 .  A r j  = { f 2 } .  

4 

2£s'u = s'33 = s'34 = 0 and s'32 = 50. Since ŝ'3k =50, go to 2d in Step 2. 
kml 

2d Because [maxfô* - tk, 0}]=0, go to 2h in Step 2. 
kml 

2h All shipping trucks have their associated receiving trucks. Go to Step 3. 

STEP 3 

For f2 and AR
2 = {f2,f3}, 

pATz = 90 (50 units of product type 2 and 40 units of product type 3) 

pAS2 = 390 (120 units of product type 1, 110 units of product type 3 and 160 units of 

product type 4) 

p™2 ~ 630 (= pAS2 + pAT2 + (2-/)Z)) (In this case, 2 = 3 including the last scheduled 

receiving truck and D = 75) 

For t5} and AR
} = {f2}, 

pAT3 = 180 (20 units of product type 1, 60 units of product type 3 and 100 units of product 

type 4) 

pAS3 = 310 (80 units of product type 1, 90 units of product type 2,40 units of product type 

3, and 100 units of product type 4) 
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p™3 = 565 (= pas3 + pAT3 + (z-/)D) (In this case, z = 2 including the last scheduled 

receiving truck and D = 75) 

STEP 4 

Because the shipping truck selection strategy 1 is used here, choose shipping truck fj, 

V = { f 3 ) . T = { f , , f 2 } .  

STEPS 

I f  =  { } . T  =  { { / ,  f 4 ,  f 2 ,  f i } -

STEP 6 

f' l-H3. r tJ  = 80,ri2 = 40, = 0 andr/4 = 60. ti =0, t2 = 50, t3 = 40andt4 = 40. 

STEP 7 

If = { }. If = {fj}. Note that the only unscheduled shipping truck is f3. Therefore, the 

shipping truck f3 can be placed to the end of set 7* and the heuristic algorithm can be 

finished here. However, the algorithm will be followed further in order to explain the 

remaining steps of the algorithm until it finishes. Then the next step will be Step 2. 

STEP 2 

For shipping truck 3, f3, 

2aAs
3 = <Z,pAT

3 = 0 ,pAS
3 = 310 (=80+90+40+100). 

2b s'ii=0, s 22= 50, s 2j= 40 and s u = 40. AR
3 = {f 3}. 

4 

2c Because ^s'u =130, calculatepAT
3. 

M 

pATi = 0. Go to 2d in Step 2. 

2d Because £ [maxfs^ - tk ,0}]=0, go to 2h in Step 2. 
k'l 

2h All shipping trucks have their associated receiving trucks. Go to Step 3. 

STEP 3 

Forfj andAR
3 = { }, 

PAT3 = 0 

pAS3 = 310 (80 units of product type 1,90 units of product type 2,40 units of product type 

3, and 100 units of product type 4) 

pm
3 = 2>\0{=pAS

3+pAT
3) 
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STEP 4 

Because the shipping truck selection strategy 1 is used here, choose shipping truck f3, 

I f  =  { } •  T  ~  { f i *  f i *  f j}-

STEPS 

i f  —  { } .  { f  1 ,  f 4 ,  f z , f 3 } -

STEP 6 

lri = lr3.ru = m = ri3 = rl4 = 0.t,= t2 = t3 = t4 = 0. 

STEP 7 

M  I f  =  I f  = 0, stop. All sequences for receiving trucks and shipping trucks are found. T  

presents the sequence for receiving trucks. 7* shows the sequence for shipping trucks. 

T  —  { f  h ^ 4 ,  f 2 *  f  j} 

F  -  { f  h  f  2 ,  f 3 } •  

Total number of products that pass through temporary storage is 180 units (50 units of 

product type 2,90 units of product type 3 and 40 units of product type 4). 

END OF HEURISTIC ALGORITHM 
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APPENDIX B. TWENTY TEST PROBLEM SETS 

Table B-1. Test Set 1 

Receiving Truck Shipping Track 

Track Product Quantity 
1 48 

1 
2 36 

1 3 84 
4 72 
1 89 

2 2 127 
3 64 
1 75 

3 
2 105 

3 3 15 
4 15 

4 2 260 

Table B-2. Test Set 2 

Receiving Track 

Track Product Quantity 
1 48 

1 2 85 
6 97 
2 57 

2 4 47 
5 66 
1 80 

3 
3 70 

3 5 70 
6 10 
1 18 
2 61 

4 4 43 
5 30 
6 18 
1 76 
2 10 

5 3 43 
4 75 
5 26 

Track Product Quantity 

1 
1 151 

1 4 87 

2 
2 106 

2 3 33 
3 2 264 

4 
1 61 

4 2 132 

5 
2 26 

5 3 130 

Shipping Track 

Track Product Quantity 
1 74 
3 75 

1 4 99 
5 72 
6 23 

2 
1 123 

2 2 124 
3 6 63 

1 25 
2 89 

4 
3 38 

4 4 66 
5 120 
6 39 



www.manaraa.com

206 

Table B-3. Test Set 3 

Receiving Truck 

Truck Product Quantity 
1 14 
2 28 
3 55 

1 
4 41 

1 5 96 
6 48 
7 28 
8 28 
1 116 
2 41 

2 3 26 
4 50 
8 39 
2 38 

3 
3 64 

3 4 64 
8 114 

Shipping Truck 

Truck Product Quantity 
2 50 
5 32 

1 6 24 
7 13 
8 102 
1 130 

2 3 145 
6 24 
2 57 
4 155 

3 5 64 
7 15 
8 79 
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Table B-4. Test Set 4 

Receiving Truck 

Truck Product Quantity 
1 39 
2 6 
3 6 

1 
4 22 

1 5 57 
6 22 
7 39 
8 39 
1 71 

2 4 71 
6 78 

3 3 160 
2 40 

4 
3 25 

4 4 45 
5 50 
1 86 

5 
5 14 

5 7 72 
8 58 

Shipping Truck 

Truck Product Quantity 

1 
2 12 

1 8 42 
2 4 
3 75 

2 
4 46 

2 5 50 
6 60 
8 9 
3 41 
4 31 

3 5 20 
7 111 
8 18 
1 103 
2 13 

4 
3 75 

4 4 61 
5 30 
8 28 
1 93 

5 
2 17 

5 5 21 
6 40 
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Table B-5. Test Set 5 

Receiving Truck 

Truck Product Quantity 
1 1 170 

1 6 
2 6 
3 19 
4 50 

1 5 38 
6 6 
7 19 
8 56 
1 49 
2 31 
3 60 

J 6 12 
7 37 
8 31 

A 5 143 
4 7 47 

4 58 
5 36 

3 7 72 
8 14 

Shipping Truck 

Truck Product Quantity 
1 75 
2 12 

1 
3 59 

1 6 9 
7 98 
8 40 

2 
1 150 

2 5 217 
2 25 
3 20 

3 
4 108 

3 6 9 
7 77 
8 61 
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Table B-6. Test Set 6 

Receiving Truck 

Truck Product Quantity 
1 22 
2 22 

1 3 66 
4 37 
5 73 
2 100 

2 3 60 
4 90 
4 217 j 
5 43 
1 11 
2 89 

4 3 22 
4 101 
5 67 

Table B-7. Test Set 7 

Receiving Truck 

Truck Product Quantity 
1 14 

1 
2 69 

1 3 28 
5 69 
1 50 

2 4 40 
6 70 

3 2 190 
1 23 

4 3 115 
5 92 
3 44 

5 5 66 
6 110 

Shipping Truck 

Truck Product Quantity 
1 1 22 

4 159 
z 5 133 

1 3 

? 
3 92 
4 159 
5 33 
1 8 
2 211 

4 3 56 
4 127 
5 17 

Shipping Truck 

Truck Product Quantity 
1 50 

1 3 36 
6 95 
2 194 

2 
3 53 

2 5 62 
6 74 
1 37 
2 65 

3 
3 18 

3 4 40 
5 165 
6 11 

4 3 80 
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Table B-8. Test Set 8 

Receiving Truck 

Truck Product Quantity 
1 64 

1 
2 75 

1 3 75 
7 96 

2 3 300 
1 57 
2 72 

3 4 36 
5 65 
6 50 

Shipping Truck 

Truck Product Quantity 
2 38 

1 3 113 
7 22 
2 58 

2 
5 50 

2 6 12 
7 12 
1 61 
2 19 

3 
3 131 

3 4 11 
5 10 
7 20 
1 40 
4 18 

4 5 5 
6 26 
7 17 
1 20 
2 32 

5 
3 131 

5 4 7 
6 12 
7 25 
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Table B-9. Test Set 9 

Receiving Truck Shipping Truck 

Truck Product Quantity 
2 32 
3 18 

1 
4 45 

1 5 32 
6 41 
8 32 
1 58 
2 52 

2 
5 47 

2 6 35 
7 12 
8 46 

3 
1 187 

3 5 53 

4 
3 111 

4 4 99 

Truck Product Quantity 
1 245 
2 12 

1 
4 52 

1 5 37 
6 33 
7 6 
2 42 

2 
4 92 

2 5 26 
6 43 

3 
5 43 

3 8 78 
2 30 

4 
3 129 

4 5 26 
7 6 

Table B-10. Test Set 10 

Receiving Truck 

Truck Product Quantity 
1 64 
2 58 
3 19 
4 38 

1 5 19 
6 58 
7 19 
8 7 
9 58 
5 132 

z 9 118 
2 49 

% 7 97 
J 8 49 

9 145 

Shipping Truck 

Truck Product Quantity 
4 38 

1 6 29 
8 28 
5 151 

2 
6 10 

2 7 12 
8 28 
2 41 

3 
6 19 

3 7 61 
9 229 
1 64 
2 66 

4 3 19 
7 43 
9 92 
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Table B-11. Test Set 11 

Receiving Truck 

Truck Product Quantity 
1 50 
2 25 

1 3 123 
4 25 
6 37 
1 73 
2 64 
3 37 

z 4 46 
5 73 
6 37 

3 2 360 
2 29 

A 3 118 
4 4 59 

5 74 
5 2 390 

Shipping Truck 

Truck Product Quantity 
1 18 
2 200 

1 
3 14 

1 4 91 
5 19 
6 33 
1 35 
2 134 

2 
3 113 

2 4 39 
5 20 
6 41 

3 2 534 
1 70 

4 3 151 
5 108 
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Table B-12. Test Set 12 

Receiving Truck 

Truck Product Quantity 
1 83 
2 46 

1 
3 83 

1 4 83 
6 18 
8 47 

2 7 340 
2 129 

3 
3 113 

3 4 97 
8 31 
1 47 

4 3 94 
6 109 
3 78 

5 
5 61 

5 6 78 
8 43 
1 25 
2 50 
4 59 

6 5 76 
6 59 
7 76 
8 25 

Shipping Truck 

Truck Product Quantity 

1 
7 416 

1 8 46 
2 112 
4 119 

2 5 86 
6 185 
8 54 
2 113 
4 120 

3 5 51 
6 79 
8 46 

4 
1 155 

4 3 368 



www.manaraa.com

214 

Table B-13. Test Set 13 

Receiving Truck 

Truck Product Quantity 

1 
1 293 

1 7 37 
2 3 310 

1 75 
2 94 

3 5 57 
6 19 
7 85 
1 74 
2 74 
3 15 

4 5 52 
6 67 
7 45 
8 23 
2 28 
3 19 

5 
4 84 

5 5 84 
6 28 
7 47 

Shipping Truck 

Truck Product Quantity 
1 7 100 

1 368 
2 41 
4 42 

2 5 48 
6 24 
8 13 
6 57 

3 7 97 
1 74 
2 62 

4 5 145 
6 17 
7 8 

5 3 344 
2 93 
4 42 

6 6 16 
7 9 
8 10 
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Table B-14. Test Set 14 

Receiving Truck 

Truck Product Quantity 
3 111 

1 5 157 
8 32 

2 
6 136 

2 8 204 
1 23 
3 101 

3 4 68 
5 34 
6 44 
1 32 
2 136 
4 95 

4 5 11 
6 32 
7 32 
8 42 
1 29 
2 48 
3 29 

5 
4 66 

5 5 93 
6 86 
7 10 
8 29 

Shipping Truck 

Truck Product Quantity 
1 21 
2 82 

1 
3 77 

1 5 211 
6 76 
7 13 

2 
3 109 

2 6 120 

3 
1 35 

3 8 215 
1 14 
2 102 

4 
3 22 

4 4 122 
6 42 
7 13 
1 14 
3 33 
4 107 

5 5 84 
6 60 
7 16 
8 92 
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Table B-15. Test Set 15 

Receiving Truck 

Truck Product Quantity 
1 50 

1 3 150 
4 150 

2 
1 167 

2 3 143 
1 96 

3 
2 96 

3 3 48 
4 110 

4 3 310 
1 85 

5 
2 85 

5 3 53 
4 97 
2 156 

6 3 156 
4 78 

Shipping Truck 

Truck Product Quantity 
1 31 

1 
2 58 

1 3 138 
4 198 
2 93 

2 3 230 
4 40 
1 61 

3 
2 35 

3 3 91 
4 119 

4 
2 105 

4 3 401 
I 306 

5 2 46 
4 78 
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Table B-16. Test Set 16 

Receiving Truck 

Truck Product Quantity 
1 39 

1 
2 53 

1 4 26 
5 132 

2 3 350 
2 121 

3 
4 97 

3 5 60 
6 72 
2 162 

4 3 65 
4 163 
1 55 

5 4 240 
6 55 

Shipping Truck 

Truck Product Quantity 
1 3 259 

1 37 
3 26 

2 4 94 
5 34 
6 13 
1 8 
2 131 
3 26 

3 4 19 
5 68 
6 40 
1 24 
4 94 

4 5 21 
6 13 
2 147 

5 4 188 
1 25 
2 58 
3 104 

6 4 131 
5 69 
6 61 
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Table B-17. Test Set 17 

Receiving Truck 

Truck Product Quantity 
1 90 

1 2 103 
4 77 
1 112 
2 22 

2 3 56 
4 34 
5 56 

3 
5 180 

3 6 100 
1 84 
2 14 
3 98 

4 4 28 
5 56 
6 28 
7 42 

Shipping Truck 

Truck Product Quantity 
3 42 

1 5 203 
7 42 

2 1 286 
2 139 

3 
4 139 

3 5 89 
6 128 

4 3 112 
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Table B-18. Test Set 18 

Receiving Truck 

Truck Product Quantity 
1 3 290 

2 275 
I 4 55 
3 6 320 
4 2 270 

1 29 
2 53 
3 35 

5 4 47 
5 29 
6 53 
7 54 
1 59 
2 7 
4 59 

0 5 63 
6 59 
7 13 

Shipping Truck 

Truck Product Quantity 

1 
4 32 

1 6 288 
4 35 

2 5 23 
6 103 
1 88 
2 173 
3 217 

3 4 8 
5 7 
6 41 
7 5 

4 2 259 
2 173 
3 108 

5 4 8 
5 30 
7 6 
4 78 

6 5 32 
7 56 
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Table B-19. Test Set 19 

Receiving Truck 

Truck Product Quantity 
1 35 
2 35 
3 6 
4 60 

1 
5 35 

1 6 53 
7 18 
8 29 
9 53 
10 6 
2 138 

2 4 139 
5 23 
2 31 
3 54 
4 46 

3 
5 23 

3 6 38 
7 31 
8 38 
10 69 
1 54 
4 122 

4 5 81 
9 54 

10 69 
5 6 380 

Shipping Truck 

Truck Product Quantity 
3 17 
5 27 

1 6 290 
7 10 
9 6 
3 19 
5 27 

2 7 21 
9 48 
10 85 
3 18 
5 81 

3 7 18 
9 39 
10 41 
1 56 
4 321 

A 5 27 
4 8 67 

9 7 
10 9 
1 33 
2 204 
3 6 

5 4 46 
6 181 
9 7 
10 9 
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Table B-20. Test Set 20 

Receiving Track 

Track Product Quantity 
7 53 

1 8 238 
9 79 

2 
2 293 

2 9 97 
1 38 
3 13 

3 
4 125 

3 5 38 
7 38 
8 88 
3 102 

4 
5 128 

4 6 25 
8 25 
1 57 
2 8 
3 49 
4 74 

5 5 74 
6 49 
7 16 
8 16 
9 17 
1 64 
3 64 

6 4 25 
6 38 
7 89 

Shipping Track 

Track Product Quantity 
1 8 204 

1 44 
2 30 
3 228 
4 93 

2 5 70 
6 46 
7 25 
8 61 
9 69 
2 91 

3 5 50 
7 48 
1 88 

A 5 60 
4 6 66 

7 110 
5 2 180 

1 27 
4 131 

< 5 60 
o 7 13 

8 102 
9 124 
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APPENDIX C. OPTIMAL SOLUTIONS FOR THE CASE 2 PROBLEM 

Table C-l. Optimal Solution of Test Set 1 for the Table C-2. Optimal Solution of Test Set 2 for the 
Case 2 Problem Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck 

Product Unit 

1 1 
1 48 

1 1 
4 72 

1 3 2 4 
1 4 2 27 

1 5 
2 5 

1 5 
3 84 

2 1 1 89 

2 2 
2 106 

2 2 
3 18 

2 5 
2 21 

2 5 
3 46 

3 1 
1 14 

3 1 
4 15 

3 2 3 15 

3 4 
I 61 

3 4 
2 105 

4 3 2 260 

Minimum Number of Matching Pairs : 11 

Receiving 
Truck 

Shipping 
Truck 

Product Unit 

1 2 
1 48 

1 2 
2 85 

1 3 6 63 
1 4 6 34 
2 2 2 29 

2 28 
2 4 4 47 

5 66 
1 73 

3 1 
3 32 3 1 
5 16 
6 10 
1 7 

3 4 3 38 
5 54 
4 24 

4 1 5 30 
6 13 
1 18 

4 4 2 61 
4 4 

4 19 
6 5 
1 1 

5 1 
3 43 

5 1 
4 75 
5 26 

5 2 
1 75 

5 2 
2 10 

Minimum Number of Matching Pairs : 11 
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Table C-3. Optimal Solution of Test Set 3 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

2 28 

1 1 5 32 1 1 
6 24 
7 13 
1 14 

1 2 3 55 
6 24 
4 41 

I 3 5 64 I 3 
7 15 
8 28 

2 2 1 116 2 2 
3 26 
2 41 

2 3 4 50 
8 39 

3 1 2 22 3 1 
8 102 

3 2 3 64 
2 16 

3 3 4 64 
8 12 

Minimum Number of Matching Pairs : 8 

Table C-4. Optimal Solution of Test Set 4 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

2 4 
3 6 

I 2 5 50 
6 22 
8 9 
4 22 

1 3 7 39 
8 2 
1 39 

I 4 2 2 I 4 
5 7 
8 28 

2 2 
4 46 

2 2 
6 38 

2 4 1 64 
2 4 

4 25 

2 5 1 7 
2 5 

6 40 
3 2 3 69 
3 3 3 41 
3 4 3 50 
4 1 2 12 

4 3 
4 9 4 3 
5 6 
2 11 

4 4 3 25 4 4 
4 36 
5 23 

4 5 2 17 4 5 
5 21 

5 1 8 42 
5 14 

5 3 7 72 
8 16 

5 5 1 86 

Minimum Number of Matching Pairs : 16 
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Table C-S. Optimal Solution of Test Set 5 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 1 26 
1 2 1 144 

6 6 
2 1 7 14 

8 9 

2 2 1 6 2 2 
5 38 
2 6 
3 19 

2 3 4 50 
7 5 
8 47 
1 49 
2 12 

3 1 3 59 1 
6 3 
7 37 
8 31 
2 19 

3 3 3 1 
6 9 

4 1 7 47 
4 2 5 143 
5 2 5 36 

4 58 
5 3 7 72 

8 14 

Table C-6. Optimal Solution of Test Set 6 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 1 22 
1 2 5 40 

3 32 
1 3 4 37 

5 33 

I 4 2 22 
I 4 

3 34 

2 3 
3 60 

2 3 4 64 

2 4 2 100 
2 4 

4 26 

3 2 
4 159 

3 2 5 43 
3 3 4 58 
4 2 5 50 
4 3 1 3 

1 8 
2 89 

4 4 3 22 
4 101 
5 17 

Minimum Number of Matching Pairs : 11 

Minimum Number of Matching Pairs : 11 
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Table C-7. Optimal Solution of Test Set 7 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 2 2 4 
1 2 

3 28 
1 14 

1 3 2 65 
5 69 

2 1 
1 27 

2 1 6 70 

2 3 1 23 2 3 4 40 
3 2 2 190 

4 1 
1 23 4 1 3 17 

4 3 
3 18 4 3 
5 92 

4 4 3 80 

5 1 3 19 5 1 
6 25 
3 25 

5 2 5 62 
6 74 

5 3 
5 4 5 3 
6 11 

Minimum Number of Matching Pairs : 11 

Table C-8. Optimal Solution of Test Set 8 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

2 38 
1 1 3 75 

7 22 
1 2 

2 37 
2 7 12 

1 3 
1 61 1 3 7 20 

1 4 1 3 I 4 7 17 
1 5 7 25 
2 1 3 38 
2 3 3 131 
2 5 3 131 

2 21 
3 2 5 50 

12 
2 19 

3 3 4 11 
5 10 
1 37 

3 4 4 18 3 4 
5 5 

26 
1 20 

3 5 2 32 3 5 
4 7 
6 12 

Minimum Number of Matching Pairs : 12 
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Table C-9. Optimal Solution of Test Set 9 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

2 32 
1 2 4 45 

6 41 

1 3 
5 32 1 3 
8 32 

1 4 3 18 
1 58 
2 12 

2 1 5 10 
6 33 
7 6 

2 2 
2 10 2 2 
6 2 

2 3 
5 11 2 3 
8 46 
2 30 

2 4 5 26 
7 6 

3 1 
1 187 3 1 5 27 

3 2 5 26 
4 1 4 52 
4 2 4 47 
4 4 3 111 

Minimum Number of Matching Pairs : 12 

Table C-10. Optimal Solution of Test Set 10 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

4 38 
1 1 6 29 

8 7 
5 19 

1 2 6 10 
7 12 
2 41 

1 3 6 19 
9 58 
1 64 

1 4 2 17 1 4 
3 19 
7 7 

2 2 5 132 
2 3 9 118 
3 1 8 21 
3 2 8 28 

3 3 
7 61 3 3 
9 53 
2 49 

3 4 7 36 
9 92 

Minimum Number of Matching Pairs : 10 
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Table C-ll. Optimal Solution of Test Set 11 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 35 
2 25 

1 2 3 76 
4 25 
6 37 

1 4 1 15 
1 4 

3 47 
1 18 

2 1 2 64 2 1 
4 32 
6 33 
3 37 

2 2 4 14 2 2 
5 20 
6 4 

2 4 1 55 
2 4 

5 53 
3 3 2 360 

2 29 

4 1 3 14 4 1 
4 59 
5 19 

4 4 3 104 4 4 
5 55 

5 1 2 107 
5 2 2 109 
5 3 2 174 

Minimum Number of Matching Pairs : 11 

Table C-12. Optimal Solution of Test Set 12 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 8 32 
2 46 

1 3 4 83 1 3 
6 18 
8 15 

1 4 1 83 1 4 
3 83 

2 1 7 340 

3 2 
2 62 

3 2 4 60 
2 67 

3 3 4 37 
8 31 

3 4 3 113 
4 2 6 109 

4 4 1 47 
4 4 

3 94 
5 10 

5 2 6 17 
8 43 

5 3 
5 51 

5 3 6 61 
5 4 3 78 

6 1 
7 76 

6 1 
8 14 
2 50 
4 59 

6 2 5 76 
6 59 
8 11 

6 4 1 25 

Minimum Number of Matching Pairs : 15 
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Table C-13. Optimal Solution of Test Set 13 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 2 1 293 
1 3 7 37 
2 5 3 310 
3 1 7 53 

3 2 1 75 3 2 
2 32 

3 3 6 19 3 3 7 32 

3 4 2 62 3 4 
5 57 

4 2 8 13 

4 3 6 38 3 7 28 
1 74 

4 4 5 52 
6 17 
7 8 

4 5 3 15 
2 74 

4 6 6 12 
7 9 
8 10 

5 I 7 47 
2 9 

5 2 4 42 2 
5 48 
6 24 

5 4 5 36 
5 5 3 19 

2 19 
5 6 4 42 

6 4 

Minimum Number of Matching Pairs : 17 

Table C-14. Optimal Solution of Test Set 14 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 3 70 1 1 
5 118 

1 2 3 8 
3 33 

1 5 5 39 
8 32 

2 2 6 120 
2 3 8 186 

2 5 6 16 2 5 
8 18 

3 2 3 101 
3 3 1 9 

1 14 

3 5 4 68 5 
5 34 
6 44 
1 21 

4 1 2 34 
7 3 
I 11 
2 102 

4 4 4 56 
6 32 
7 13 
4 39 

4 5 5 11 5 
7 16 
8 42 
2 48 
3 7 

5 1 5 93 
6 76 
7 10 

5 3 1 26 5 3 
8 29 
1 3 

5 4 3 22 4 
4 66 
6 10 

Minimum Number of Matching Pairs : IS 
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Table C-15. Optimal Solution of Test Set 15 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 3 85 
1 1 

4 101 
1 50 

1 3 3 65 
4 49 

2 2 3 143 
2 5 1 167 

2 77 
3 2 3 48 

4 32 
3 3 1 11 

1 85 
3 5 2 19 

4 78 
4 4 3 310 

1 31 

5 1 2 58 5 1 
3 53 
4 97 

5 5 1 54 
5 5 

2 27 
2 16 

6 2 3 39 
4 8 
2 35 

6 3 3 26 
4 70 

6 4 2 105 
6 4 

3 91 

Minimum Number of Matching Pairs : 13 

Table C-16. Optimal Solution of Test Set 16 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 2 
1 6 

1 2 5 34 
1 8 

1 3 2 53 
5 68 
1 25 

1 6 4 26 
5 30 

2 1 3 259 
2 2 3 26 
2 6 3 65 

3 4 5 21 3 4 
6 11 

3 5 2 121 3 5 
4 97 

3 6 
5 39 

3 6 
6 61 

4 3 2 78 
4 3 

3 26 

4 5 2 26 4 5 
4 58 
2 58 

4 6 3 39 
4 105 
1 31 

5 2 4 94 
6 13 

5 3 
4 19 

5 3 
6 40 
1 24 

5 4 4 94 
6 2 

5 5 4 33 

Minimum Number of Matching Pairs : 16 
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Table C-17. Optimal Solution of Test Set 17 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 2 I 90 

1 3 2 103 1 3 
4 77 

2 2 1 112 
2 22 

2 3 4 34 
5 56 

2 4 3 56 
3 1 5 180 
3 3 6 100 

3 42 
4 1 5 23 

7 42 
4 2 1 84 

2 14 

4 3 4 28 3 
5 33 
6 28 

4 4 3 56 

Minimum Number of Matching Pairs : 11 

Table C-18. Optimal Solution of Test Set 18 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 3 3 182 
I 5 3 108 
2 4 2 259 
2 5 2 16 
2 6 4 55 
3 1 6 270 
3 2 6 50 
4 3 2 120 
4 5 2 150 

4 35 
5 2 5 23 

6 53 
I 29 
2 53 

5 3 3 35 
4 8 
7 5 
4 4 

5 6 5 6 
7 49 

6 1 4 32 6 1 
6 18 
1 59 

6 3 5 7 
6 41 
2 7 

6 5 4 8 6 5 
5 30 
7 6 
4 19 

6 6 5 26 
7 7 

Minimum Number of Matching Pairs : 16 
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Tabic C-19. Optimal Solution of Test Set 19 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 
5 27 1 1 9 6 
5 8 

1 3 7 18 
9 39 
1 2 

1 4 4 60 1 
8 29 
9 1 
1 33 
2 35 

1 5 3 6 1 
6 53 
9 7 
10 6 

2 4 4 139 2 4 
5 23 

2 5 2 138 
3 17 

3 1 6 38 
7 10 
3 19 

3 2 7 21 
10 16 
3 18 

3 3 5 23 
10 41 

3 4 8 38 3 4 
10 9 
2 31 

3 5 4 46 
10 3 
5 27 

4 2 9 48 
10 69 

4 3 5 50 
1 54 

4 4 4 122 
5 4 
9 6 

5 1 6 252 
5 5 6 128 

Minimum Number of Matching Pairs : 16 

Table C-20. Optimal Solution of Test Set 20 for the 
Case 2 Problem 

Receiving 
Truck 

Shipping 
Truck Product Unit 

1 1 8 204 
1 3 7 48 

7 5 
1 6 8 34 

9 79 

2 2 
2 22 2 2 9 52 

2 3 2 91 
2 5 2 180 
2 6 9 45 

1 38 

3 2 3 13 3 2 7 25 
8 20 

3 4 7 5 
4 125 

3 6 5 38 3 6 
7 8 
8 68 
3 102 

4 2 5 68 
8 25 

4 4 5 60 4 4 
6 25 
1 6 
2 8 
3 49 

5 2 4 68 
5 2 
6 46 
8 16 
9 17 

5 3 5 50 
1 24 

5 4 6 3 
7 16 
1 27 

5 6 4 6 
5 22 

6 2 
3 64 

6 2 4 25 
1 64 

6 4 6 38 
7 89 

Minimum Number of Matching Pairs : 18 



www.manaraa.com

232 

APPENDIX D. OPTIMAL SOLUTIONS FOUND AFTER 
MINIMIZING MEAN FLOW TIME FOR THE CASE 2 PROBLEM 

The complete enumeration method was used to find the optimal solution for the Case 2 

problem. The optimal solution was only found in eleven test problems among twenty test 

problems because of computational time. The eleven test problems are: 1,2,3, 5, 6, 7, 8, 9, 

10,11 and 17. 

TEST SET 1 

BEST RECEIVING TRUCK SEQUENCE = 
2 3 3 1 3 1 2 2 1 1 4 
BEST SHIPPING TRUCK SEQUENCE = 
2 2 4 4 1  1  1 5 5 3 3  

BEST ME AM FLOW TIME = 466.555556 

WORST RECEIVING TRUCK SEQUENCE = 
1 3 2 2 3 1 4 1 2 1 3 
WORST SHIPPING TRUCK SEQUENCE = 
3 1 5 2 4 1 3 5 1 4 2  

WORST MEAM FLOW TIME = 1263.000000 

AVERAGE MEAM FLOW TIME = 856.703704 

The Running Time is : 1023.44000000 
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TEST SET 2 

BEST RECEIVING TRUCK SEQUENCE = 
1  1  1 2 2 5 5 4 4 3 3  
BEST SHIPPING TRUCK SEQUENCE = 
3 2 4 2 4 2 1 1 4 4 1 

BEST MEAM FLOW TIME = 482.000000 

WORST RECEIVING TRUCK SEQUENCE = 
1 5 3 4 2 1 5 1 3 4 2  
WORST SHIPPING TRUCK SEQUENCE = 
4 2 1 4 4 2 1 3 4 1 2  

WORST MEAM FLOW TIME = 1193.444444 

AVERAGE MEAM FLOW TIME = 864.829630 

The Running Time is : 1013.99400000 

TEST SET 3 

BEST RECEIVING TRUCK SEQUENCE = 
2 2 1 1 3 3 1 3 
BEST SHIPPING TRUCK SEQUENCE = 
2 3 2 3 2 3 1 1 

BEST MEAM FLOW TIME = 623.833333 

WORST RECEIVING TRUCK SEQUENCE = 
1 3 2 1 3 2 1 3 
WORST SHIPPING TRUCK SEQUENCE = 
2 1 3 3 2 2 1 3 

WORST MEAM FLOW TIME = 1068.000000 

AVERAGE MEAM FLOW TIME = 857.583333 

The Running Time is : 1.25100000 
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TEST SET 5 

BEST RECEIVING TRUCK SEQUENCE = 
1  1 4 4 3 2 2 3 2 5 5  
BEST SHIPPING TRUCK SEQUENCE = 
2 1 1 2 1 1 2 3 3 2 3 

BEST MEAM FLOW TIME = 565.625000 

WORST RECEIVING TRUCK SEQUENCE = 
1 2 5 4 3 2 1 4 5 2 3  
WORST SHIPPING TRUCK SEQUENCE = 
1 2 3 1 1 3 2 2 2 1 3 

WORST MEAM FLOW TIME = 1319.750000 

AVERAGE MEAM FLOW TIME = 949.083333 

The Running Time is : 990.17400000 

TEST SET 6 

BEST RECEIVING TRUCK SEQUENCE = 
2 2 4 4 1 1 1 1 4 3 3 
BEST SHIPPING TRUCK SEQUENCE = 
4 3 3 4 4 1 3 2 2 3 2  

BEST MEAM FLOW TIME = 600.000000 

WORST RECEIVING TRUCK SEQUENCE = 
4 1 3 2 1 1 4 3 2 1 4 
WORST SHIPPING TRUCK SEQUENCE = 
2 4 3 3  1 3 4 2 4 2 3  

WORST MEAM FLOW TIME = 1290.625000 

AVERAGE MEAM FLOW TIME = 941.162500 

The Running Time is : 992.35800000 
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TEST SET 7 

BEST RECEIVING TRUCK SEQUENCE = 
3 5 1 1 5 5 2 2 4 4 4  
BEST SHIPPING TRUCK SEQUENCE = 
2 2 2 3 3 1 1 3 1 3 4  

BEST MEAM FLOW TIME = 423.222222 

WORST RECEIVING TRUCK SEQUENCE = 
4 2 5 1 3 4 5 4 2 1 5  
WORST SHIPPING TRUCK SEQUENCE = 
1 3 2 3 2 3 1 4 1 2 3  

WORST MEAM FLOW TIME = 1134.666667 

AVERAGE MEAM FLOW TIME = 808.822222 

The Running Time is : 1082.59400000 

TEST SET 8 

BEST RECEIVING TRUCK SEQUENCE = 
1 2 1 2 2 1 3 3 1 3 1 3  
BEST SHIPPING TRUCK SEQUENCE = 
1  1 3 3 5 5 3 5 2 2 4 4  

BEST MEAM FLOW TIME = 590.000000 

WORST RECEIVING TRUCK SEQUENCE = 
1 3 2 1 1 2 3 3 1 3 2 1  
WORST SHIPPING TRUCK SEQUENCE = 
4 3 5 2 1 3 5 4 3 2 1 5  

WORST MEAM FLOW TIME = 1328.750000 

AVERAGE MEAM FLOW TIME = 987.958333 

The Running Time is : 13005.20200000 
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TEST SET 9 

BEST RECEIVING TRUCK SEQUENCE = 
1 2 1  1 2 2 4 4 4 2 3 3  
BEST SHIPPING TRUCK SEQUENCE = 
3 3 2 4 2 4 4 2 1  1 2 1  

BEST MEAM FLOW TIME = 597.250000 

WORST RECEIVING TRUCK SEQUENCE = 
1 3 4 2 1 2 2 4 3 4 1 2  
WORST SHIPPING TRUCK SEQUENCE = 
4 2 1 3 2 1 4 2 1 4 3 2  

WORST MEAM FLOW TIME = 1391.750000 

AVERAGE MEAM FLOW TIME = 1020.608333 

The Running Time is : 28081.29400000 

TEST SET 10 

BEST RECEIVING TRUCK SEQUENCE = 
2 2 1 1 3 3 1 3 1 3 
BEST SHIPPING TRUCK SEQUENCE = 
2 3 2 3 2 3 1  1 4 4  

BEST MEAM FLOW TIME = 594.142857 

WORST RECEIVING TRUCK SEQUENCE = 
3 1 2 1 1 3 3 2 1 3 
WORST SHIPPING TRUCK SEQUENCE = 
1 4 2 3 2 3 4 3 1 2  

WORST MEAM FLOW TIME = 1263.857143 

AVERAGE MEAM FLOW TIME = 940.404762 

The Running Time is : 75.00400000 
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TEST SET 11 

BEST RECEIVING TRUCK SEQUENCE = 
3 5 5 5 1 1 2 2 2 4 4  
BEST SHIPPING TRUCK SEQUENCE = 
3 3 2 1 2 4 2 1 4 1 4  

BEST MEAM FLOW TIME = 649.444444 

WORST RECEIVING TRUCK SEQUENCE = 
1 2 5 4 3 2 5 1 5 4 2  
WORST SHIPPING TRUCK SEQUENCE = 
4 2 1 4 3 1 2 2 3 1 4  

WORST MEAM FLOW TIME = 1657.777778 

AVERAGE MEAM FLOW TIME = 1199.888889 

The Running Time is : 1011.76400000 

TEST SET 17 

BEST RECEIVING TRUCK SEQUENCE = 
1  1 2 2 2 4 4 4 3 4 3  
BEST SHIPPING TRUCK SEQUENCE = 
3 2 2 3 4 4 2 3 3 1  1  

BEST MEAM FLOW TIME = 623.625000 

WORST RECEIVING TRUCK SEQUENCE = 
2 4 3 4 1 2 4 3 2 1 4  
WORST SHIPPING TRUCK SEQUENCE = 
4 2 3 1 3 2 3 1 3 2 4  

WORST MEAM FLOW TIME = 1458.250000 

AVERAGE MEAM FLOW TIME = 1075.375000 

The Running Time is : 1002.52700000 
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APPENDIX E. TABU SEARCH SOLUTIONS FOUND AFTER 
MINIMIZING MEAN FLOW TIME FOR THE CASE 2 PROBLEM 

The tabu search method was used to find the optimal solution. Using the tabu search, the 

solutions were found in all twenty test problems. 

TEST SET 1 

RECEIVING TRUCK SEQUENCE = 
2 3 3 3 2 1 1 2 1 1 4 
SHIPPING TRUCK SEQUENCE = 
2 2 4 1 1 4 1 5 5 3 3 

MEAM FLOW TIME = 466.555556 

The Running Time is : 5.82300000 

TEST SET 2 

RECEIVING TRUCK SEQUENCE = 
1  1  1 2 2 5 5 4 4 3 3  
SHIPPING TRUCK SEQUENCE = 
3 2 4 4 2 2 1 4 1 4 1  

MEAM FLOW TIME = 482.000000 

The Running Time is : 5.82300000 

TEST SET 3 

RECEIVING TRUCK SEQUENCE = 
3  1 3  3  1 1 2  2  
SHIPPING TRUCK SEQUENCE = 
1 1 3 2 2 3 3 2 

MEAM FLOW TIME = 623.833333 

The Running Time is : 4.45000000 
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TEST SET 4 

RECEIVING TRUCK SEQUENCE = 
1  1  1 3 3 3 2 2 2 4 4 4 4 5 5 5  
SHIPPING TRUCK SEQUENCE = 
2 4 3 2 4 3 2 4 5 4 3 5 1  1 5 3  

MEAM FLOW TIME = 668.500000 

The Running Time is : 10.17900000 

TEST SET 5 

RECEIVING TRUCK SEQUENCE = 
1  1 4 4 3 2 2 3 2 5 5  
SHIPPING TRUCK SEQUENCE = 
2 1 1 2 1 1 2 3 3 2 3 

MEAM FLOW TIME = 565.625000 

The Running Time is : 6.96600000 

TEST SET 6 

RECEIVING TRUCK SEQUENCE = 
3 3 4 4 1 1 1 1 4 2 2 
SHIPPING TRUCK SEQUENCE = 
2 3 3 2 2 3 1 4 4 3 4  

MEAM FLOW TIME = 600.000000 

The Running Time is : 6.12100000 

TEST SET 7 

RECEIVING TRUCK SEQUENCE = 
4 4 4 2 2 5 5 1  1 5 3  
SHIPPING TRUCK SEQUENCE = 
4 3 1 1 3 1 3 3 2 2 2  

MEAM FLOW TIME = 423.222222 

The Running Time is : 6.08400000 
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TEST SET 8 

RECEIVING TRUCK SEQUENCE = 
1 2 1 2 2 1 3 3 1 3 1 3  
SHIPPING TRUCK SEQUENCE = 
1 1 3 3 5 5 3 5 2 2 4 4  

MEAM FLOW TIME = 590.000000 

The Running Time is : 9.19100000 

TEST SET 9 

RECEIVING TRUCK SEQUENCE = 
3 3 2 4 4 4 2 1 1 2 2 1 
SHIPPING TRUCK SEQUENCE = 
1 2 1  1 2 4 4 4 2 2 3 3  

MEAM FLOW TIME = 597.250000 

The Running Time is : 7.39600000 

TEST SET 10 

RECEIVING TRUCK SEQUENCE = 
2 2 1 1 3 3 3 1 1 3 
SHIPPING TRUCK SEQUENCE = 
2  3  3  2  2  3  1  1 4 4  

MEAM FLOW TIME = 594.142857 

The Running Time is : 5.45500000 

TEST SET 11 

RECEIVING TRUCK SEQUENCE = 
4 4 2 2 2 1 1 5 5 5 3 
SHIPPING TRUCK SEQUENCE = 
41 1 4 2 4 2 1 2 3 3 

MEAM FLOW TIME = 649.444444 

The Running Time is : 6.60600000 
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TEST SET 12 

RECEIVING TRUCK SEQUENCE = 
2  6  1  6  6  1  1 5 5 5 3 3 3 4 4  
SHIPPING TRUCK SEQUENCE = 
1  1  1 2 4 4 3 3 4 2 3 2 4 2 4  

MEAM FLOW TIME = 871.100000 

The Running Time is : 12.82700000 

TEST SET 13 

RECEIVING TRUCK SEQUENCE = 
1  1 3 3 4 3 4 3 5 5 4 5 4 5 4 5 2  
SHIPPING TRUCK SEQUENCE = 
2 3 2 3 3 4 4 1 4 1 2 2 6 6 5 5 5  

MEAM FLOW TIME = 740.363636 

The Running Time is : 17.22200000 

TEST SET 14 

RECEIVING TRUCK SEQUENCE = 
2 2 2 3 3 3 5 1 1 1 5 4 4 5 4  
SHIPPING TRUCK SEQUENCE = 
3 2 5 3 2 5 3 2 5 1 1 1 5 4 4  

MEAM FLOW TIME = 832.800000 

The Running Time is : 9.43700000 

TEST SET 15 

RECEIVING TRUCK SEQUENCE = 
5 1 1 5 3 3 2 2 3 6 6 6 4  
SHIPPING TRUCK SEQUENCE = 
1  1 3 5 3 5 5 2 2 2 3 4 4  

MEAM FLOW TIME = 679.454545 

The Running Time is : 8.15300000 



www.manaraa.com

242 

TEST SET 16 

RECEIVING TRUCK SEQUENCE = 
5 3 5 3 4 3 4 4 5 1 1 1 5 2 2 2  
SHIPPING TRUCK SEQUENCE = 
4 4 5 5 5 6 6 3 3 3 6 2 2 2 6 1  

MEAM FLOW TIME = 728.000000 

The Running Time is : 13.52800000 

TEST SET 17 

RECEIVING TRUCK SEQUENCE = 
3 4 3 4 4 4 2 2 2 1  1  
SHIPPING TRUCK SEQUENCE = 
1  1 3 3 2 4 4 3 2 2 3  

MEAM FLOW TIME = 623.625000 

The Running Time is : 6.48500000 

TEST SET 18 

RECEIVING TRUCK SEQUENCE = 
2 2 2 4 4 1  1 6 6 6 5 5 5 3 6 3  
SHIPPING TRUCK SEQUENCE = 
4 6 5 5 3 5 3 5 3 6 6 3 2 2 1  1  

MEAM FLOW TIME = 674.666667 

The Running Time is : 18.13900000 

TEST SET 19 

RECEIVING TRUCK SEQUENCE = 
4 3 4 4 3 3 1 1 2 2 3 1  1 3 5 5  
SHIPPING TRUCK SEQUENCE = 
2 2 4 3 4 3 3 4 4 5 5 5 1 1 5 1  

MEAM FLOW TIME = 828.700000 

The Running Time is : 11.84800000 
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TEST SET 20 

RECEIVING TRUCK SEQUENCE = 
4 4 6 6 3 3 3 5 5 2 2 5 5 2 2 1  1  1  
SHIPPING TRUCK SEQUENCE = 
2 4 2 4 2 4 6 4 2 2 6 6 3 3 5 3 6 1  

MEAM FLOW TIME = 785.750000 

The Running Time is : 15.04100000 
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APPENDIX F. BEST SOLUTIONS GENERATED BY 
HEURISTIC ALGORITHM FOR THE CASE 3 PROBLEM 

WHERE TRUCK CHANGE TIME IS 75 

TEST SET 1 

Receiving Truck Sequence: 
4 1 3 2 4 3 

Shipping Truck Sequence: 
5 13 2 4 

Product Routing [1]: Receiving Truck: 
4 44 1 3 3 2 2 2 4 4 3 

Product Routing [2]: Shipping Truck: 
5  1 3  1  3 2 3 2 4 2 4  4  

Product Routing [3]: Number of Total Products transferred: 
139 4 28 260 120 10 90 105 15 78 31 110 

TEST SET 2 

Receiving Truck Sequence: 
1 2 5 3 4 2 5 

Shipping Truck Sequence: 
3 2 14 

Product Routing [1]: Receiving Truck: 
1  1  1 2 5 5 3 3 4 4  2  5  

Product Routing [2]: Shipping Truck: 
3  2 4  2 2 1  1  4  1  4  4  4  

Product Routing [3]: Number of Total Products transferred: 
63 133 34 29 85 61 224 6 58 112 141 84 
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TEST SET 3 

Receiving Truck Sequence: 
3 13 2 1 

Shipping Truck Sequence: 
1 3 2 

Product Routing [1]: Receiving Truck: 
3 1 1 3 3 2 2 1 

Product Routing [2]: Shipping Truck: 
1 1 3 3 2 3 2 2 

Product Routing [3]: Number of Total Products transferred: 
96 125 120 120 64 130 142 93 

TEST SET 4 

2 3 

2 2 

84 75 

TEST SET 5 

Receiving Truck Sequence: 
5 3 2 1 4 3 

Shipping Truck Sequence: 
3 2 1 

Product Routing [1]: Receiving Truck: 
5  5  5  3  2  2 2 1  1 4  4 3  

Product Routing [2]: Shipping Track: 
3 2 1 3 3 2 1 2 1 2 11 

Product Routing [3]: Number of Total Products transferred: 
121 36 23 23 156 38 6 150 20 143 47 197 

Receiving Truck Sequence: 
2 4 1 5 4 3 5 1 2 3  

Shipping Truck Sequence: 
5 14 3 2 

Product Routing [1]: Receiving Truck: 
2 4 4 1 1 1 5 5 4 4 3 3 5 5 1  1 2  

Product Routing [2]: Shipping Truck: 
5  5 1 5 1 4 1 4 4 2 4 3 3 2 3 2 3  

Product Routing [3]: Number of Total Products transferred: 
111 38 6 22 45 33 3 115 112 4 50 35 103 9 58 72 25 
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TEST SET 6 

Receiving Track Sequence: 
1 2 4 3 1 2 

Shipping Track Sequence: 
14 2 3 

Product Routing [1]: Receiving Truck: 
1 1 1 2 4 4 4 3 3 1 2 

Product Routing [2]: Shipping Truck: 
1 4 2 4  4 2 3 2  3 3 3  

Product Routing [3]: Number of Total Products transferred: 
22 22 40 160 237 50 3 202 58 136 90 

TEST SET 7 

Receiving Track Sequence: 
4 2 5 3 1 4 

Shipping Truck Sequence: 
4 12 3 

Product Routing [1]: Receiving Truck: 
4 4 2 2 5 5 5 3 1 14 

Product Routing [2]: Shipping Track: 
4  2  1  3  1  2 3  2 2 3 3  

Product Routing [3]: Number of Total Products transferred: 
80 35 120 40 61 144 15 190 14 166 115 

TEST SET 8 

Receiving Track Sequence: 
2  1 3  2  1  

Shipping Truck Sequence: 
1 2 4 3 5 

Product Routing [1]: Receiving Truck: 
2  1 1 1  1  3  3  3  3  2  2  

Product Routing [2]: Shipping Track: 
1  1 2 4  3  2  4  3  5  3  5  

Product Routing [3]: Number of Total Products transferred: 
38 135 12 17 69 120 89 52 19 131 131 
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TEST SET 9 

Receiving Truck Sequence: 
2 1 4 3 2 4 

Shipping Truck Sequence: 
3 2 14 

Product Routing [1]: Receiving Truck: 
2 2 1  1 1 4 4  3 3 2 2  

Product Routing [2]: Shipping Truck: 
3 2 3  2  4  2  1  1  4  1  4  

Product Routing [3]: Number of Total Products transferred: 
89 12 32 144 24 47 52 224 16 109 40 

TEST SET 10 

Receiving Truck Sequence: 
3 13 2 

Shipping Truck Sequence: 
4 13 2 

Product Routing [1]: Receiving Truck: 
3 3 1 1 1 1 3 3 2 2 

Product Routing [2]: Shipping Truck: 
4 1 4  1  3 2 3  2 3 2  

Product Routing [3]: Number of Total Products transferred: 
66 21 218 74 19 29 213 40 118 132 

TEST SET 11 

Receiving Truck Sequence: 
5 3 4 2 1 3 2 

Shipping Truck Sequence: 
3 4 2 1 

Product Routing [1]: Receiving Truck: 
5 3 4 4 4 2 2  1 1 3 3  

Product Routing [2]: Shipping Truck: 
3 3 4 2 1  4 2 2 1 2 1  

Product Routing [3]: Number of Total Products transferred: 
390 144 149 63 68 180 68 235 25 16 200 
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TEST SET 12 

Receiving Truck Sequence: 
2 6 3 5 6 4 1 4 3 5  

Shipping Truck Sequence: 
13 2 4 

Product Routing [1]: Receiving Truck: 
2  6 6 3 3 3 5 5 6 6 4  1  1 4 3 5  

Product Routing [2]: Shipping Truck: 
1  1 3 1  3 2 3 2 2 4 2  2 4 4 4 4  

Product Routing [3]: Number of Total Products transferred: 
340 101 24 21 213 23 172 10 220 25 109 194 166 141 113 78 

TEST SET 13 

Receiving Truck Sequence: 
3 4 5 2 3 5 1 4 

Shipping Truck Sequence: 
3 6 5 4 1 2 

Product Routing [1]: Receiving Truck 
3 4 4  4 4 4 5 5  2 3 3  

Product Routing [2]: Shipping Truck: 
3 3 6  5 4 1 6 5  5 4 2  

Product Routing [3]: Number of Total Products transferred: 
104 50 109 15 4 24 61 19 310 193 33 

TEST SET 14 

Receiving Truck Sequence: 
3 4 5 1 2 3 5 1 

Shipping Truck Sequence: 
4 13 2 5 

Product Routing [1]: Receiving Truck: 
3 3 4 4 4 4  5  1 1  2 2 2 3  3  5  1  

Product Routing [2]: Shipping Truck: 
4 3 4 1 3 5  1  1 2 3 2 5 2 5 5 5  

Product Routing [3]: Number of Total Products transferred: 
59 17 256 37 29 58 277 166 30 204 120 16 79 115 113 104 

5 5 5 

4 1 2 

109 39 62 

1 1 4 

1 2 2 

37 293 148 
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TEST SET 15 

Receiving Truck Sequence: 
4 6 5 6 1 3 2 3 

Shipping Truck Sequence: 
4 3 15 2 

Product Routing [1]: Receiving Truck: 
4 6 6 5 5 5 5 6 6  1 1 1  3 2  2 3  

Product Routing [2]: Shipping Truck: 
4 4 3  3 1 5 2 1 2  1 5 2  5 5  2 2  

Product Routing [3]: Number of Total Products transferred: 
310 196 60 246 7 24 43 99 35 319 19 12 220 167 143 130 

TEST SET 16 

Receiving Truck Sequence: 
2 4 1 3 5 2 3 1 5 4  

Shipping Truck Sequence: 
1 5 4 2 3 6 

Product Routing [1]: Receiving Truck: 
2 4 1 1 3  3  5 5 2 2  

Product Routing [2]: Shipping Truck: 
1  5 5 4 4  2  2 3 2 3  

Product Routing [3]: Number of Total Products transferred: 
259 310 25 24 128 34 144 15 26 26 

2 3 3 1 1 5 4 

6 3 6 3 6 6 6 

39 169 19 82 119 191 80 

TEST SET 17 

Receiving Truck Sequence: 
3 4 2 4 1 2 3 

Shipping Truck Sequence: 
14 2 3 

Product Routing [1]: Receiving Truck: 
3  4 4 2 2 4 4 1  1  2 3  

Product Routing [2]: Shipping Truck: 
1  1 4 4  2 2 3 2  3  3 3  

Product Routing [3]: Number of Total Products transferred: 
147 140 56 56 112 84 70 90 180 112 133 
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TEST SET 18 

Receiving Truck Sequence: 
2 3 5 6 4 1 6 5 1 4 6  

Shipping Truck Sequence: 
4 1 6 5 2 3 

Product Routing [1]: Receiving Truck: 
2 2 2 2 3 3 5 6 6 4  l  6 5  5  Î 4 6  

Product Routing [2]: Shipping Truck: 
4  1  2  3  1 3  6  6  5  5  5  2 2  3  3 3 3  

Product Routing [3]: Number of Total Products transferred: 
259 32 15 24 288 32 130 36 44 173 108 102 44 126 182 97 78 

TEST SET 19 

Receiving Truck Sequence: 
4 3 5 1 4 3 2 1 5 3  

Shipping Truck Sequence: 
2 13 4 5 

Product Routing [1]: Receiving Truck: 
4 3 3 3 5 1  1 1 4 4 3 2  2  1  5 3  

Product Routing [2]: Shipping Truck: 
2 2 1 3 1 1 3 4 3 4 4 4 5 5 5 5 

Product Routing [3]: Number of Total Products transferred: 
144 56 50 47 290 10 100 46 50 186 93 162 138 174 90 84 

TEST SET 20 

Receiving Truck Sequence: 
1 2 6 5 2 3 1 4 5 6  

Shipping Truck Sequence: 
1 5 4 3 6 2 

Product Routing [1]: Receiving Truck: 
1 1 1 2 6 6 5 5 2 2 2 3  3 3  1  1 4  4  5 6  

Product Routing [2]: Shipping Truck: 
1 4 3 5 4 6 4 3 3 6 2 3  6  2  6  2 6  2  2 2  

Product Routing [3]: Number of Total Products transferred: 
204 5 10 180 191 6 128 12 91 45 74 76 240 24 106 45 60 220 220 83 
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APPENDIX G. BEST SOLUTIONS GENERATED BY 
HEURISTIC ALGORITHM FOR THE CASE 3 PROBLEM 

WHERE TRUCK CHANGE TIME IS 15 

TEST SET 1 

Receiving Truck Sequence: 
4 1 3 4 2 4 3 2 

Shipping Track Sequence: 
5 13 2 4 

Product Routing [1]: Receiving Truck: 
4 4 1  3  3 4 2  2 4 4  3 2  

Product Routing [2]: Shipping Truck: 
5 1 1  3  2 3 3  2 2 4 4 4  

Product Routing [3]: Number of Total Products transferred: 
139 4 260 120 10 28 90 105 78 31 110 15 

TEST SET 2 

Receiving Truck Sequence: 
1 2 5 3 4 2 5 1 

Shipping Track Sequence: 
3 2 14 

Product Routing [1]: Receiving Track: 
1  1 2 5 5  3 3 4  4  2 5 1  

Product Routing [2]: Shipping Truck: 
3  2 2 2 1  1 4 1  4 4 4 4  

Product Routing [3]: Number of Total Products transferred: 
63 133 29 85 61 224 6 58 112 141 84 34 
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TEST SET 3 

Receiving Truck Sequence: 
3 13 2 13 

Shipping Truck Sequence: 
1 3 2 

Product Routing [1]: Receiving Truck: 
3 1 1 3 2 2 1 3 

Product Routing [2]: Shipping Truck 
1 1 3 3 3 2 2 2 

Product Routing [3]: Number of Total Products transferred: 
96 125 120 120 130 142 93 64 

TEST SET 4 

Receiving Truck Sequence: 
2 4 1 5 4 3 1 5 3 2 3 1  

Shipping Truck Sequence: 
5 14 3 2 

Product Routing [1]: Receiving Truck 
2  4  4  1  1  5 5  4 4 3 1  1 5 5 3 2 2 3  1  

Product Routing [2]: Shipping Truck: 
5  5  1  5  1  1 4  4 2 4 4 3 3 2 3 3 2 2 2  

Product Routing [3]: Number of Total Products transferred: 
111 38 6 22 45 3 115 112 4 50 3% 58 103 9 35 25 84 75 72 

TEST SET 5 

Receiving Truck Sequence: 
5 3 2 1 5 4 3 5 1 

Shipping Truck Sequence: 
3 2 1 

Product Routing [1]: Receiving Truck: 
5  3  2  2  2  1 5  4 4  3 5 1  

Product Routing [2]: Shipping Truck 
3  3  3  2  1  2  2  2  1  1 1 1  

Product Routing [3]: Number of Total Products transferred: 
121 23 156 38 6 150 36 143 47 197 23 20 
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TEST SET 6 

Receiving Truck Sequence: 
1 2 4 3 1 2 3 

Shipping Truck Sequence: 
14 2 3 

Product Routing [1]: Receiving Truck: 
1 1 2 4 4 4 3 1 1 2 3 

Product Routing [2]: Shipping Truck: 
1 4 4 4 2 3  2 2  3 3 3  

Product Routing [3]: Number of Total Products transferred: 
22 22 160 237 50 3 202 40 136 90 58 

TEST SET 7 

Receiving Truck Sequence: 
4 2 5 3 4 1 4 5 2  

Shipping Truck Sequence: 
4 12 3 

Product Routing [1]: Receiving Truck: 
4  2 5 5 3 4 1  1  4 5 2  

Product Routing [2]: Shipping Truck: 
4  1 1 2 2 2 2 3 3 3 3  

Product Routing [3]: Number of Total Products transferred: 
80 120 61 144 190 35 14 166 115 15 40 

TEST SET 8 

Receiving Truck Sequence: 
2 13 13 2 13 

Shipping Truck Sequence: 
1 2 4 3 5 

Product Routing [1]: Receiving Truck: 
21 1 3 3 1 1 3 2 2 1 3 

Product Routing [2]: Shipping Truck: 
1  1  2 2 4 4 3 3 3  5 5 5  

Product Routing [3]: Number of Total Products transferred: 
38 135 12 120 89 17 69 52 131 131 77 19 
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TEST SET 9 

Receiving Truck Sequence: 
2 3 4 1 3 2 4 1 

Shipping Truck Sequence: 
12 3 4 

Product Routing [1]: Receiving Truck: 
2 2 3 4 4 1 1 3 3 2 2 4 1 

Product Routing [2]: Shipping Truck: 
1 2  1 1 2  2 3 3 4 3 4 4 4  

Product Routing [3]: Number of Total Products transferred: 
146 12 187 52 47 144 32 43 10 46 46 111 24 

TEST SET 10 

Receiving Truck Sequence: 
3 13 12 3 1 

Shipping Truck Sequence: 
4 13 2 

Product Routing [1]: Receiving Truck: 
3 1 1 3 3 1 2 2 3 1 

Product Routing [2]: Shipping Truck: 
4 4 1 1 3 3 3 2 2 2 

Product Routing [3]: Number of Total Products transferred: 
66 218 74 21 213 19 118 132 40 29 

TEST SET 11 

Receiving Truck Sequence: 
5 3 4 2 3 1 2 3 4  

Shipping Truck Sequence: 
3 4 2 1 

Product Routing [1]: Receiving Truck: 
5  3 4 2 2 3  1  1  2  3  4  

Product Routing [2]: Shipping Truck: 
3 3 4 4 2 2 2 1 1 1 1 

Product Routing [3]: Number of Total Products transferred: 
390 144 192 137 38 109 235 25 155 107 88 
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TEST SET 12 

Receiving Truck Sequence: 
2 6 3 5 6 3 4 1 4 6 3 5  

Shipping Truck Sequence: 
13 2 4 

Product Routing [1]: Receiving Truck: 
2  6 3  3 5 5  6  6 3 4  1  1 4 6 3 5  

Product Routing [2]: Shipping Truck: 
1 1 1 3 3 2 3 2 2 2 2 4 4 4 4 4 

Product Routing [3]: Number of Total Products transferred: 
340 101 21 213 172 10 24 220 23 109 194 166 141 25 113 78 

TEST SET 13 

Receiving Truck Sequence: 
3 4 5 2 4 3 5 4 1 4 5 3  

Shipping Truck Sequence: 
3 6 5 4 1 2 

Product Routing [1]: Receiving Truck: 
3 4 4 5 5 2 4 4 3 5 5 4 1 1  4 5 3  

Product Routing [2]: Shipping Truck: 
3 3 6 6 5  5 5 4 4 4 1 1 1 2 2 2 2  

Product Routing [3]: Number of Total Products transferred: 
104 50 109 61 19 310 15 4 193 109 39 24 37 293 148 62 33 

TEST SET 14 

Receiving Truck Sequence: 
5 4 1 2 4 1 3 5 4 1 2  

Shipping Truck Sequence: 
4 2 3 1 5 

Product Routing [1]: Receiving Truck: 
5 5 5 4  1  2 2 4 4  1 3 3  5 4 1 2  

Product Routing [2]: Shipping Truck: 
4  3  1  4  2  2  3  3  1  1  1 5 5 5 5 5  

Product Routing [3]: Number of Total Products transferred: 
202 3 9 113 109 120 204 43 138 157 176 94 176 86 34 16 
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TEST SET 15 

Receiving Truck Sequence: 
4 6 5 6 1 3 5 2 3 6 5  

Shipping Truck Sequence: 
4 3 15 2 

Product Routing [1]: Receiving Truck: 
4 6 6 5 5 6  1 1 1 3 5 2 2 3 6 5  

Product Routing [2]: Shipping Truck: 
4 4 3 3 1 1  1 5 2 5 5  5  2  2 2 2  

Product Routing [3]: Number of Total Products transferred: 
310 196 60 246 7 99 319 19 12 220 24 167 143 130 35 43 

TEST SET 16 

Receiving Truck Sequence: 
2 4 1 3 5 2 3 1 5 1 4 2 3  

Shipping Truck Sequence: 
1 5 4 2 3 6 

Product Routing [1]: Receiving Truck: 
2 4 1 1  3 3  5 2 2 3 1 5 5  1 4 2 3  

Product Routing [2]: Shipping Truck: 
1 5 5 4 4 2  2 2 3  3 3 3  6  6 6 6 6  

Product Routing [3]: Number of Total Products transferred: 
259 310 25 24 128 34 144 26 26 169 82 15 191 119 80 39 19 

TEST SET 17 

Receiving Truck Sequence: 
3 4 2 4 1 2 4 3 

Shipping Truck Sequence: 
14 2 3 

Product Routing [1]: Receiving Truck: 
3 4 4 2 2 4 1  1 2 4 3  

Product Routing [2]: Shipping Truck: 
1  1 4 4  2 2 2  3 3  3 3  

Product Routing [3]: Number of Total Products transferred: 
180 107 56 56 112 84 90 180 112 103 100 
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TEST SET 18 

Receiving Track Sequence: 
4 3 6 1 2 5 6 3 1 5 2 6  

Shipping Track Sequence: 
4 1 5 6 2 3 

Product Routing [1]: Receiving Truck: 
4 4 3 6 6 6  l  2 2 2 5 5  6 3 l  5  2 6  

Product Routing [2]: Shipping Truck: 
4 3  1 1 5 6  5  5 6 2 6 2  2 2 3  3  3 3  

Product Routing [3]: Number of Total Products transferred: 
259 11 288 32 36 5 108 181 31 8 130 12 109 32 182 158 110 78 

TEST SET 19 

Receiving Track Sequence: 
4 3 5 4 1 4 3 2 1 3 5  

Shipping Truck Sequence: 
2 13 4 5 

Product Routing [1]: Receiving Track: 
4 3 3 3  5 4 4  1 1 4 4 3  2 2  1 3  5  

Product Routing [2]: Shipping Truck: 
2 2 1 3  1 1 3  3 4 4 5 4 4  5  5 5  5  

Product Routing [3]: Number of Total Products transferred: 
68 132 65 12 252 33 81 104 98 189 9 38 162 138 128 83 128 

TEST SET 20 

Receiving Track Sequence: 
1 2 6 1 5 2 3  1 2 4 5 2 1 6 3  

Shipping Truck Sequence: 
1 5 4 3 6 2 

Product Routing [1]: Receiving Truck: 
1 2  6 6 1 1  5 5 2  3 3  1 2  4 4  5  2 1 6 3  

Product Routing [2]: Shipping Truck: 
I  5  4 6 4 3  4 3 3  3 6  6 6  6 2  2  2 2 2 2  

Product Routing [3]: Number of Total Products transferred: 
204 180 191 6 5 10 128 12 91 76 240 106 45 60 220 220 74 45 83 24 
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