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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
heunistics 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 strategies 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.



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 matenal handling and distribution concept in which items move
directly from receiving dock to shipping dock, without being stored in a warehouse or
distribution center. In a typical cross docking system, the primary objective is to eliminate
storage and excessive material handling.



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.

. Retail
Suppliers
PP Store
Figure 1. Typical Cross Docking Flow (Rohrer, 1995)
Receiving Receiving Area: . - . Shipping
Yard Unloading Flow Direction il;;};]:;ngg Area. Yard
Scanning
 m— (" ) —
- Conveyor Sortation -
= — s Tem e —
— Picking t
s m—] i —F

- O~ ) }

Figure 2. Typical Cross Docking Distribution Facility (Rohrer, 1995)




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 brokea 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).
e Partnering with other members of the distribution chain;
e Communication among all members of a supply chain;
e Absolute confidence in the quality and availability of the product;
e Communication and control within the cross docking operation;
e Personnel, equipment and facilities;
e 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



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

In 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 bamier 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
In 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.



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

Modem 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



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 | model,
Case 2 model and Case 3 model respectively. Chapter 4 presents the modeling and the
solution approaches used for Case I 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.



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. ID) 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



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



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: *“l) 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:

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

v

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

v

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

v

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

v

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

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.



Receiving Area
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Dock Holding
Pattern
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Table 1. Various Models of a Cross Docking System

Model Receiving Area T Shipping Area

oae Dock emporary Dock op ene

Number f;';::’:lf Holding Storage Holding f;':(:’c‘;:' Feasibility

Pattern Pattern

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
5 SHigie B (G Sy Stigle E
6 Single Stay Multiple F
7 Single Repeat Single F
8 Single Repeat Multiple F
9 Single Stay Single F
10 Single Stay Multiple F
12 Single Repeat No Storag Repeat Multiple F
13 Single Storage Stay Single F
14 Single Stay Multiple F
16 Single Storage Repeat Mulitiple 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 Mulitiple 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

e  S: Feasible in some condition, F : Feasible.
o  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 | 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 Mode! /1
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.

9.

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.

The unloading sequence of the products from a receiving truck can be determined. For
example, if a certain receiv'ng truck carries three product types 4, B and C. The
unloading sequence of the products for the receiving truck can be 4-B-C or B-C-A, elc.

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 truck. Suppose that a certain
receiving truck has 100 units of product type 4, 300 units of product type B and 150 units
of product type C. If 50 units of product type 4 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.

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.

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.

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.

il) 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 / 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 Mode! 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 / 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:

iir&u. +(R-1)D.

i=l k=l
where,
R = Number of receiving trucks in the set,
N = Number of product types in the set,
ri = Number of units of product type £ that is initially loaded in receiving truck i,
ur = 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 I 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 / 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-/), 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 / 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 aiso
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 /
problem as presented in Section 4.3.
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4.2 Model Development

To solve the cross docking problem for the Case / 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 / problem and compared with the heuristic algorithm. The last
approach suggested for the Case I/ 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 / 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 / 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,
c¢; = Time at which receiving truck i enters the receiving dock,
F; = Time at which receiving truck i leaves the receiving dock,
d; = Time at which shipping truck j enters the shipping dock,
L; = Time at which shipping truck j leaves the shipping dock,
Integer Variables:
x;ix = Number of units of product type k which transfer from receiving truck i to shipping
truck j,
Binary Variables:

. 1, If any products transfer from receiving truck i to shipping truck j
770, Otherwise '

Y

_[1, Ifreceivingtruck i preceedsreceiving truck ; in thereceiving truck sequence.
Pi=\0, Otherwise

*

_ |1, If shipping truck i preceedsshipping truck j in the shipping truck sequence
i —{O, 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,

riz = 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,

¥ = 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 ! problem with the objective of

minimizing makespan of a cross docking operation is presented below.

Mathematical Model for the Case 1 Problem

Min
Subject to

T
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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 & 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 x;;; variables and the v;; 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-/1) 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)+/ of continuous variables. The number of constraints is
2(R°+S°)+R(S+N)+S(RN+N+1), including 2(R*+S°)+R(S-1) of inequality constraints and
(R+S)(N+1)+RSN of equality constraints.

4.2.2 Complete Enumeration Method

In the Case I 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

(RI)(S!) for the complete or exhaustive enumeration method of the Case / problem.



26

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 (¢/)(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 (/0/)(/0/) = 1.3x10". 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 / 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 /
problem. There are two routes for transferring products from a receiving truck to a shipping
truck in the Case / 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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Figure 5. Two Routes for Transferring Products from a Receiving Truck to a Shipping Truck

In order to minimize makespan for the Case / 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 ! 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



28

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 !/ 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,
ri = Number of units of product type k which is initially loaded in receiving truck i,
sjx = Number of units of product type k which is initially needed for shipping truck j,
D = Delay time for truck change,
¥ = Moving time of products from the receiving dock to the shipping dock,
Truck:
'; = Receiving truck i,
t'; = Shipping truck j,
. = Last scheduled receiving truck in set 7",
Set:
T" = Ordered set of scheduled receiving trucks,
T* = Ordered set of scheduled shipping trucks,
U = Set of unscheduled receiving trucks,
U’ = Set of unscheduled shipping trucks,
A" = Ordered set of associate receiving trucks for shipping truck j,



29

Number of Products:
r'sx = Number of units of product type k£ which are loaded in receiving truck / in a given
iteration of the algorithm,
% = Number of units of product type k£ which are needed for shipping by truck j in a given
iteration of the algorithm,
rx = Number of units of product type k& which remains in the last scheduled receiving truck
after sending products to the last scheduled shipping truck,
t; = Number of product type k which is stored in temporary storage in a given iteration of the
algorithm,
p™®; = Total number of products which transfers directly from receiving truck i to shipping
truck / when they are scheduled,
p",-j = Total number of products which transfers from receiving truck i to temporary storage
when receiving truck i and shipping truck j are scheduled,
p*S; = Total number of products which transfers from the associate receiving trucks of

shipping truck j to shipping truck j (i.e. pY; =is i ) ,
k=t
p‘rj = Total number of products which transfers from the associate receiving trucks of the
shipping truck j to temporary storage,
Ratio:
p™; = Ratio of the number of products transferring from receiving truck / into temporary
storage to the number of products transferring directly from receiving truck i into
shipping truck j,
p"™; = Ratio of the number of products transferring from associate receiving trucks 4°; of
shipping truck j into temporary storage to the number of products needed for
shipping truck j,
Time:

pmj = The amount of time shipping truck j stays at the shipping dock.
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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:
1. Associate Receiving Truck Selection Strategy |
- The receiving truck that transfers the smallest number of products to temporary
storage is chosen.
II. Associate Receiving Truck Selection Strategy 2
- The receiving truck that transfers the largest number of products to the shipping
truck is chosen.
II. 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 4"; for shipping truck r'; are presented below.

1. Associate Receiving Truck Selection Strategy 1
Foreach/; e U and ; ¢ AR,-, the number of products transferring from receiving

truck ¢; to temporary storage is calculated; (i.e. p*7; is calculated). Calculation of p*7; is

divided into two different cases:



i)

31

Shipping truck 7’; loads all of its needed products after it receives products from receiving
truck 7;. 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 7; can be unloaded from
receiving truck ;. However, this is not always true since after the current shipping truck
7; leaves, receiving truck 7; may still have some products left to be unloaded. Depending
upon the next scheduled shipping truck, some products in receiving truck ¢’; 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
;- This situation can be expressed as follows:

If ZN: [max{s’, -r; ,0}] is zero, then calculate p*; as follows:

k=l

p*"; = min [Zmax{(r,.; —S' )5 ,0}]. (4-14)

In equation (4-14), the term, (r’i—s ), represents the remaining products in receiving
truck 7; after sending its products to shipping truck r;. Therefore, the term
imax{(r,; -5 )-s 7 ,O} will be zero if all remaining products in receiving truck 7
k=i

transfer to the next scheduled shipping truck ;. However, it will have a positive value if
the next scheduled shipping truck #;- does not need some products from receiving truck
7, thus the products need to transfer to temporary storage. Therefore, equation (4-14)
represents the least number of products that transfer from receiving truck r’; to temporary
storage where shipping truck 7’;-is the next scheduled shipping truck.

Shipping truck 7’; needs to load more products after it receives products from receiving
truck 7. In this case, all remaining products in receiving truck /; must transfer to

N
temporary storage. In other words, if Z[max{s;,‘ -r, ,O}] is positive, then pRT,j is

k=1

calculated as follows:

p"5 =3 [maxl; s, 0] 4-15)

k=1
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After calculating all p”,-,- for each unscheduled receiving truck i, the receiving truck
7~ that has the smallest p*”; is chosen. If there is a tie, receiving truck ;- that has the largest
pRSij is chosen. In Strategy 2 for the associate receiving truck selection strategy, pRS,-,- is
defined (in equation (4-16)). Then, the selected receiving truck ;- is placed at the end of the
sequence in set A%;.

AA={ ., ).

Then, s’ is updated. The above procedure is continued until shipping truck £’; loads

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

k=]

II. Associate Receiving Truck Selection Strategy 2

For each /; € U and ¢; ¢ A%, the number of products transferring from receiving
truck 7; to shipping truck £’ is calculated as follows; (i.e. p*°; is calculated as follows):

N

P =Z[nnn{r,; S }] (4-16)
k=l

After calculating all pRs,-j for each unscheduled receiving truck i, the receiving truck

'+ that has the largest pRS,-,- is chosen. If there is a tie, the receiving truck /- that has the

smallest pRT,-,- is chosen. The selected receiving truck ;- is placed at the end of the sequence

in set ARj.

N
Then, s’ is updated and the above procedure is continued until ZS}k =0.

k=l

1. Associate Receiving Truck Selection Strategy 3
Foreach/; e U'and 7; ¢ AR,-, the ratio of the number of products transferring from
receiving truck /; into temporary storage to the number of products transferring from

receiving truck 7; into shipping truck £; is calculated as follows; (i.e. p™>; is calculated as
follows):

prs =2t (4-17)
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The value for pRT.-,- can be calculated from equations (4-14) or (4-15) and the value for pRS,-j
can be calculated from equations (4-16).

After calculating all p™;; for each unscheduled receiving truck i, the receiving truck
{';~ that has the smallest p”°; is chosen. If there is a tie, the receiving truck /- that has the
smallest p",-,- is chosen. The selected receiving truck 7;- is placed at the end of: the sequence
in set 4%;.

A%=( .., 0.

Then, s’% is updated and the above procedure is continued until is}k =0.

k=l

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 7’; can be found as follows. The first step of the algorithm is to
calculate P*7;;, P®S;; and P™;,;, where i = 1, 2, 3 or 4, based on the associate receiving truck
selection strategy for each unscheduled receiving truck 7;, ', £'; and 7,. 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 7', is selected

for Strategy 1. If Strategy 2 is used, receiving truck 7, will be selected. Receiving truck ’; is

selected for Strategy 3. After one of the receiving trucks is selected in the first iteration, the
needed products for shipping truck 7’; is updated and the procedure is continued until all
needed products for shipping truck ¢, 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
Truck Product | Quantity
1 1 100

3 50
1 100
2 2 50
3 100
1 100
3 2 40
4 60
2 100
4 4 200

Shipping Truck
Truck Product | Quantity
1 1 100

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

Receiving Truck

Trucks Strategy 1 Strategy 2 Strategy 3
£ &¢ P =50 P*S,,=100 P, =05
d ! (50 units of Product 3) (100 units of Product 1) (= 50/100)

T _ P, =150 s, _
&7 100 vt fplgf ¢3) | (100 units of Product 1 & P_f:)o“gbm
(100 units of Product 3) | ™ 54 1 1its of Product 2) = )
T P%; =140 B _ar®
&7, (60 R:’lfprggm“ (100 units of Product 1 & Pr_330/12643
units o ) | " 40 units of Product 2) = )
r &7 P, =200 P&, =100 P, =2.00
&0 (200 units of Product 4) | (100 units of Product 2) ( =200/100)
Selected ' 2 s
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4.2.3.3 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:
L. 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.
II. 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.
. 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,- for the shipping truck 7; are

formed as follows:

A= 0y . O

N
Note that /;;; =7, if "= @ and ) r, =0. In other words, if there is any scheduled receiving
k=l

truck in the receiving truck sequence and the last scheduled receiving truck 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, 7/, € T and (3, O3, ....0 5y € U'. Otherwise,
{[1], , {[2], . {[z] el.

L. Shipping Truck Selection Strategy 1

For each 7; € Uf and its associate receiving trucks in set 4%, the total number of
products which transfer from the associate receiving trucks in set 4%; to temporary storage is
calculated as follows; (i.e. p*7; is calculated as follows):

P"j =ZP"UU . (4-18)
i=l
The term p*7;;; presents the number of products transferring from receiving truck 7 7i) in set
AR,- to temporary storage. The term pRT[w is calculated from equation (4-14) or (4-15) in
Section 4.2.3.2.

After calculating p*7; for all £; € U7, the shipping truck £;- that has the smallest p*7; is
chosen. If there is a tie, the shipping truck £’;- that has the largest p*°; is chosen. The term p*’;
means that total number of products which transfer from the associate receiving trucks of the

N
shipping truck 7’; to the shipping truck ¢’; (i.e. p*; =Zs j,) . The selected shipping truck ;-
k=l
is placed at the end of the sequence in set 7°.
= {..., fj'}.

Then, the associate receiving trucks of £';- are identified and placed at the end of the

sequence in set T"; (i.e. set 4%;- is identified and placed at the end of the sequence in set T").
T'={..A4%}.

The order of receiving trucks in set 4%, must be maintained when they are placed in set 7"

L. Shipping Truck Selection Strategy 2

For each £; € UF and its associate receiving trucks in set 4%, the amount of time
shipping truck r’; stays at the shipping dock is calculated; (i.e. p"",— is calculated). The staying
time of shipping truck £’; 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 r; at the dock unless all receiving and shipping truck schedules are
made. Therefore, the approximation for the staying time of shipping truck 7’; as presented in
equation (4-19) is used to find the staying time of shipping truck 7’;.
p™i=p®;+p*;+(z-1)D, (4-19)
The first term, p"sj, presents the total time required for loading products to shipping truck ¢;.
The second term, T,-, 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, p*7;, represents the idle time of shipping truck r’; because the maximum idle time which
can be occurred for shipping truck £ is the value of p*;. The last term, (z-/)D, presents that
delay time for receiving truck changes. Because the number of receiving trucks of the
associate receiving trucks in set AR,- is (z), the total number of receiving truck changes is
(z-1). If there are more than one associate receiving truck for shipping truck 7, 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
there is no receiving truck change. Note that p**; =is P
k=l
After calculating p™; for all £; € U?, the shipping truck ;- that has the smallest p™,;
is chosen. If there is a tie, the shipping truck £’;- that has the smallest p"T, is chosen. Then, the
selected shipping truck £’;- is placed at the end of the sequence in set 7°.
T={..0r.
The next steps are the same as in Shipping Truck Selection Strategy I. Set A“j- is
identified and placed at the end of the sequence in set 7".
T={..,A4%.

The order of receiving trucks in set ARJ-' must be maintained when they are placed in set T".

1. Shipping Truck Selection Strategy 3
For each £; e U’ and its associate receiving trucks in set AR,, the ratio of the number

of products transferring from the associate receiving trucks in set AR,- into temporary storage
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to the number of products needed for the shipping truck r’; is calculated as follows; (i.e.
"™, is calculated as follows):

AT

p,«r/s')j =P i (4-20)

P"sj

N
The value for p*”; is obtained according to equation (4-18) and p*; =Zs i -

k=l
After calculating p*™; for all £; e U”, the shipping truck £- that has the smallest
"™, is chosen. If there is a tie, the shipping truck 7 that has the smallest p*7; is chosen.
The selected shipping truck r’;- is placed at the end of the sequence in set T°.
T'={...,00.
The next steps are the same as in Shipping Truck Selection Strategy 1. Set A% is
identified and placed at the end of the sequence in set T".
T={..A4A%}.

The order of receiving trucks in set 4°;- must be maintained when they are placed in set 7".

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.

4.2.3.4 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 truck 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 truck 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 trucks 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 !/ problem are as

shown below.

HEURISTIC ALGORITHM FOR THE CASE ! PROBLEM

STEP 1
SetT'=®,7‘=®,U={{,,{2,{3,...,{3} andU‘={r‘,,l‘2,r'3,...,t’s}.Settk=0,fork=l,
2,...,N.

STEP 2
For each shipping truck r’; € U”, find the best associate receiving trucks as follows:
2a
N
AY=2,p"=0,p%=Ys,.
k=l
2b

If there is no scheduled receiving truck in the receiving truck sequence or no products
remain in the last scheduled receiving truck after sending products to the last scheduled

N
shipping truck, then set s « s for k=1,2, ..., N; (ie. if ' =D or Zru =0, 5% «
k=1

sjx). Go to 2d in Step 2.
Otherwise, do the following:
sk < max{sy - rye, 0}, fork=1,2, ..., N.
A% = (L)



2c

N
If £; needs to load more products, calculate p*”;. In other words, if 23;,‘ #0, calculate

k=1
p*7; as follows:

pYi =imax{r,_, =S jk ,0}

k=l
Go to 2d in Step 2.
N
Otherwise (i.e. if ) s, =0), shipping truck ’; loads all of its needed products from the
k=]

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

If shipping truck £’; can loads all of its needed products from temporary storage, the
associate receiving trucks for the shipping truck 7; are found. In other words, if

i[max{s},‘ -t, ,0}]:0, go to 2h in Step 2. Otherwise, go to 2e in Step 2.

k=l

For each receiving truck /; € U and 7’; & A%;, do one of the following calculations based
on the associate receiving truck selection strategy employed:
i) Associate Receiving Truck Selection Strategy |
Calculate the number of products transferring from receiving truck 7; to temporary
storage. In other words, calculate pRT,-,- 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 7; to shipping
truck £;. In other words, calculate p*5; as presented in Equation (4-16).
iti) 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 7; into

shipping truck 7;. In other words, calculate pm,-j as presented in Equation (4-17).
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2
Choose the receiving truck /;» € U based on one of the associate receiving truck
selection strategies employed as presented in Section 4.2.3.2. Place the selected receiving
truck 7;- at the end of the sequence in set 4;.
A=, 0

2g
Update s ; based on the selected receiving truck as follows.
Sjk < max{sj—r«,0}, fork=1,2,...,N.
If 7; needs to load more products, go to 24 in Step 2 to find the next associate receiving

N
truck; (i.e. )_s’ =0, g0 to 2d in Step 2). Otherwise, go to 2k 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 7; € U* and its associate receiving trucks 4%; 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 p"T, as presented in Equation (4-18).
3b Shipping Truck Selection Strategy 2
Calculate the amount of time the shipping truck £; stays at the shipping dock. In other
words, calculate pmj 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 4%; into temporary storage to the number of products needed for the shipping
truck £;. In other words, calculate p*™; as presented in Equation (4-20).

STEP 4
Choose the shipping truck £, € [” based on one of the shipping truck selection strategies

employed as presented in Section 4.2.3.3. Remove shipping truck ¢’;» from set U and place it
at the end of the sequence in set T°.

r= {..., f'j'}.

STEP 5
Identify the associate receiving trucks of £';- that are found in Step 2. In other words, identify
A®;-. Remove the receiving trucks in set A" from set U” and place them at the end of the

sequence inset 7.
T={..A%}.

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

STEP 6
Update the values of 7, ri, and 1, based on the selected shipping truck and its associate

receiving trucks.

STEP 7
If U = U = @, stop; the receiving and shipping truck sequences are found. Set 7' presents

the receiving truck sequence while set 7* 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.



43

[ Step s : ]
Initialize sets for receiving truck sequence and
L shipping truck sequence. §

Step2:
For each unscheduled shipping truck, find the best
associate receiving trucks from Subroutine /.

T

Steps 3 & 4:
Choose and schedule a shipping truck based on one of
the following strategies employed:
Follow one of the branches based on
the Shipping Truck Selection Strategy.
Strategy | Strategy 2 L Strategy 3 l
Choose the shipping truck Choose the shipping truck Choose the shipping truck that
that has the minimum that stays the shortest time in has the minimum ratio of the
number of products the shipping dock. number of products transferring
transferring from the from the associate receiving
associate receiving trucks to trucks into temporary storage to
temporary storage. the number of products needed
for the shipping truck.

Y

Y

Steps 5 :

Schedule the associate receiving trucks of the selected
shipping truck at the end of the receiving truck sequence.

v

Step 6 :

Update following information:

I. The last scheduled receiving truck.
II. The remaining number of products in the last scheduled recetiving truck.
II1. The number of products that are currently stored in temporary storage.

Yes

Step 7 : Are there

any unscheduled
shipping trucks?

|

Step 7:
Stop. Receiving and shipping truck sequences are found.

|

Figure 6. Heuristic Algorithms for the Case / Problem
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[ Subroutine 1 ]

[ From Step 2h
.(Yes)

Step 2 : For each unscheduled shipping truck, do the following.

v

Step 2a : Initialize data for a shipping truck that does not have its
associate receiving trucks. Set the associate receiving truck list to

empty.
v

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.

To Step 2d.

Step 2b :

I. Update the number of products in the shipping truck.

I1. Schedule the last scheduled receiving truck as the associate
receiving truck of the shipping truck.

Step 2c :
Does the shipping truck need to
load more products?

Step 2c : Update the number of products transferring from the
associate receiving trucks to the shipping truck

To Step 2d.

Figure 7. Subroutine 1 of the Heuristic Algorithms for the Case / Problem




From Step 2b.
(No)
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From Step 2g.
(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?

No

Strategy | l

Strategy 2 l

Strategy 3 l

Step 2e : For each
unscheduled receiving truck,
calculate the number of
products transferring from
the receiving truck to

temporary storage.

Step 2e : For each
unscheduled receiving truck,
calculate the number of
products transferring from
the receiving truck to the

shipping truck.

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.

v

v

v

Step 2f : Choose the receiving
truck that has the smallest
number and schedule it in the
associate receiving truck

Step 2f : Choose the receiving
truck that has the largest
number and schedule it in the
associate receiving truck

Step 2f : Choose the
receiving truck that has the
smallest ratio and schedule
it in the associate receiving
truck sequence.

sequence.

sequence.

!

To Step 2g.

Figure 7. (continued)




From Step 2f.

Step 2g : Update the number of product in the shipping truck.

Step 2g : Does the
shipping truck need to load
more products?

To Step 2d.

From Step 2d.
(Yes)

From Step 2c.
(No)

Step 2h : Is there any
shipping truck that does not
have its associate receiving
trucks?

[ End of Subroutine 1 ]

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:

1. 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.

. 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.

. 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 I 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:

1. Modified Shipping Truck Selection Strategy |
- 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.

II. 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.

1. 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 uy, k, u'x or [
can be multiplied to the number of products in order to calculate the amount of time spent,
where time factors u;, 4, 4’ and I are defined as follows:
ur = Unloading time for one unit of product & from a receiving truck onto the dock,

lx = Loading time for one unit of product & from the dock to a shipping truck,
'« = Unloading time for one unit of product k from conveyor to temporary storage,
I« = Loading time for one unit of product & 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@Ge,m=T).

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.
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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 rtermination criterion.

The neighborhood search procedure may be used for quite complicated problems where a

solution is itself very complex.
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4.2.4.2 Tabu Search applied to the Case I Problem

Similar to the heuristic algorithm for the Case ! problem presented earlier, tabu
search for the Case / 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 ! 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 ! 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:

U= 0op Cpp e Cprg, Oppy & T = (€1, €12, Cpap oo Oty Crsyh-
Then, the neighborhood of the current solution would be exactly the following (R+S-2)
sequences:
= Coplpp o Cpeap, O} & T =A{Cp1y, Cp2 O3y, oo Crsty, Opsyh-
(Interchange receiving trucks ¢,y and 7).
=0 Cpp Oz oo Oreay, Oprpy & T = {81y, Oy, Cps)s ooeu Cpsaty Crsyh-

(Interchange receiving trucks 7y and 73).
o

(]

T={Cp Cry Cp3p oo Oprp Crreag} & T = {01, Oy, Cpys oo, Cpseay. Cpsy}-
(Interchange receiving trucks /z.;; and  z)).
U= O Cpsp oo Ot Opp} & T = {002, Cpap O3y oo Cpseay, Cpsy-
(Interchange shipping trucks 7;;; and 7).
T={Cpp g oo Cppeap, Crrp} & T = {01y, Opsp, Cpa oo Cpseap, gy}
(Interchange shipping trucks £/, and £)).

Q

o

=l Cpp oo Cpey, Opnp} & T = {00y, €2y, O3y oo sy Oy}
(Interchange shipping trucks £s.;; and £/5)).
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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 / 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 / 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,
T" = Ordered set of the best receiving and shipping truck sequences,

The tabu search algorithm used for the Case / problem is as presented below.

TABU SEARCH ALGORITHM FOR THE CASE I PROBLEM

STEP |

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° « T).

STEP 4
If the current sequence is the best solution found so far, set the best sequence as the current
sequence (i.e. T° « T°) and set the number of iteration to 1; (i.e. set i = 1). Go to Step 2.

Otherwise, increase the number of iterations by 1; (i.e., set i « i+1).

STEP 5
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 /
problem.
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Step I Generate the initial sequence randomly and set
the current sequence as the initial sequence.

*

Step 2 Select the next sequence as follows: (From Step

2a to Step 2b).

Step 2a For each neighborhood, check the tabu list.

?

Do not consider it as
the next sequence.

Step 2a Calculate the total number of products that
pass through temporary storage.

v

Step 2b Choose the next sequence as the neighborhood
that has the smallest number of products that pass

through temporary storage.

2

Step 3 Set the current sequence as the next sequence.

Step 4
Is the current sequence
the best solution?

Step 4 Set the best sequence as the current sequence
and set the number of iterations to 1.

. y

Step 5 Stop. The best receiving and
shipping truck sequences are found.

Step 4 Increase the number of
iterations by 1.

Step 5 Is the stopping
condition satisfied (i.e.,
maximum number of
iterations reached)?

Figure 8. Tabu Search Algorithm for the Case / Problem
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4.2.5 Branch and Bound Method

In 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
(1) mutually exclusive and exhaustive subproblems of the original problem,

(ii) partially solves versions of the original problem, and
(111) 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 tum 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 n. Suppose also that a subproblem encountered in the branching
process has a lower bound ¢ > 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 I 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 I problem, the following branch and bound method is suggested.

1. Take the current best solution, &, 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, o, with the
current best solution, ®.

a) If o is equal to or greater than the current best solution, fathom the node.

b) If the ieaf node is reached and & is equal to or greater than the current best solution,
fathom the node.

c) If the node is a leaf node and o is lower than the current best solution, update the

current best solution, t « o.

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 I 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 /0 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 / Problem

Receiving Truck Shipping Truck
Truck Product | Quantity Truck Product | Quantity

1 64 4 38

2 58 1 6 29

3 19 8 28

4 38 5 151

1 5 19 2 6 10
6 58 7 12

7 19 8 28

8 7 2 41

9 58 3 6 19

2 5 132 7 61
9 118 9 229

2 49 1 64

3 7 97 2 66
8 49 4 3 19

9 145 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—R1 ->R3->S] >S3—>R2-5S2.

Suppose node R/ 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 truck 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 (¢) 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 truck 1 and receiving truck 3. Therefore, the system will branch out next on the
remaining shipping trucks 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.



Optimal Solution ; 155
Best Heuristic Solution; 155

0 0
132 93 122 158 156
Fathemed Fathemed Fathomed Fathomed Fathomed Fathomed Fathomed
410 418 335 259 356 225 338 122
OXORNOROIONOIOIO
Fathomed Fathomed Fathomed Fathomed Fathemed Fathomed
122 356 183
355 155 Fathomed Fathomed
Optimal Sequences: ° e
Receiving Truck: 1-3-2 Fathemed 155
Shipping Truck: 4-1-3-2 °
155

Figure 9. Branch and Bound Method for the Case / Problem
Optimal Solution

6§



FALG

(a) (b) (c) (d)

Figure 10, Explanation of Branching Strategy for the Case / Problem
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4.2.6 Makespan for the Case I Problem

From the solution of the Case / problem, the following information is known: the
receiving truck sequence, the shipping truck sequence, the product routing, and the total
number of products transferred from a receiving truck to a shipping truck. 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 / problem. The procedure first finds the departure time
of the receiving trucks in the receiving truck sequence, and then the departure times of the
shipping trucks 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 / problem, the following notations are used:

Time:

T = Makespan,

F; = Time at which the i** positioned receiving truck in the receiving truck sequence leaves
the receiving dock,

Lj; = Time at which the J™ positioned shipping truck in the shipping truck sequence leaves
the shipping dock,

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,

D = Delay time for truck change,

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

rzx = Number of units of product type k initially loaded in the i* positioned receiving truck
in the receiving truck sequence,

sz = Number of units of product type k initially needed for the ;™ positioned shipping truck
in the shipping truck sequence,
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try;; = Total number of units of product type k which transfers from the i* positioned
receiving truck in the receiving truck sequence to the j* positioned shipping truck in
the shipping truck sequence,

_ 1, Iftmm >0
Vi = .
0, Otherwise

4.2.6.2. Calculation of Makespan for the Case ! Problem
Suppose that the solution is presented as follows, where [i] represents the i** sequence
position in a set rather than the number i itself.
r={ fu, m Coips Oy }-
T ={ i Crys - s Cisp )
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 F;):
i) For the departure time, Fy;;, of the first scheduled receiving truck i = 1.
N
Fup=Y r - (4-21)
k=l
The departure time of the first scheduled receiving truck, F;,;, is simply the same as
the total unloading time required for receiving truck ;.
ii) For the departure time of the second scheduled receiving truck, Fz, to the last
scheduled receiving truck, Fiz;.
N
Fy=Fuy+D+ Y r, . for2<i<R (4-22)
k=]
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. FJ..;j), the delay time for the receiving truck change,
and the total unloading time required for receiving truck ;.
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2. Find the departure time of the shipping trucks corresponding to the shipping truck
sequence (i.e. find Ly;).
For the departure time of the /** scheduled shipping truck, L.

Lyy=max {4, A2}. (4-23)
where,
N N
A= ‘l‘s‘fs‘f{"mm(ﬁn = 2 Fow + Dt + V)} ’ (4-24)
k=l k=l
N
A=Lpy+D+ Y s - (4-25)

k=l
Equation (4-23) implies that the departure time of the shipping truck is the same as the

larger value of two components A, and A,. In the first component A;, the term,

N
Fi —Zrm, , represents the time at which the i* positioned receiving truck in the

k=l
receiving truck sequence enters into the receiving dock. Therefore, the first component A,
represents the time at which the j* positioned shipping truck finishes loading products
transferring from the last scheduled receiving truck among receiving trucks which
transfer products to the j* positioned shipping truck. The second component A; is the sum
of the departure time of the previously scheduled shipping truck 7'/.;;, delay time for a
shipping truck change, and the loading time of all needed products for shipping truck 7' ;,.

3. Afier the departure times for all the shipping trucks are found, makespan is L;s; which is
the departure time of the last scheduled shipping truck or as given below in equation (4-
26).

T =L[S]- (4-26'3)
T= max{Ly). (4-26-b)

If different loading time and unloading time are assumed for each type of products,
the appropriate time factors such as wu;, /i, «’; or [t can be muitiplied to the number of

products in order to calculate makespan. The notations u;, /i, #; and [, are defined in section
4235.
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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:

RS! - Associate receiving truck selection strategy 1.
RS2 - Associate receiving truck selection strategy 2.
RS3 - Associate receiving truck selection strategy 3.
SS1 - Shipping truck selection strategy 1.
SS2 - Shipping truck selection strategy 2.
S83 - 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.



Table 5. Number of Products passing through Temporary Storage founded by Searching All Possible Sequence Combinations
for the Case I Problem

Set ':;c":"’:"n:' Ns':"::;;:' Nomaer of o oible | Optimal | - Optimal Worst Worst Average
Truck Track Type 'ombinations | Solution Sequence Solution Sequence

1 4 5 4 2880 93 sR42;5l|32 645 SR52'3;3L 421.54
2 5 4 6 2880 147 Rs::l;-‘:;i; 2 m Rs’:zfl"_';; Pl ai79s
3 3 3 8 36 233 : :;; a61 's‘ ;?i 356.53
4 5 5 8 14400 265 : ;:j“:i 792 '; :::j“; 556.28
s 5 3 8 720 o | ® ;f;‘:z 546 R:s':’ﬁj" 446.54
6 a a s 576 151 : :j“z': 789 : f;‘u 43044
7 5 4 6 2880 127 Rs’?z'f;_'l'i“' 681 Rs::lﬁfzﬁz 463.60
8 3 5 7 720 241 s;l::.;:;j-s 553 s;'::-::::;-s 419.09
9 4 4 8 576 204 : f'j_“z'_'; 611 : i_’f_“z';: 445.13
10 3 4 9 144 155 sR4‘|3322 6il stl|3324 408.68
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Table 5. (continued)

Number of

Number of

Number of

Set Rfrc:‘ll::?z s:':::’::‘ P ,'r“;'p':“ Com:::om g:::::::l: S(ztl:::::::e Sz::l':n Se‘::er;‘ce Averaee
1" 5 a 6 2880 204 Rg‘;‘ﬁ;ff 1046 Rs|42|32534 753.10
12 6 4 8 17280 an2 R:Sf“z'_':j_':'z 1488 R’S':‘;‘.“z‘-’:fz 1078.21
13 5 6 8 86400 310 skci4132'325 1266 Sks'fz“‘; ?6 923.75
14 5 5 8 14400 305 2 :_“:_'S'jj 1202 : ;:f_“z‘j:: 838.28
15 6 5 4 86400 219 Rs446|553223l 1365 Rs::l::z-giz 832.69
16 s 6 6 86400 239 s?znf;:?::s 1275 sl}:l.l:::;?c 850.31
17 4 a 7 576 300 : ‘::;j 802 '; ::‘;; 601.99
18 6 6 7 518400 290 g :3;2 3'“; 1349 '; ;f;:j: 1004.81
19 5 5 10 14400 459 : ::::5'15 1216 : ;lz“;j: 971.98
20 6 6 9 518400 429 : ::::‘;j 1622 : ;3“2'::2 117273

99



Table 6. Number of Products passing through Temporary Storage obtained by the Nine Heuristic Algorithms for the Case /

Problem
Total Exact Solution Heuristic Solution
Set | Number of RSt | Rs1 | Rs1 | Rs2 | rs2 | Rs2 | Rs3 | Rs3 | Rs3 | Compound
Products | Optimal | Worst | Average | o) | g7 | 553 | ss1 | Ss2 | §83 | sS1 | S52 | $53 | Solution

1 990 93 645 | 42154 | 133 [ 338 | 133 [ 133 { 338 | 133 | 133 | 338 | 133 133
2 1030 147 772 | 41795 | 147 | 147 [ 198 | 207 | 207 [ 207 | 207 | 207 | 221 147
3 890 233 461 35586 | 233 | 304 | 208 | 233 | 304 | 208 | 233 | 304 | 208 233
4 1000 265 792 | 55628 | 369 | 410 | 354 | 350 | e08 | 319 | 342 | 608 | 3s4 319
s 960 180 546 | 44654 | 246 | 298 | 246 | 246 | 298 | 246 | 246 | 298 | 246 246
6 1020 151 789 | 43044 | 151 | 207 | 162 | 151 | 207 | 183 | 151 | 297 | 183 151
7 980 127 681 | 46360 | 170 | 254 | 127 | 170 | 254 | 156 | 170 | 254 | 156 127
8 890 241 5s3 | 41909 | 249 | 266 | 379 | 249 | 266 | 379 | 249 | 266 | 379 249
9 900 204 61t | 44513 | 236 | 274 [ 312 [ 237 | 262 | 204 | 237 | 262 | 312 204
10 930 155 611 | 40868 | 155 | 335 | 1ss | 155 | sas | 1ss | 1ss | sas | 1ss 155
1 1620 204 1046 | 75310 | 244 | 264 | 244 | 244 | 204 | 244 | 244 | 204 | 244 204
12 1950 472 1488 | 107821 | 485 | 599 | 485 | 636 | 574 | 636 | s99 [ s99 [ 489 485
13 1610 310 1266 | 92375 | 368 | 859 | 427 | 415 | 768 | 435 | @15 | 11 | 435 368
14 1680 305 1202 | 83828 | 327 | 763 | 327 | 360 | 641 | a4a | 327 | 641 | 327 327
15 2030 219 1365 | 83269 | 225 | 426 | 225 | 253 | 443 | 220 | 225 | 426 | 225 220
16 1690 239 1275 | 85031 | 239 | 488 | 322 [ 302 | ann | 37 [ 302 | ann | 317 239
1 1180 300 802 | 60199 | 330 | 614 | 405 | 330 | s86 | 330 | 330 [ ss6 | 4o0s 330
18 1770 290 1349 | 100481 | 388 | 414 | 435 | 388 | 414 | 451 | 388 | 414 | 451 388
19 1720 459 1216 | 97198 | 593 | 569 | 450 | 538 | 552 | so4 | 593 [ se9 | so4 459
20 2020 429 1622 | 117273 | 609 | 685 | 574 | 523 | 685 | 584 | 609 | 685 | 574 523

L9
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Of the nine heuristic algorithms, the combination of RS/ and SS/ 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 | 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 RS/
and SS3 found the best solutions in two test problems (Sets 7 and 19). It indicates that §S3
strategy produces good solutions in some cases.

Tables 7 and 8 are similar to Tables S 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



Table 7. Makespan founded by Searching All Possible Combinations of Sequences for the Case / Problem

Solution based on the
l’rm::l:;“pl:‘s:::‘:::o:fgh Solution based on Makespan
Set Temporary Storage
Minimum Makespan Nm:fber Optimal Optimal Worst Worst Average
Products Products Makespan Sequence Makespan Sequence Makespan
1 93 1557 97 1557 SR425'| 3243 2260 SRSZI 3243' , | 1o
2 147 1577 147 1577 Rsl3423| 32 2427 Rs‘:zx;‘_‘:;' 1958.43
3 233 1372 233 1372 g 1’;; 1751 '; ;fi 1629.94
4 265 1774 298 1749 '; ij:;:‘::: 2492 '; :j:g_'i_'g 2174.84
5 180 1579 288 1579 R:s':'?:;:;'z 2056 R:s':'ifj"‘ 1901.41
6 151 1546 151 1546 '; l'j:‘z'_'; 2359 'S‘ f:;:;_'; 1934.09
7 127 1653 254 1535 Rs:f‘f; 53'23 2283 Rs:;lﬁl.?:f;‘ 2000.09
8 241 1556 266 1525 sz"z‘_ij:j_ g | 1o S:’::_l'j:;- S | 183258
9 204 1532 337 1473 '; ;j:‘:j 2061 '; ;’j_‘;_'l 1856.87
10 155 1452 155 1452 SR4'| 3322 2016 sR2'| 3324 1791.56
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Table 7. (continued)

Solution based on the

Minimum Number of
Products passing through Solution based on Makespan
Set Temporary Storage
Minimum Makespan N“:‘fb" Optimal Optimal Worst Worst Average
Products Products Makespan Sequence Makespan Sequence Makespan
R: 3-5-1-2-4 R: 1-2-3-5-4
n 204 2270 244 2232 S: 3.2-1-4 3291 S: 4-1-2-3 2887.34
R: 1-5-3-4-6-2 R: 1-3-4-5-6-2
12 472 2933 5N 2833 S: 3-4-2-1 4138 S: 1-2-3-4 3620.67
R: 5-4-3-1-2 R: 1-3-4-5-2
13 310 2386 310 2386 S: 6.4-1.2-3-5 3651 S: 5-1-2-3-4-6 3204.96
R: 4-5-1-3-2 R: 1-3-4-5-2
14 305 2484 318 2385 S: 4.1-5-2-3 3582 S: 3-1.2-4-5 3072.55
R: 4-6-3-5-2-1 R: 1-3-4-5-6-2
15 219 2745 230 2745 S: 4-1-5.2-3 4170 S: 5-1-2-3-4 3400.12
R: 2-1-3-5-4 R: 1-3-4-5-2
16 239 2407 294 2407 S: 1-3-4-2-5-6 3740 S: 1-2.3-4-5.-6 314293
R: 3-4-2-1 R: 1-3-4-2
17 300 1885 399 1867 S: 1-4-3-2 2532 S: 4-1-2-3 2278.30
R: 2-3-6-5-1-4 R: 1-2-3-4-5-6
18 290 2502 290 2502 S: 4-1.2-6-3-5 3969 S: 6.1-2-3-4-5 3446.43
R: 3-4-1-2-5 R: 1-2-4-5-3
19 459 2639 629 2553 S: 2-3-4-1-5 3636 S: 2-1-3-4-5 3289.75
R: 1-2-5-3-4-6 R: 1-3-4-5-6-2
20 429 2857 481 2732 S: 1-5-3-6-2-4 4492 S: 5-1.2-3-4-6 3887.25

oL



Table 8. Makespan obtained by the Nine Heuristic Algorithms for the Case ! Problem

Exact Solution Heuristic Solutions
BN HE RIS
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
1 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 314293 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

IL
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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 RS/ and SS/ 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. Tabie 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:

(Total number of products passing throughtemporary stroage)
(Total number of products inthe set)

Percentage = x100.

(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.



Table 9. Percentage of Total Number of Products passing through Temporary Storage relative to the Total Number of Products in

the Test Set
Exact Solutions Compound Heuristic
Total Optimal Solutions Worst Solutions Average Solutions Solutions
Set | Number of Products Products Products Products
Products | pagsing through passing through passing through passing through
Temporary % Temporary % Temporary % Temporary %
Storage Storage Storage Storage
| 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%
5 960 180 18.75% 546 56.88% 446.54 46.51% 246 25.63%
6 1020 151 14.80% 789 77.35% 43044 42.20% 151 14.80%
7 980 127 12,.96% 681 69.49% 463.60 47.31% 127 12.96%
8 890 241 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% 27 19.46%
18 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%

€L
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Table 10. Percentage Performance Difference and Percentage Deviation between the
Compound Heuristic Solutions and the Optimal Solutions

Set Total Number Optimal Compound Percentage | Percentage
of Products Solution | Heuristic Solution | Difference 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):

Percentage Difference (%)=

Total number of products

passing through temproray passing through temproray

storage for the compound

heuristic solutions

Total number of products

storage for the optimal

solutions

Total number of products in the set

x100  (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):

Total number of products Total number of products
passingthroughtemproray | | passingthroughtemproray

Percentage Deviation storage for thecompound storage for theoptimal (4-29)
JforTotal Number of heuristic solutions solutions
= x100
Product Passing Through Total numberof products
Temporary Storage (%) passing throughtemproray
storage fortheoptimal

solutions

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
(Percentage Deviation )= Heuristic Solution Optimal Solution
for Makespan (%) Makespan for Optimal Solution

) x100 (4-30)
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Table 11. Percentage Deviation for Makespan between Optimal Solutions and Compound
Heuristic Solutions

M Optimal Makespan fo': . Percentage Deviation
Set ‘kesps‘t::u‘:i:n d Compg:tll:d!::nmuc for Mgaka:an
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%-11.13%.
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 soiution 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 !/ Problem

Problem | Optimal Hearitic Best Tabu | Average Tabu | Worst Tabu
Number | Solution Solution Solution Solution 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
s 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 3246 513
17 300 330 300 360.9 405
18 290 388 290 3923 522
19 459 459 504 552.8 568
20 429 523 433 5245 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 ! 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.



Table 13. Modified Tabu Search Solutions for the Case / Problem

Problem Enumeration Method Heuristic Algorithm Original Tabu Search Modified Tabu Search
Number | Optimal Time Compound | Time Best Time Solution Time
Solution (Second) Solution (Second) Solution (Second) (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 0373 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 4522 368 0.007 346 0.833 310 36.274
14 305 0971 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

08
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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 rule algorithms, the combinations of RS/ and SS/ 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 / 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 truck 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 truck 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. CASE 2 - CROSSDOCKING MODEL
WITH DOCK REPEAT TRUCK HOLDING PATTERN
AND NO TEMPORARY STORAGE

S.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 / 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 ! 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 reapproach 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 1

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,
Ui = Time at which the variable ¢; transferring from receiving truck i to shipping truck ; start
to unload from receiving truck i onto the receiving dock,
L; = Time at which the variable ¢; transferring from receiving truck i to shipping truck j
finished loading from the shipping dock into shipping truck j,
Integer Variables:
x;ix = Number of units of product type k£ which transfer from receiving truck i to shipping
truck j,
t; = Total number of units of products which transfer from receiving truck i to shipping truck
J, where (t,.j = ix,.jk ) ,
k=l
Binary Variables:

i 1, If any products transfer from receiving truck i to shipping truck j
7700, Otherwise ’
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1, If thevariables; immediately or directly precedes the variablez,. in the receiving or

Yyi7 =1 shippingsequence ’
0, Otherwise
1, If thevariablez,. is placedat the first position in the receiving or shipping sequence
Yooiy ={O, Otherwise ’

b

1, If thevariables; is placed at the last position in the receiving or shipping sequence
Yo ={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,

ri = Number of units of product type k& which is initially loaded in receiving truck i,
sjx = Number of units of product type k which is initially needed for shipping truck /,
D = Delay time for truck change,

¥ = 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
T2L;, foralli,j 5-1)
S
D xu=ry, forallik (5-2)

J=t

R
> xu=s,, forall jk (5-3)

i=]
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N
> xu=t;, foralli,j (5-4)
k=l
t;,sMv;, foralli,j (5-5)
R S
=ZZy - +Yios Joralli,j (5-6)
=] j'=l
R S
=2 2 Vi +Yoory» Joralli',j' -7

i=l j=}

R S
Z Zyoo.-,~ =1, (5-8)

> Yiw=1, (5-9)

=l ju=l
Y;; =0, foralli,j (5-10)
U, 2U; +t; -M( - Yy l foralli, j,i', j'and wherei = i’ (5-11-a)
Uy 2U; +t; +D- M(l y,.j,.w). foralli, j,i', j'and wherei = i’ (5-11-b)
L.2L;+t,.-M (l = Yy } foralli, j,i', j'and where j = j' (5-12-a)
L.2L;+t,.+D-M\] ( = Yiiy ) foralli, j,i', j'and where j = j' (5-12-b)
L,.j ZU,.. +V+:.., Joralli, j (5-13)
Uy2L; -V—M(l = Yy ), Joralli, j,i’, j'and wherei #i'or j = j' (5-149)

all 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 / 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 ; is exactly the same as
the number of units of product type k needed for shipping truck j. Constraint (5—4) defines
the ¢; 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 ¢; variables and the v;; variables.

Constraint (5-6) ensures that only one of the ¢; variables can immediately or directly
precede another 7. variable in the receiving or shipping sequence when v; =1. Constraint
(5-7) ensures that only one of the ¢, variables can immediately or directly follow another ¢,
variable in the receiving or shipping sequence when v,. =1. Constraint (5-8) ensures only
one of the ¢, variables can be placed at the first sequence position of the receiving or
shipping sequence. Constraint (5-9) ensures that only one of the z, 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 (5-11-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 i = i'), 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 conmstraint (5-11-b) is
applied. Similar to constraints (5-11-a) and (5-11-b), constraints (5-12—a) and (5-12-b)
make a valid sequence of loading times of the #;; 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 # 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 ; variables.

The number of decision variables for this integer programming model is
RS(RS+N+6)+1. 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 #; variables can be found from the

Yoorj» Vi »and y;eo variables. From the receiving and shipping sequences of the r;; variables,

the receiving truck spotting sequence and the shipping truck spotting sequence can be
identified. The product routing can be found from the ¢; and x;; 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 ; variables can be found from the U; and L;

variables.

5.2.2 Mathematical Model I1

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 II 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 I, Model I integer programming model was developed as
follows.

5.2.2.1 Notations
The following notations are used in Model II:
Integer Variables:
x;;x = 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 / to shipping truck j (orif the pair for
v, = receiving truck / and shipping truck j is selected)
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,

ri = Number of units of product type k which is initially loaded in receiving truck i,
sjx = Number of units of product type k which is initially needed for shipping truck ;,
D = Delay time for truck change,

M = Big number.

5.2.2.2 Integer Programming Model (Model II)

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 I1 for the Case 2 Problem

Subject to
ix,.j, =r,, foralli,k (5-15)
jul
ix,j, =s,, forall j.k (5-16)
in]
xp SMv;, foralli,j.k (5-17)

all variables 2 0.

This mathematical model has two decision variables. The first decision variable, v;;, is
for pairing. It shows whether receiving truck i and shipping truck ; are paired or not. If the
variable v;; equals one, it implies that some products transfered from receiving truck i to
shipping truck j. The second decision variable, x;;;, represents the number of units of product
type k that transfers from receiving truck i to shipping truck ;. In other words, the variable x;;
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 1. 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;; variables and the v;; 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(/+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 0 and solved by LINDO. 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 II 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.



Table 14. Example Set 3 to Illustrate Model II for the Case 2 Problem

Receiving Trucks
Truck Product | Quantity
1 150
1 2 50
3 50
4 200
2 5 50
1 150
3
3 150
6 100
4 7 50

Shipping Trucks

Truck

Product

Quantity

1

100

50

50

50

200

100

200

150

N[Wl—=1A|&[N]JW]W

50

Table 15. Number of Matching Pairs and Product Routing generated by Model II for

Example 3
b
Receiving Truck | Shipping Truck | ProductType | s cgrrog ™

l 3 1 150

3 50
5 : 1 100

3 50
A 3 1 50

3 100




93

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:

Heuristic Algorithm 1 - Maximum flow between pairs.

Heuristic Algorithm 2 - Maximum ratio between pairs.

Heuristic Algorithm 3 - Maximum fitness between pairs.
Heuristic Algorithm 4 - Maximum flow with priority assignment.
Heuristic Algorithm 5 - Maximum ratio with priority assignment.

LA O T o

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 |
For each pair of receiving truck i and shipping truck j, calculate the total number of products
that can transfer from the receiving truck to the shipping truck as follows:

N
a; =Y min(r; ,s’, ) (5-18)

k=l

where,

a;; = Total number of products that transfer from receiving truck i to shipping truck /,
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r'x = Number of units of product type k£ which are loaded in receiving truck 7 in a given
iteration,

s'% = Number of units of product type k£ which are needed for shipping truck j in a given
iteration.

STEP 2

If all a; 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 q; is nonzero,

choose the pair that has the highest a;;. 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 /.

5.2.3.2 Heuristic Algorithm 2 - Maximum Ratio between Pairs
For heuristic algorithm 2, the ratio of the pair, f;, is developed to select the best

matching pair in a given iteration. The ratio §; for the pair of receiving truck / and shipping

truck j is expressed as follows:
N
Z min(r,.; S )
k=]
ry=0ors’, =0
Bi=— - (5-19)
Zmax(r,, S )
k=]
ry=Oors’, =0
where,

B = Ratio for the pair of receiving truck i and shipping truck j,

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

s’% = Number of units of product type k& which are needed for shipping truck j in a given
iteration.

If the denominator equals zero, it is assumed that ;= 0.
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The ratio of the pair, §;, can be considered as the correlation between receiving truck
i and shipping truck j. The range of the ratio §; is between 0 and 1. Ratio S8; = 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 £; = 1 implies that the number of
products and the types of products for the receiving and shipping trucks are exactly the same.

HEURISTIC ALGORITHM 2

STEP 1

For each pair of receiving truck i and shipping truck j, calculate the ‘ratio’ as presented in
equation (5-19).

STEP 2
If all B 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 S; is nonzero,

choose the pair that has the highest §;. If there is a tie, choose the pair that has the highest a;;,
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 /.

5.2.3.3 Heuristic Algorithm 3 - Maximum Fitness between Pairs

For the third heuristic algorithm, the fitness of the pair, g;;, is developed. The fitness
of the pair, oy, can be considered as the correlation between the receiving truck and the
shipping truck. However, it differs from the ratio S; in heuristic algorithm 2 because the

fitness o;; gives uniform weight between product types regardless of the number of products
loaded.

The range of the fitness oj is also between 0 and 1. Fitness o;; = 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 o; = 1 implies that the number of
products and the types of products for the receiving and shipping trucks are exactly the same.
The fitness g;; of the pair of receiving truck / and shipping truck j is expressed as follows.

¥, min(r,,s;)

2

tm  max(ry ,s%)

_ r,=0ors’, 0
i

=
k=l
r,#00rs), »0

(5-20)

where,

o;; = Fitness of the pair of receiving truck / and shipping truck j,

r'x = Number of units of product type k& which are loaded in receiving truck / in a given
iteration,

s’x = Number of units of product type k which are needed for shipping truck j in a given
iteration.

The denominator represents the total number of product types which is loaded in either

receiving truck / or shipping truck ;. If the denominator equals zero, it is assumed that o;; = 0.
HEURISTIC ALGORITHM 3

STEP I

For each pair of receiving truck i and shipping truck j, calculate the ‘fitness’ as presented in
equation (5-20).

STEP 2

If all oy 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 o; is nonzero,

choose the pair that has the highest o;;. If there is a tie, choose the pair that has the highest a;;
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 .

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’ oj; as follows:

Shipping Truck
1 2 3
1 0.417 0.200 0.270
Receiving 2 0.250 0.250 0.000
Truck —
3 0.330 0.000 05583
4 0.000 0.250 0.250

Fitness gj; is calculated using Equation (5-20).

For example, the fitness of receiving truck 1 and shipping truck 1, oy, is

[i50)*(55)
o =£4__59_ =0417.

1

The fitness of receiving truck 3 and shipping truck 3, o33, is

(300)(i50)
o = 200 - 150 —0.583.

33

STEP 2
The pair of receiving truck 3 and shipping truck 3 is chosen since it has the highest fitness,
33 = 0.583.
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[ Heuristic Algorithms 1,2 or 3 ]

'

&
I

Algorithm 1

Step 1

For each pair of receiving
and shipping trucks, calculate
the total number of products
that can transfer from
receiving truck i/ to shipping
truck /, a;, as presented in
Equation (5-18).

Algorithm 2

Step 1

For each pair of receiving
and shipping trucks, calculate
the ratio of the pair, g;, as
presented in Equation (5-19).

Algorithm 3

Step 1

For each pair of receiving
and shipping trucks, calculate
the fitness of the pair, oy, as
presented in Equation (5-20).

Step 2
Stop. The solution
for the Case 2
problem is found.

Step 2
Stop. The solution
for the Case 2
problem is found.

Algorithm 1 Algorithm 2 Algorithm 3
Step 2 Step 2 Step 2
Choose the pair that has the Choose the pair that has the Choose the pair that has the
highest a;. If there is a tie, highest ;. If there is a tie, highest gj;. If there is a tie,
choose arbitrarily. choose the pair that has the choose the pair that has the

- highest a;. 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 Truck | Product | Quantity
1 150 1 100
1 2 50 1 3 50
3 50 5 50
2 4 200 2 50
5 50 2 4 200
3 1 0 6 100
3 0 1 50
4 6 100 3 3 0
7 50 7 50
Go to Step /.
STEP |
For each pair of the receiving and shipping trucks, calculate the ‘fitness’ o;; using the updated
information.
Shipping Truck
1 2 3
1 (735 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,
o =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 Truck | Product | Quantity
1 50 1 0
1 2 50 1 3 0
3 0 5 50
5 4 200 2 50
5 50 2 4 200
3 1 0 6 100
3 0 1 50
4 6 100 3 3 0
7 50 7 50
Go to Step 1.

The procedure is continued until all o;; 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 a;; or the ratio factor S instead of the fitness factor o;. Heuristic algorithm 3
found eight matching pairs as presented in Table 16. Even though Model II 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

Number of Products
Receiving Truck | Shipping Truck Product Type Transferred
1 | 1 100
3 50
1 2 2 50
1 3 1 50
) 3 1 150
3 150
4 3 7 50
HEURISTIC ALGORITHM 4
STEP |

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

If there are any pairs that satisfy the priority condition, go to 2a in STEP 2. Otherwise, go to
2bin STEP 2.

2a

N

Apply Heuristic Algorithm [ to all pairs that satisfy the priority condition.
Go to STEP 1.
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2b
Apply Heuristic Algorithm 1.
Goto STEP 1.

5.2.3.5 Heuristic Algorithm S - 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 §

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
2bin STEP 2.
2a
Apply Heuristic Algorithm 2 to all pairs that satisfy the priority condition.
Go to STEP 1.
2b
Apply Heuristic Algorithm 2.
Goto 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
5.23.

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 1.
2b
Apply Heuristic Algorithm 3.
Go to STEP I.

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; or the
ratio factor f; instead of the fitness factor o;;. The step by step procedure is presented as
follows:

STEP |
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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[ Heuristic Algorithms 4, 5 or 6 ]

¢

Step [

Identify all pairs that satisfy the
priority condition.

Step 2 Are there
any pairs that satisfy the
priority condition?

No

v v ‘ I

Heuristic Algorithm 4 Heuristic Algorithm § Heuristic Algorithm 6
Step 2a Step 2a Step 2a

Apply Heuristic Apply Heuristic Apply Heuristic
Algorithm | to the pairs Algorithm 2 to the pairs Algorithm 3 10 the pairs
that satisfy the priority that satisfy the priority that satisfy the priority
condition. condition. condition.

! ! ;
1 .

Heuristic Algorithm 4 Heuristic Algorithm 5 Heuristic Algorithm 6
Step 2b Step 2b Step 2b
Y Apply Heuristic Apply Heuristic Apply Heuristic
Algorithm [. Algorithm 2. Algorithm 3.
-
4
—>—

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 | of Heuristic Algorithm 3
Calculate the ‘fitness’ oy for all pairs that satisfy the priority condition as follow:

Shipping Truck
1 2 3
1 x 0.200 x
Receiving 2 0.250 0.250 x
Truck
3 x x x
4 x 0.250 0.250

Fitness o is calculated using Equation (5-20).

For example, the fitness of receiving truck 1 and shipping truck 2, o;;, is

5)
O =—50— =0.200.

The fitness of receiving truck 2 and shipping truck 2, oz,, is
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STEP 2 of Heuristic Algorithm 3

Because the fitness factors 0z, = 033 = 042 = 0 = 0.250, the flow factors a3;, a22,
and ay; need to be calculated.

az; = 50 (50 units of product type 5),  a;2 =200 (200 units of product type 4),

ay> = 100 (100 units of product type 6), ay3 = 50 (50 units of product type 7).

Because the flow factor a;; 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 Truck | Product | Quantity
1 150 1 100
1 2 50 1 3 50
3 50 5 50
2 4 0 2 50
5 50 2 4 0
3 1 150 6 100
3 150 1 200
4 6 100 3 3 150
7 50 7 50

Go to Step I of Heuristic Algorithm 6.

STEP ]

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 1 and 3.

Product type 4: No product type 4 exists anymore.
Product type S: 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 | of Heuristic Algorithm 3

Calculate the ‘fitness’ oy for all pairs that satisfy the priority condition as follow:

Receiving
Truck

STEP 2 of Heuristic Algorithm 3

Because the fitness factors 63, = o,; = 0.333, the flow factors a;; and ay; need to be

calculated.

a;; = 50 (50 units of product type 5),

Because the flow factor ay; has the highest value, choose the pair of receiving truck 4 and

shipping truck 2.

S W N -

Shipping Truck
1 2 3
x 0.250 x
0.333 x x
x x X
x 0.333 0.250

ay2 = 100 (100 units of product type 6).




STEP 3 of Heuristic Algorithm 3

Update the remaining number of products in the receiving trucks and the shipping trucks.
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Receiving Trucks Shipping Trucks
Truck | Product | Quantity Truck | Product | Quantity
1 150 1 100
1 2 50 1 3 50
3 50 5 50
) 4 0 2 50
5 50 2 4 0
3 1 150 6 0
3 150 1 200
4 6 0 3 3 150
7 50 7 50

The procedure is continued until all o; 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:

R N
Makespan=Y">" m,r, +(P-1)D+V

i=l k=l

(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,

ri = Number of units of product type £ which is initially loaded in receiving truck i,
sjx = Number of units of product type k& which is initially needed for shipping truck j,
u; = Unloading time for one unit of product type k from a receiving truck,

{ = Loading time for one unit of product type k to a shipping truck,
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m;. = Effective time required to unload or load one unit of product type k, m; = max(u, /),

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.

R N
The first term, ) D m,r,, represents the total required time for unloading all

isl k=l
products from all receiving trucks and loading them to all shipping trucks in the set. Note that
unloading and loading can be done simuitaneously 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 N
term can be replaced with 3> m,s , . The second term, (P-1)D, presents the delay time for
j=l ksl
truck changes. Because the number of pairs in the solution is P, the total number of truck
changes required is (P-/). The last term, V, represents the required time for products to travel
from a receiving dock to a shipping dock. 7
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:
R N
Makespan=)" r, + (P-1)D+V . (5-22)

iml k=l

R N

The first term, ZZrﬂt , presents the total number of products in the set; note that it can be
i=] k=]

S N

replaced with )5, . The second and third terms are the same as in Equation (5-21).

Jul k=l

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:

(L) (10, (0201, (202, (03, 61), ((3,63), (Ta, £2), ([, £3)}.
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: /', = 0, > > > 353050, > 1,

Shipping Truck Sequence : £, =330, 050, 5050, 570,

After removing the redundant sequences in the receiving truck sequence, the final sequences
are presented as follows:

Receiving Truck Sequence : /', 5 />, > (3 > 7.

Shipping Truck Sequence :F; 390, >0, 30350, >70;.

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 : 7/, = (3530, >3 0, >0, 503570,

Shipping Truck Sequence :7;, =, 5>, 30, 055035705
After the redundant sequences in the shipping truck sequence are removed, the final
sequences are presented as follows:

Receiving Truck Sequence: ;= ;> 0, > >, >0, 50357,

Shipping Truck Sequence :7; > ;> ;.

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
possiblie 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.

7 = Receiving truck that is scheduled in the /" position in the matching pair sequence,

£y = Shipping truck that is scheduled in the i position in the matching pair sequence,

P’y = Total number of products that transfer from receiving truck 7; to shipping truck £,
where (7, £'7;) is a matching pair and scheduled in the i 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,

b"; = The point in time at which receiving truck i comes the very first time into the receiving

dock,

b°; = The point in time at which shipping truck i comes the very first time into the shipping

dock,

f: = The point in time at which receiving truck i leaves the warehouse after it unloads all of

its products,

fi = The point in time at which shipping truck i leaves the warehouse after it loads all of its

needed products,

F'; = Flow time of receiving truck i; in other words, the amount of time receiving truck i

stays in the warehouse (=f; - b;),

F*; = Flow time of shipping truck i; in other words, the amount of time shipping truck i stays

in the warehouse (= f'; - b°; ),

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:

R S
D F i+ F
F== s (5-23)
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Suppose the matching pairs are selected and scheduled as follows:
Crplup = ... > Cpp o= .. >, Crop) = ... > Orp). (5-242)

then the receiving and shipping truck sequences can be presented as follows:

Receiving Truck Sequence : /'y > ... > 0y ... > pyy = ... > ). (5-24b)

Shipping Truck Sequence : 7= ... > Fp > ... 3 lpy—> ... > Cppp. (5-24¢c)

Assume receiving truck ¢; first appears in the v'" position and last appears in the w™
position in the receiving truck sequence as presented in (5-24b). Therefore, /',y =7, and /')
=r;. Then, the flow time of receiving truck 7, F',, is calculated as follows:

F =) p'tsy +(w=v)D. (5-25)

The first term, Z p'i:1 , represents the time required to unload all products between the first

appearance and the last appearance of receiving truck 7. The second term, (w—v)D,
represents the time required for truck changes between the first appearance and the last
appearance of receiving truck ;. Therefore, F'; presents the flow time or staying time of
receiving truck 7; in the distribution center. Similarly, the flow time or staying time of
shipping truck r;, F°;, is calculated as in equation (5-26) if it is assumed shipping truck 7', first
appears in the v position and last appears in the w™ position in the shipping truck sequence
as presented in (5-24¢):

W, =ip'[:1 +(w-v)D. (5-26)

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 (5-24¢).
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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{({Iv t‘Z)’ ({19 fj), ({2, fl)s ({2: fZ)v ({39 txl)! ({3! f.i)v ({49 fl): ({49 fj)}.
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:
CLe)>L0)>(0)>U20) > (3,0)>W5,0) > 62) > (., 05).

In this case, F', is calculated as follows using equation (5-25):
F"1=Y p'e1 +(w—v)D.=(50+200) + (2 - 1)75=325.
=]

Receiving truck 7', appears first in the first position and appears last in the second position in
the matching pair sequence.

Similarly, F°; is calculated as follows using equation (5-26):

F?; =ip'm +(w-v)D.=(200+50+200+150+150+100+50) +(8 - 2)75=1350.

In this case, shipping truck £’; 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

7

Now suppose that the pair that has the lowest shipping truck identification numbers is

|

=642.86.

scheduled first; then the sequences of the receiving and shipping trucks can be presented as
follows:

)= (50) 21, 0) U 0) >0, )1, 03) > (05,03) > ((4, F3).
The mean flow time for this schedule is then calculated as follows using equation (5-23):

_(775+675+1225+725)+(275+500+550) 4725
7

As seen in the above example, the mean flow time or staying time depends on the

|

=675.00.

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 (/5/) = 1.3x10'2. 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 ! 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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Capfud) > Cpp o) = EppCp) = - = Cpap Crp1) =y Oy
Then the neighborhood of the current solution would be exactly the following (P-/)
sequences:
Cap o) > Cnptu)—> Cpplp) = ... > ey Cea)) > Epp Crp)).-
(Interchange the matching pairs (¢, £1;;) and (¢ >, £12))).
CrpCup—=>Cpntp) = Cpp )= ... = Cpap Crpyg) = Cpp, Crey).
(Interchange the matching pairs (2, £/2)) and (73, £13)))-

(-]

o

Capfu) = Con )= pp o= ... = e Crp) = (Crpaags Crponp).
(Interchange the matching pairs (7/p.,;, £/5.1)) and (£z), £1p))).
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.

S. 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
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.

STEP S
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 /.
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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
(C'1v)s €1vy) and (pwy, £ pwy) are to be interchanged.
({[1/, t’[l]) - ({[2], f[i’l) - ... > (l’[v], f'[v]) -> ({[WI’ f[w]) - ... > (t’[p], f[p]).

Interchange
After the adjacent neighborhood interchange, the sequence will become as follows:

Confu) > Crap o) = o > s Cpug) > C g, Cpp) = .o Crep, Cpey).-

As mentioned earlier, p’s; is defined as the total number of products that transfer
from receiving truck ;; to shipping truck ', where (7, ') is a matching pair and
scheduled in the i position in the matching pair sequence, and D is defined as the delay time
for truck change. Let 7'y = ¢; and ¢ = 7. 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

Iff;=7,, .. Net Change =0.

Otherwise (i.e. if /; # 7;), the net change is calculated as follows after evaluating the net
change of F’; and F’; before and after the interchange.
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1. If7; appears only once in the receiving truck sequence and ...

i) If 7; appears only once in the receiving truck sequence, then F’; and F’; before and
after the interchange are as follows:
Before: Fi=p'y & Fi=p'r
After:  Fi=py &  Fj=ppy
.. Net Change = 0.

ii) If 7'}, is the first position of receiving truck 7 in the receiving truck sequence,
then F'; and F’; before and after the interchange are as follows:
Before: F;=p'yy, & Fi=p'py +...

After:  Fi=p'ny &  F=piy +D+pipy +...
~. Net Change = (p’s; + D).

iii) If 7. is a position between the first position and the last position of receiving
truck 7; in the receiving truck sequence, then F”; and F’; before and after the
interchange are as follows:

Before: F;=p'yy, & Fi=...+pp+D+p'p+...
After: F;=p'yy, & Fi=...+p+D+p+...
.. Net Change = 0.

iv) If 7. is the last position of receiving truck /; in the receiving truck sequence,
then F'; and F'; before and after the interchange are as follows:
Before: F;=p'y & Fi=...+p+D+p'hy
After: Fi=p'y & Fi=...+py
. Net Change = — (p'r; + D)

2. If 7} is the first position of receiving truck 7’; in the receiving truck sequence and ...
i) If ¢; appears only once in the receiving truck sequence, then F*; and F'; before and
after the interchange are as follows:
Before: Fi=p'py+D+p'py+... &  Fj=p'y
After: Fi=p'y+... & Fi=p'ny
~. Net Change =-(p'pu; + D).
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ii) If 7, is the first position of receiving truck 7 in the receiving truck sequence,

then F'; and F’; before and after the interchange are as follows:

Before: Fi=ppy+D+ppy+... &  Fj=ppy+..

After:  Fi=ply+... &  Fj=ppy+D+py+..
- Net Change = (p'ry = P'fw) )-

iii) If 71wy is the position between the first position and the last position of receiving
truck 7; in the receiving truck sequence, then F'; and F’, before and after the
interchange are as follows:

Before: Fi=p'y+D+p'f+... & Fi=...+pn+D+pphy+...
After:  Fi=ppy+... &  Fy=..+pp+D+ppy+..
-. Net Change = — (p'f; + D).

iv) If 7'y is the last position of receiving truck 7; in the receiving truck sequence,
then F'; and F'; before and after the interchange are as follows:

Before: Fi=p'y+D+p+.. & Fi=..+py+D+p'Yp,
After:  Fi=piy+... &  Fij=..+ppy
. Net Change =— (p'p; + p'pwy + 2D ).

3. If 7}y is the position between the first position and the last position of receiving truck
7; in the receiving truck sequence and ...
i) If ; appears only once in the receiving truck sequence, then F'; and F’; before and

after the interchange are as follows:

Before: Fi=..+p'y+D+p'py+. & Fi=p'r
After: Fi=.. +p[w1+D+p{v/+ & Fi=p'ry
.. Net Change = 0.

ii) If 7., is the first position of receiving truck 7 in the receiving truck sequence,
then F'; and F'; before and after the interchange are as follows:
Before: F;=..+p'y+D+pry+... & Fi=phy+...
After:  Fi=..+ppy+D+py+... & F=ppy+D+pipy+...
.. Net Change =(p'n; + D).
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iii) If 7y is the position between the first position and the last position of receiving
truck 7; in the receiving truck sequence, then F; and F’; before and after the
interchange are as follows:

Before: Fi=...+pp+D+ppy+... & Fi=...+pp+D+ppy+...
After:  Fi=..+pw+D+ppy+... & Fij=.. +pw+D+pfpy+...
.. Net Change = 0.

iv) If /p.; is the last position of receiving truck ¢; in the receiving truck sequence,
then F'; and F’; before and after the interchange are as follows:

Before: Fi=..+py+D+ppy+.. & Fj=..+py+D+ppy
After:  Fi=...+pu+D+py+... & Fy=..+py
~. Net Change = - (p'n; + D).

4.If 7, is the last position of receiving truck 7; in the receiving truck sequence and ...

i) If 7; appears only once in the receiving truck sequence, then F’; and F'; before and
after the interchange are as follows:

Before: Fi=...+p'y & Fi=p'ny
After:  F;= *P[w/*D*’P{v/ &  F=py
-. Net Change = (p’ju; + D).

it) If 7., is the first position of receiving truck 7; in the receiving truck sequence,

then F'; and F'; before and after the interchange are as follows:

Before: Fi=...+p'y & Fi=p'ry+...

After:  Fi=..+pw+D+py &  Fi=plpy+D+py+..
~. Net Change = (p'y; + p'puy +2D).

iii) If 7 is the position between the first position and the last position of receiving
truck 7; in the receiving truck sequence, then F'; and F'; before and after the
interchange are as follows:

Before: Fi=...+p'yy & Fi=...+pp+D+p'py+...
After:  Fi=..+pp+D+ppy & Fi=...+pp+D+py+..
:. Net Change = (p'pw; + D).
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iv) If 7w is the last position of receiving truck 7 in the receiving truck sequence,
then F'; and F'; before and after the interchange are as follows:
Before: Fi=...+p'y & Fi=...+p'y+D+p'y
After: Fi=..+pw+D+pyy &  Fj=..+pp
<. Net Change = (p'rwj = P’y )-

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):

L)L) 0)>(U20) > ((5,0) = ((3,05) > (U4, £2) > (04, £3). (5-27)
From Section 5.2.5.1, the mean flow time, F=642.86, was found. Next, suppose the

matching pairs (¢’;, £';) and (7’4, £’;) are interchanged from sequence (5-27). Then the adjacent
neighborhood of the current solution corresponding to this interchange is as presented in (5-
28):

Cnl)>U1L,0)>(20) > (2 0) > (3,0)> (6 02) > ((3,63) > (04, £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+1125+1350) _ 4675
7

F=

=667.86 .
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Let{,.,,={,~and{,.,,={,-.

Iff; =7}, .. Net Change =0.

Otherwise(i.e. if 7 7)), the net change is calculated
as follows after evaluating the net change of F;
and F’; before and after the interchange.

1. If 7/, appears only once in the receiving truck
sequence and ...

i) If /; appears only once in the receiving truck
sequence. .. Net Change =0.

ii) If 7, is the first position of receiving truck r;
in the receiving truck sequence. .. Net
Change =( p’{v] +D).

iii) If 7, is the position between the first
position and the last position of receiving
truck 7; in the receiving truck sequence. .. Net
Change = 0.

iv) If 7, is the last position of receiving truck 7,
in the receiving truck sequence. .. Net Change
==(p'y+D).

2. If 7}, is the first position of receiving truck 7; in
the receiving truck sequence and ...

i) If 7, appears only once in the receiving truck
sequence. .. Net Change = - (p'1;+ D).

ii) If 7, is the first position of receiving truck 7;
in the receiving truck sequence. .. Net Change
=P’ —P'pw)-

iii) If 7, is the position between the first
position and the last position of receiving
truck 7; in the receiving truck sequence. .. Net
Change =- (p'py+ D).

iv) If 7, is the last position of receiving truck 7;
in the receiving truck sequence. .. Net Change
== (P’ *Pwm+2D).

3. If 7} is the position between the first position
and the last position of receiving truck 7; in the
receiving truck sequence and ...

i) If /; appears only once in the receiving truck
sequence. .. Net Change = 0.

ii) If 7, is the first position of receiving truck 7,
in the receiving truck sequence. .. Net
Change =(p'; + D).

iii) If 7, is the position between the first
position and the last position of receiving
truck 7; in the receiving truck sequence. ..
Net Change =0.

iv) If 71, is the last position of receiving truck 7,
in the receiving truck sequence. .. Net
Change =~ (p'y, + D).

4. If ¢}, is the last position of receiving truck 7, in
the receiving truck sequence and ...

i) If 7, appears only once in the receiving truck
sequence. .". Net Change =(p'y; + D).

ii) If 7, is the first position of receiving truck ¢
in the receiving truck sequence. . Net Change
=(P'py+ P’y +2D).

iii) If 7, is the position between the first
position and the last position of receiving truck
; in the receiving truck sequence. .. Net
Change =(p'fy + D).

iv) If 7, is the last position of receiving truck 7
in the receiving truck sequence. . Net Change
=(P'p~P'r)-

Figure 13. Net Change of the Flow Time for the Receiving Truck Interchange
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Lett',.,,=t',— andt'[\.1=t',.

Iff, =7, . Net Change = 0.

Otherwise(i.e. if £'#¢)), the net change is calculated
as follows after evaluating the net change of F*,
and F'; before and after the interchange.

1. If 7, appears only once in the shipping truck
sequence and ...

i) If 7, appears only once in the shipping truck
sequence. .. Net Change = 0.

ii) If 7'(,; is the first position of shipping truck ¢;
in the shipping truck sequence. .. Net Change
=(Pm*+D)

iti) If £, is the position between the first
position and the last position of shipping truck
¢, in the shipping truck sequence. .. Net
Change =0.

iv) If /1., is the last position of shipping truck 7,
in the shipping truck sequence. .. Net Change
==(p'm+D).

2. If ¢, is the first position of shipping truck 7, in
the shipping truck sequence and ...

i) If #; appears only once in the shipping truck
sequence. .. Net Change = —(p'; + D).

ii) If 7f,; is the first position of shipping truck 7,
in the shipping truck sequence. .. Net Change
=Py —Ppa)-

iii) If 7., is the position between the first
position and the last position of shipping truck
¢, in the shipping truck sequence. .. Net
Change =~ (p'fy+ D).

iv) If 7}, is the last position of shipping truck 7,
in the shipping truck sequence. .. Net Change
==(Py*+P'p+2D).

. If ¢, is the position between the first position
and the last position of shipping truck £, in the
shipping truck sequence and ...

i) If ¢'; appears only once in the shipping truck
sequence. .. Net Change = 0.

ii) If £/, is the first position of shipping truck 7,
in the shipping truck sequence. .. Net Change
=(p'yy+ D).

iii) If £, is the position between the first
position and the last position of shipping truck
f; in the shipping truck sequence. .. Net
Change =0.

iv) If £/, is the last position of shipping truck 7,
in the shipping truck sequence. ... Net Change
=~(p'm+D).

4. If ¢'(, is the last position of shipping truck 7, in
the shipping truck sequence and ...

i) If #; appears only once in the shipping truck
sequence. .. Net Change = ( pn; + D).

i) If £, is the first position of shipping truck 7,
in the shipping truck sequence. .. Net Change
=P+ P +2D).

iii) If £, is the position between the first
position and the last position of shipping truck
f; in the shipping truck sequence. .. Net
Change =(p'ry+ D).

iv) If £'1,; is the last position of shipping truck 7,
in the shipping truck sequence. ... Net Change
=P =P')-

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 (7;, r’;) and (7,, ;) are
interchanged as presented in sequence (5-27). As can be seen, receiving trucks '7s; = ¢’; and
U171 = 4 in sequence (5-27). Receiving truck 4 is in the last position or appearance of
receiving truck 7’; in the receiving truck sequence and receiving truck 77 is the first position
or appearance of receiving truck 7, 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’ + P’y +2D ) = (150 + 100 + 2(75)) = 400.

For the shipping trucks, £’/s) = ¢'; and £;7;; =, in sequence (5-27). Shipping truck 7’5
is in a position between the first appearance and the last appearance of shipping truck r’; in
the shipping truck sequence. Note that the first appearance in the shipping truck sequence for
shipping truck £’; is £’z and the last appearance in the same sequence for shipping truck 7; is
r's; in sequence (5-27). Meanwhile, shipping truck £ is in the last appearance for shipping
truck r’; 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'py+ 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 (),

r';) and (¢}, ';) are interchanged from sequence (5-27), the new sequence will be as follows:

L)L)l > 0) > ((5,0) = ((5,05) > (0, £2) > (0, 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.



127

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), Cry=r; and /3 = ;. Because receiving trucks 7;;; and 75 are the same receiving
truck ; (i.e. £y (=) = (3 (=7))), the net change of flow time for receiving truck
interchange is zero.

Net Change for Receiving Truck Interchange = 0.

For the shipping truck interchange, £;;; = ', and £, = r’; from sequence (5-27).
Shipping truck ¢'/;; is in the first appearance of shipping truck ', and shipping truck 7' is
also in the first appearance of shipping truck 7’; 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 = P’y ) = (50 — 200) = -150.
Total net change of the receiving and shipping truck interchanges will be ~150 (= 0 - 150).

Therefore, it will change the mean flow time by :—175—0-=- 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.

5.3 Implementation and Resulits
After applying mathematical programming model of Model II and the six heuristic
algorithms to the same twenty sets of problems as in the Case / 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.



Table 17. Minimum Number of Matching Pairs obtained from the Mathematical Model (Model II) for the Case 2 Problem

Number | Number | Number Total Upper Mathematical Model 11
of of of Possible | Bound of
;T,::::: Receiving | Shipping | Product | Matching | Matching Number of | Number of gﬁ:::::
Trucks Trucks Types Pairs Pairs Variables | Constraints (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 i1
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

8¢1



Table 18. Number of Matching Pairs obtained from Heuristic Solutions for the Case 2 Problem

Upper Optimal Heuristic Solutions of the Case 2 Problem (Matching Pairs)

Problem | Boundof | Solution Compound
Number M;‘::::nﬂ (M;::r';l)ng Heuristic 1 | Heuristic 2 | Heuristic 3 | Heuristic 4 | Heuristic S | Heurlstic6 | "0 0
1 19 1 12 12 12 12 12 12 12
2 19 1 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 1 1 11 11
6 14 11 12 11 1 12 11 11 11
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 1 10 11 11 1 11 11 11 11
1 18 1 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 1
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

6¢C1
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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 definiation 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 Ser 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 B; 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



131

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 Makespan for Makespan for Compound | Percentage Deviation
Number Optimal Solution Heuristic Solution 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%
18 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 )
(Percentage Deviation )3 Heuristic Solution Optimal Solution
of Makespan (%) Makespan for Optimal Solution

x100 (5-30)

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.



Table 20. The Mean Flow Time for Complete Enumeration Solution and Tabu Solution for the Case 2 Problem

Problem Complete Enumeration Method Tabu Search Method
Number g:::::::;: 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 16 min. 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. 423222 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.
1 649.444 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.

£el
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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 II) 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 iteraticn, 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 warechouse
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 11, 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

In the third case of the cross docking problem studied in this research, 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. 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 / 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.

In 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.

1.

The Case 3 problem has the following characteristics:

If delay time for a truck change, D, 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 / problem. The objective of Case / problem is
to minimize the number of products that pass through the temporary storage. Because in
the Case ! 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.

On the other hand, if the average time required to unload one batch is relatively larger
than D, 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;. In other words, different solutions can be obtained for the same truck and

product characteristics depending on the values of D 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,

U; = Time at which the variable ¢; transferring from receiving truck i to shipping truck j
starts to unload from receiving truck i onto the receiving dock,

L; = Time at which the variable #; transferring from receiving truck i to shipping truck
finished loading from the shipping dock into shipping truck j,
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Integer Variables:
x;jx = Number of units of product type k£ which transfer from receiving truck i to shipping
truck j,
t; = Total number of units of products which transfer from receiving truck i to shipping truck
N
J» where (t,.j = ny,),
k=]
Binary Variables:

o= 1, If any products transfer from receiving truck i to shipping truck j
%10, Otherwise

1, If thevariables; immediately or directly precedes the vairable:,. in the receiving

Py = sequence ,
0, Otherwise

b4

1, If thevariables; is placed at the last position in the receiving sequence
Pijoo = .
0, Otherwise

’

oo = 1, If the variables,. is placed at the first position in the shipping sequence
®7 |0, Otherwise ’

*

1, If thevariables; is placed at the last position in the shipping sequence
Yoo ={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,

rix = Number of units of product type k which is initially loaded in receiving truck i,
sjx = 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,
¥ = 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;, foralli,j

=Ly

S
Zx,.j, =r,, foralli,k

J=l

R
Zx,.,., =s,, forall jk

i=]

N

Zx,.j,, =t;, foralli,j

k=l

foralli, j

R
Vi =) P+ Pijns Joralli, j

R S
Vip =Zz Dii + Pooiy» JSoralli', j'

(6-1)

(6-2)

(6-3)

(6-4)

(6-5)

(6-6)

(6-7)

(6-8)
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S

R
o =22q,] - +qooys Soralli',j' (6-9)

..
]

—
-~
#*

-

M-~
M-

Poorr =1, (6-10)

=l

-~

—
)

R S

22 Py =1, (6-11)

i=l jwl

R S
)2 I (6-12)

=] jal

R S
3 e =L (6-13)

im] fm]
P =0, foralli, j (6—-14)
9 =0, foralli,j (6-15)
U,2U,; +t,-M(-p,.) foralli,j,i', j'and wherei =i’ (6-16-a)
Uy2U;+t;+D- M( - Py ). Sforalli, j,i', j' and wherei = i’ (6—-16-b)
L;2U;+V +t;, foralli,j (6-17)
L,2L;+t -M( l Jforalli, j,i’, j' and where j = j' (6-18-a)
L.2L;+t.+D- M(l - Q7 l foralli, j,i', j' and where j = j' (6—-18-b)

all variables 2 0.

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 ¢; 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 ¢;; variables and the v; variables.

Constraint (6-6) ensures that only one of the ¢; variables can immediately or directly
precede another ¢;;5- variable in the receiving sequence when v;; = 1. Constraint (6—7) ensures
that only one of the ¢;;- variables can immediately or directly follow another ¢; variable in the
receiving sequence when v;;- = 1. Similar to constraints (6—6) and (6-7), constraint (6-8)
ensures that only one of the ¢; variables can immediately precede another ¢;;- variable in the
shipping sequence when v;; = 1 and constraint (6—9) ensures that only one of the r;;- variables
can immediately follow another #; variable in the shipping sequence when v;;-= 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 ¢; variables can
be placed at the last position of the receiving sequence. Similarly, constraints (6—12) and
(6—13) ensures only one of the ¢;;- variables can be placed at the first position and only one of
the ¢; 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
t; 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 Uj; and
L;;. Finally, constraints (6—18-a) and (6—18-b) ensure a valid sequence for the loading times
of the ; 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)+1. The decision variables consist of RS(2RS+5) of binary variables, RS(N+1/)
of integer variables and (2RS+/) 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 N 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.

6.2.1.3 Interpretation of the Solution
First, the receiving sequence of the r; variables can be found from the

Poij» Pyiy»and po, variables. From the receiving sequence of the #; variables, the receiving

truck spotting sequence can be identified. Similarly, the shipping sequence of the ¢; variables
can be found from the q,q;;,andq;, variables. From the shipping sequence of the ¢;
variables, the shipping truck spotting sequence can be identified. The number of products
unloaded and loaded can be found from the x;; 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 #; variables can be found from the Uj; and L;; 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

Decision Variables Constraints
Ris |~ Binary | Integer | Continuous | Total | Equality | Inequality | Total
3138 207 81 19 307 115 189 304
4 1 4|5 592 96 33 721 156 560 716
S{S5}10} 1375 275 51 1701 279 1325 1604
516} 8} 195 270 61 2281 302 1890 2192
6|69 | 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 I, the product routing is decided. The initial receiving and shipping truck sequences
are also created in Phase I. In the schedule of Phase I, 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 I 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,

Vik -

Sjk :

Number of units of product type £ which is initially loaded in receiving truck i,
Number of units of product type &k which is initially needed for shipping in truck j,

D : Delay time for truck change,

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

r; : Receiving truck i,

7; : Shipping truck j,

A’j
T:
T:

r

aj

: Set of associate receiving trucks for shipping truck j,

The ordered set of scheduled receiving trucks,
The ordered set of scheduled shipping trucks,

The ordered set of product routing based on the receiving and shipping truck sequences,

: Product routing presented in set 7” (a; represents the products that are transferred from

receiving truck i to shipping truck j),

: The ordered set of the number of products transferred from a receiving truck to a

shipping truck corresponding to the product routing a;; in 77,

: Total number of units of products transferred from receiving truck i to shipping truck j

corresponding to the product routing a;,

: The ordered set of completion time of receiving truck / corresponding to product routing

a; in set T,

: Completion time of the receiving truck i corresponding to product routing a;; in set 7%,

: The ordered set of leaving time of the shipping truck corresponding to the shipping truck

sequence in set T*,

; : Leaving time of the shipping truck / corresponding to the shipping truck sequence in set

T.
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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
Initializesets 7", I, P and I". T = IFr= FP=Pand T"= 2.

STEP 2

For each unscheduled shipping truck ;e T", find its best associate receiving trucks 4°; and

product routing a;;, where ;€ 4", using one of the following strategies:

Strategy 1 — Maximum flow between the receiving truck and the shipping truck. (Strategy /
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 4°; of an unscheduled shipping
truck 7’; 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 ! 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, ';« at the end of the sequence in set 7.
3b Schedule the best associate receiving trucks of the selected shipping truck, 4. = {¢,
U13,..., Uiy} at the end of sequence in set T'.
3c Place the product routing, {a;;j* , @pjj« ..., aij+ } at the end of sequence in set 7°.
3d Place the total number of products transferred corresponding to aj;j+, where / <i <k,
in set 7% (i.e. {B 1>, Brayje »---» By }) at the end of sequence in set 7".

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 I. The solution for Phase I is found. The
solution shows the following four sequences:

1. Receiving truck sequence 7"

2. Shipping trucks sequence 7°

3. Information for product routing 77

4. Total number of products transferred from a receiving truck to a shipping truck 7".
Go to Phase II.
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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 I, “Maximum flow between the
receiving and shipping trucks”, is adapted for this example. Then, Phase I proceeds as
follows:

After sets T', T*, 1° and T" are initialized in Step ! of Phase I, 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, f§;; = 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 £,,
Bs1, Bu and Bs; are calculated. After all values of B, B, Bii, Per and Bs; 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 5is 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 £,, =
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% = {05,053}

A% = {05, 05,01}

As={01, 000215}

A= {l4.
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STEP |
Initalize sets 77, I*, 7’ and T".

‘e

STEP2

For each unscheduled shipping truck,
find the best associate receiving trucks
based on one of the following criteria:

v

Strategy | ‘ Strategy 2 ‘ Strategy 3 ‘
STEP 2 STEP2 STEP2
Maximum flow between Maximum ratio between Maximum fitness between
the receiving and shipping the receiving and shipping the receiving and shipping
trucks. trucks. trucks.

v

v

y

v

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.
3¢ Schedule the product routing.

3d Record the total number of products transferred from each
associate receiving truck to the selected shipping truck.

v

STEP 4

Update the remaining number of products in
the receiving trucks.

STEP 4
Are all shipping trucks
scheduled?

No

STEP 4

Stop Phase 1. The solution for Phase [ 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 [llustrate the Heuristic Algorithm for the Case 3 Problem

Receiving Truck

Truck

Product

Quantity

14

69

28

69

50

40

70

190

23

115

92

44

66

AN W W= NS N —

110

Shipping Truck

Truck

Product

Quantity

1

50

36

95

194

53

62

74

37

65

18

40

165

11

WA N|E W= NN WV —

80

Table 23. Procedure for Finding the Best Associate Receiving Trucks for Shipping Truck 1

. .. . . . . Selected
. Receiving | Receiving | Receiving | Receiving | Receiving . .
Iteration Truck 1 Truck 2 Truck 3 Truck 4 Truck § Receiving
Truck
1 ﬂ”=42 ﬂzl =120 ﬂ31=0 ﬂu =59 ﬂ51= 131 {5
2 B =14 B2 =50 B3 =0 Pau=23 Bsi=0 7>

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 ', and its

associate receiving truck 7, are selected because shipping truck r’; 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 Shipping Truck
Truck Product Quantity Truck Product Quantity

1 14 1 50

) 2 69 1 3 36
3 28 6 95
5 69 2 194
1 50 2 3 53

2 4 40 5 62
6 70 6 74

3 2 190 1 37
1 23 2 65

4 3 35 (Updated) 3 3 18
5 92 4 40
3 4 5 165

5 5 66 6 11
6 110

* Shipping truck 4 is removed because it is already scheduled and all its needs have been met.

Because shipping trucks 7’;, > and 7’; are not yet scheduled, the procedure is
continued by going back to Step 2. In Step 2, for unscheduled shipping trucks ’;, > and ’;, a
new set of its associate receiving truck 4°;,, 4%, and 4°%; 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 I, the complete solution for Phase I

is presented as follows:



Associate Receiving  Associate Receiving Associate Receiving
Trucks for 7,

A

e
S
CQly,
80,

Table 25. The Selected Sequences of the Shipping Trucks and Their Associate Receiving

Trucks for 7,

152

Trucks for ',

Associate Receiving
Trucks for 7>

{59{2,
t‘h

as;, @,
131, 50,

{13 {4a {Zr {5’

f”

Qa;3, 043, A23, As53,
166, 115, 51, 4,

_AL
\ 4 A\
U3, 05, 0a Co 0}
£ }.

aszz, sz, A2z, A2, A2},
190, 85, 59, 35, 14}.

Trucks after Applying Phase I for the Case 3 Problem

(6-19)

Iteration Shipping Truck Associate Receiving Trucks
1 ' A= {0}
2 £ A= {05, 03}
3 s A5 =140, 04,02, 05)
4 £ A= {0s5,05, 00,04, 0)).

Table 26. Product Routing between Receiving and Shipping Trucks after Applying the Phase

I Algorithm for the Case 3 Problem
Total
Receiving | Shipping | Number of
Truck Truck Products
Transferred
’y r, 80
s £ 131
#! £ 50
£ rs 166
L £3 115
r; rs 51

Total
Receiving | Shipping | Number of
Truck Truck Products
Transferred
s r's 4
s £, 190
s r; 85
£ £ 59
’e r; 35
f c; 14
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6.2.2.3 Phase II of Heuristic Algorithm for the Case 3 Problem

At the beginning of Phase II, 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 II 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 I. 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 7°) and the sequence for the
number of products transferred (i.e. set ") 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 II, two conditions that can decrease makespan are identified. For the first
condition, consider two consecutively scheduled shipping trucks ; and ¢; in the shipping
truck sequence and their associate receiving trucks in the receiving truck sequence are

presented as follows:

Associate Receiving  Associate Receiving

Trucks for 7, Trucks for £;

K_H f_)h'\
r={ ey '---,{pa ’ ---,{p’ reey b }'
7‘={ ceey f,‘, f‘j, .o }

Suppose the two consecutive shipping trucks, £; and 7, need the same associate
receiving truck, 7,. It means that the receiving truck 7, needs to be scheduled twice at the
dock for the two consecutively scheduled shipping trucks. Suppose receiving truck 7,
unloads the products needed for shipping truck 7; immediately after it unloads the products
needed for shipping truck .. If this occurs, then the truck changing time for receiving truck
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7, is avoided (i.e., saved) because receiving truck 7, only needs to come to the receiving
dock once for the two consecutive shipping trucks, £; and £’;. On the other hand, the departure
time of shipping truck £’; may be delayed because shipping truck £; may need to wait without
being loaded with products while receiving truck 7, unloads products for shipping truck 7’;. If
this happens, the departure time of shipping truck 7’; can be delayed up to the completion
time for unloading the products which transfer from receiving truck 7, to shipping truck 7,
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 if two consecutive shipping trucks, £’; and 7’;, need the same associate receiving truck 7,
and the total time required to unload products which transfer from receiving truck 7, to
shipping truck 7; is less than the delay time for truck change, then the makespan can be
decreased by unloading the products needed for shipping truck r; immediately after
unloading the products needed for shipping truck £’;. Based on the above characteristic, the
first condition for modifying the schedules in Phase II is explained below.

Condition 1

Suppose that shipping trucks ', £; and ’; are sequentially scheduled in the shipping truck
sequence. If shipping trucks #; and r’; have the same associate receiving trucks, then the
sequences in sets T', 7° and 7" are modified based on one of the following situations:
1. Shipping trucks £; and £’; have in common only one associate receiving truck 7.
i) If all of the following three conditions, C/, C2 and C3, are satisfied, the sequences will
appear as in sequence (6-20).
CL B <D.
C2. Receiving truck 7, is the first scheduled receiving truck among the associate
receiving trucks of shipping truck ..
C3. Receiving truck 7, is the last scheduled receiving truck among the associate
receiving trucks of shipping truck ;.
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Associate Receiving  Associate Receiving Associate Receiving
Trucks for 7, Trucks for 7; Trucks for 7;
F‘H AL A
r N/ A\
Tr={.., cnley Comilar sty e leslomlinen .}
r={.., £h, £, £ Y
Ip={"'7 sy apllv api’ %ﬁ .eoy Qiy ey q?j, %ja qﬁ, ey ve }-
r = {"-7 voey ﬂplly ﬁpb ﬂai’ cey ﬂbb ceey ﬂcj’ pp]’ ﬂdjs ceey .. }- (6'20)
B<D

Then sequences in sets ', 7”7 and 7" can be modified as follows to decrease
makespan:

1. Inset T", remove the associate receiving truck 7, of shipping truck 7’;.

2. Inset 7%, move the product routing ay,; to the next position of product routing ay,.
3. Inset T", move B, to the corresponding position of a,; above.

The modified sequences in sets 7", 7° and T" will appear as in sequence (6-21).

Associate Receiving  Associate Receiving  Associate Receiving

Trucks for 7, Trucks for 7, Trucks for £,
f \ N S\
= ey -"7{p9 {pa {ﬂ’ “'1{b) g ] {Cs Ird’ ey

b
‘ees Chs r; r; ..}
vees  eney Olphy Qpi, Opjy Qais -y Qbiy  -+vy Oy Cdjs -~y --. }.
ceer ones Bohs Bois Boi» Bais s Bois -1 Bejs Bajs ---s .-}

R I NN
"

(6-21)

it) Otherwise (i.e. if any of the above three conditions C/, C2 or C3, is not satisfied), the
sequences may appear as in sequence (6-22).
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Associate Receiving  Associate Receiving
Trucks for 7;

Trucks for ¢,
A

— \

esey sory ---v{a’ {p9{b’ seey
cees Chy r;
ey Qaiy apb Qpiy -+

«+~s Bais Bi» Pois --- »

= T T
[

csvy vooy

Associate Receiving
Trucks for £;

A
( \

vl lplay ey .o )

¢ )
evos Qgjy Qpjy Qdjy 2oy --o }.

coos Biis B B s - }. (6-22)

Then sequences in sets T, 77 and T" can be modified as follows to decrease

makespan:

a. In set T’, remove the associate receiving truck ¢, of shipping truck 7. Move the

associate receiving truck 7, of shipping truck 7’; to the last position of the

associate receiving trucks for shipping truck £’;.

b. In set 7°, move the product routing a,; to the corresponding position of 7, above.

Move the product routing a,; to the position next to product routing a,,.

c. In set T", move B, and B, to the corresponding position of a,; and a, above,

respectively.

The modified sequences in sets T", 7° and T" will then appear as in sequence (6-23).

Associate Receiving  Associate Receiving Associate Receiving
Trucks for ¢, Trucks for 7; Trucks for 7;
A Al
[_"L\ ‘- 4 A\
T= {'"9 c-y ---,{m {61 ---,{p ---9{&"{4’ soey [ }-
r= {..., fh, tr[ fj e }.
Ip={"'§ b -+ ~y Qaiy abi’ ey %I" %jy-'-, aC], qijv"" .. }'
r={., o e Buis Bois ooos Bpis  Bois oo Beis B oes o- ). (6-23)
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2. Shipping trucks 7; and £; have in common more than one associate receiving trucks ¢,
ry, U and /. Assume that B, 2 D > B, 2 B,; = B for explanation. The following
notations are defined for explanation:

7 .-= Receiving truck whose S, is the largest among the common associate receiving
trucks (i.e. - =1)),
/.- = Receiving truck whose S5 is the second largest among the common associate
receiving trucks (i.e. 7-="7).
i) If both of the following two conditions, C4 and CJ5, are satisfied; the sequences
will appear as in sequence (6-24).
C4. Receiving truck 7 (i.e. receiving truck 7)) is the first scheduled receiving
truck among the associate receiving trucks of shipping truck ;.
C3. Receiving truck 7, (i.e. receiving truck ¢,) is the last scheduled receiving
truck among the associate receiving trucks of shipping truck ;.

Associate Receiving Associate Receiving Associate Receiving
Trucks for 7, Trucks for 7, Trucks for 7,

P —A— — A
cr rlp Colgecs Oy oo Caslr Cgy €y s Comyy ).
={n T £, £, )

{

{

sy apha apia %ir vory iy ooy Qpjy ooy ooy aﬂj, afj9 %jv app sy anp .y -"}°
il LR ﬂph’ ﬂpi » ﬂqi; seey ﬂm‘; ceey ﬂri eey  eey ﬂaj, ﬂm ﬂq[s ﬂpjs cecy ﬂmj, .y ---}°

At R R 62

By<D py<D py2D  pu<D

Then sequences in sets ', 77 and T" can be modified as follows to decrease

makespan:

a. Inset T', remove all associate receiving trucks 7. of shipping truck r’; whose £, is
less than truck change time among the common associate receiving trucks; (i.e.
remove the associate receiving trucks 7, /', and ¢, of shipping truck £;). Move
the associate receiving truck 7.~ (i.e. ;) of shipping truck £’; to the last associate

receiving truck position for shipping truck 7;.
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b. In set 77, move the product routing .+ (i.e. ay) to the corresponding position of
7 (i.e. ;) above. Move all product routings a,; whose £ is less than truck
change time among the common associate receiving trucks (i.e. ay;, a,; and au)) to
the position immediately following the product routings a: (i.e. a,i, @, and am:),
respectively.

c. Inset T", move B.s (i.e. B;) to the corresponding position of a.~ (i.e. ag) above.
Move all B, which is less than truck change time among the common associate
receiving trucks, (i.e. £, B, and B to the corresponding position of product
routings a; (i.e. ayj, @,; and a.;) above, respectively.

The modified sequences in sets T, 7° and T" will appear as in sequence (6-25).

Associate Receiving  Associate Receiving Associate Receiving
Trucks for £, Trucks for 7; Trucks for 7,
A A A
{ N N A\

T={o sty oy s fmen Ly o lalpyey )
r={., O e r ...}
P={., o, Qi -« -5 Amis Comjs -+ Criy Cjs-.s Ogis  Qgjres  Cajy Apjy <oy -}
P={..., Bohs  Bpis---s Brmi Bujs s Bri Brirs Bais  Bajo-s Bajs Boj» -» ---}-
(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 7, Trucks for 7, Trucks for 7,
A A
(‘L‘\ 4 N N
r={"°1 seey {b{pa vy {'3 ias ] {.: o*y e {09{-9 {pv {'7 .oy {h i ] "'}'
I‘={..., f‘;., fi fj ...}.
TP = {"-) seey (279 apiy seey qyi’ cees Qlmiy cey ooy %j, aﬂqs apja %j’ seey aq', 23 ---}-
T'={os ws Bris Boisoes Buis woos Bni s s Bajs Bois Bois B v Biis o ---}.

Aot R N

Bu<D 82D fy<D <D
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Then sequences in sets 7*, 7° and 7" can be modified as follows:

a. Inset T', remove all associate receiving trucks 7’; of shipping truck #; whose £, is
less than truck change time among the common associate receiving trucks; (i.e.
remove the associate receiving trucks 7, 7', and 7, of shipping truck r’;). Remove
the associate receiving truck 7+ (i.e. 7)) of shipping truck 7';. Move the associate
receiving truck 7. (i.e. £,) of shipping truck 7’; to the last associate receiving
truck position for shipping truck 7';.

b. In set 7°, move the product routing a;; (i.e. ay;) to the corresponding position of
. (i.e. 7p) above. Move the product routing a,; (i.e. ay) to the position next to
product routing a,; (i.e. a,;). Move all product routings a.; whose £.; is less than
truck change time among the common associate receiving trucks (i.e. a;, a,; and
amj) to the position next to product routings a; (i.e. a,;, a,; and @x;), respectively.

c. Inset T", move B,; and B,; (i.e. B, and f3,)) to the corresponding position of a;;
and a5 (i.e. @, and a) above, respectively. Move all &, which are less than
truck change time among the common associate receiving trucks, (i.e. £, £, and
Pm;) to the corresponding position of product routings a;; (i.e. @, a,; and @)
above, respectively.

The modified sequences in sets T”, 7° and 7" will appear as in sequence (6-27).

Associate Receiving Associate Receiving Associate Receiving
Trucks for £, Trucks for 7 Trucks for 7,

/—A_\ e " B f—j\ﬁ
{ecey  oemy Crieeey Cgres Cmy ey (o, o la . .}
={... Ch ri g o}
{
{

ceey veey (22 ‘Lj, veoy q]iy q.fv oeey Omiy &jg .y %c', %j’ (223 quv vy e }-

esey coey ﬂri, p’j, veey ﬂqi! ﬁ'i’ soey ﬂmi, p-js ..y &i’ &]’ -~ ﬂaj, cey see }-
(6-27)
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Now, consider the second condition for Phase II. 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 tumn
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 7", the total number of products unloaded, when it
comes into the dock, can be found from the information in sets 7', 7° and 7". Suppose that
the time required to unload products from receiving truck ¢, 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 7, 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 ¢, is less than the delay time for
truck change D, and it is not the first occurenence of receiving truck 7, in the receiving truck
sequence, then makespan can be decreased by unloading the products at the earlier occurence
of receiving truck 7, in the receiving truck sequence. The second condition for Phase I 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 7, of shipping truck 7; is less than the delay time for truck change D. Additionally,
suppose that the receiving truck ¢, is already scheduled earlier in the receiving truck
sequence before it is scheduled as an associate receiving truck for shipping truck £;. If the

scheduling of the associate receiving truck ¢, of shipping truck r; is the last time 7, is

scheduled before it (i.e., 7)) is scheduled again as an associate for shipping truck 7, then the

sequences in sets T”, 7 and T" are modified as follows:

1. If receiving truck ¢, unloads products only for shipping truck ¢’; when it comes into dock,

the sequences may be presented as in sequence (6-28).

The last position of 7, Time required to
scheduled prior to the unload products is less
position of 7, as an Associate Associate Associate  than the delay time for
associate receiving truck  Receiving Receiving Receiving  truck change

for shipping truck 7 QN*S for 7, Trucks for 7, Trucks for 7,

Tr:{“'s ("-,{as p’{b9 '"a\ ----- ’ ~(~V{Cy{p9{dy --v\v ---}-
r={., £a fo ¢, Y
Ip={'°°a y -+vy Qgiy apia Qpiy +oo 9 eeeees ’ ey ‘z:j’ apj9 ijs ceey "-}'
Tﬂ={"'9 !"-yﬂai’ﬂpi;ﬂbi’ L ’ 'Hvﬂcjsﬂpj’ﬂdjv cee "'}' (6'28)

By<D

Only a; is unloaded from receiving truck 7,

If B,; < D, sequences in sets T', ¥ and T" can be modified as follows to decrease

makespan:

a. Inset T", remove the associate receiving truck 7, of shipping truck ;.

b. In set 7%, move the product routing a, to the next position that follows product

routing ay,.
c. Inset T", move B, to the corresponding position of a,; above.
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The modified sequences in sets 7", 7° and 7" will now appear as in sequence (6-29).

Associate Receiving Associate Receiving  Associate Receiving

Trucks for 7; Trucks for 7, Trucks for ;
A A A
4 N A\ \
T'={..., ,...,{a,{, {b,..., ...... , ...,{c, t’d, coey }
I‘:{ ’ r‘i, r‘.k’ r‘j, ---}-
7'P= {"" y +--y Qaiy api’ %]y Qpiy <oy eeeenn ’ ceey Qj& adj, wevy "'}'
r= {---s y veey ﬂai, ﬂpi; pp]s ﬂbl'v sesy  seenes * seey ﬂq, ﬁdjv Y '--}- (6'29)

2. If receiving truck 7, unloads products for more than one shipping truck #; when it comes

into dock, the sequences may be presented as in sequence (6-30).

The last position of 7,
scheduled prior to the . . Time required to
position of 7, as an :ssocmlc kcAs:oc ate gssoc € nload products is less
associate receiving truck cc:sn\;'mg 7 1 en?ng r' T ec:sn;.mg ', than the delay time for
for shipping truck 7; fucks for rucks for 7 rucks 100, truck change
=~ A /_H N~
A e & ,
={ ) -’-)y{’{ba sesy  eeeene ’ seny {Cs {p9 {d, sy '-~}°
7‘={ s rrb rTlu ftj, ...}.
7P={ y vevy Qgiy iy Wiy ooy conenn ’ -+ ey Uiy Qpjy Qpmy Cpny Adjy - - ---}-
T'l:{ . ...,ﬂai,ﬂpi,ﬂbi,..., ...... » veey ﬂcj,ﬂ’j,ﬂpuyﬂpmﬂdj’ cen y }.
(6-30)
(B BomtPpm) <D
O, O and Qp,,, are unioaded

from receiving truck 7, continuously.

If (By+PomtBon) < D, sequences in sets T', 7¥ and T" can be modified as follows to
decrease makespan:

a. Inset T, remove the associate receiving truck 7, of shipping truck £;.
b. In set 7°, move the product routings a,;, @m and @, to the next positions that follow
product routing ap,.

c. In set 7%, move B, Bm and B, to the corresponding positions of @, am and a,.
above, respectively
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The modified sequences in sets T, 7¥ and T" will now appear as in sequence (6-31).

Associate Receiving Associate Receiving  Associate Receiving
Trucks for 7; Trucks for 7, Trucks for 7;

' - N\ ﬁk N A
T={.., .ulalp Chyerey  eeeenn , e les Oy ey o0}
r={.., r; o L -}
P={.., ..., Qi Qi Gpj, Com, Opus Qbis --- 5 ------ , veus Oojs Oy +ony -2}
T'={.... ..., Bair Boir Boi» Bom: Bpms Pois - ... , cevs Bejs Bap -+ -2}

(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 IT 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.

STEP2
Starting from the beginning of the shipping truck sequence in set T°, sequentially investigate
two consecutive shipping trucks, £’; and r;, and their associate receiving trucks.
2a If any two consecutive shipping trucks in the shipping truck sequence, ¢’; and £’;, have
the same associate receiving truck 7, modify the sequences in sets 7”, 7° and 7" as
presented in Condition 1.
2b If all shipping trucks in set T* 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 7", 7° 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 7" and 7° 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 7° and 7", respectively.

Figure 16 describes the algorithmic steps of the heuristic algorithm of Phase II. To
illustrate Phase [T 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 ! of Phase I, the following

information is known from the solution of Phase I as presented in sequence (6-/9).

Associate Receiving Associate Receiving Associate Receiving Associate Receiving
Trucks for 7, Trucks for 7, Trucks for 7, Trucks for £~
{_A_\ A A

— r N\ R
T':{ {‘9 {5’{2, {l’ {4’ {2’{5’ {Js {5’ {2’ {Js{I}-
= { 'd R r Is 4 3 r 2 }
TP ={ Qlyq, as, a2, a3, Qy3, X3, As3, asz, Asz, @22, A2, A12}.
T"={ 80, 131, 50, 166, 115, 51, 4, 190, 85, 59, 35, 14}.

In Step 2, the first two shipping trucks {r',, ';} in set 7° and their associate receiving
trucks {7, I's, 7’2} in set T " are investigated. Because all receiving trucks appeared only once
in the sequence, the next two shipping trucks {f’;, £’;} in set T, and their associate receiving
trucks {f's, 5, 01, U4, '3, U's} in set T” are investigated. In this step, receiving trucks 7> and 7’5
are found to be scheduled twice for the consecutively scheduled shipping trucks 7', and ;.
Following sequence (6-27) in Condition 1, sets T, TP and T" are scheduled. After the sets T,
7? and T" are rescheduled, the new schedule now appears as follows:
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STEP |

From Phase I, the following sequences are known:

1. Receiving truck sequence, 7.

2. Shipping truck sequence, 7°.

3. Product routing, 7°.

4. Total number of products transferred from the
scheduled receiving truck to the scheduled shipping

truck, 7.
v
STEP 2

Starting from the beginning of the shipping truck
sequence, sequentially investigate two consecutive
shipping trucks and their associate receiving trucks.

STEP 2a

If any two consecutive shipping trucks in the shipping
truck sequence have the same associate receiving truck,
modify the sequences in sets 7", 7° and 7" as presented
in Condition 1. A

STEP 2b
Are all shipping trucks
investigated?

STEP 3

Starting from the end of set T, check Condition 2. If
Condition 2 is satisfied, modify the sequences in sets T,
T° and T" as presented in Condition 2.

STEP 3
Are all receiving trucks
investigated?

ve ]

STEP 4
Stop Phase II. The best solution for the Case 3
problem is found.

Figure 16. Phase II of the Heuristic Algorithm for the Case 3 Problem
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Associate Receiving Associate Receiving Associate Receiving Assaciate Receiving

Trucks for 7, Trucks for 7, Trucks for 7 Trucks for 7'
A
[ N
(_H /_L\ ' N\

T={ rs s, 1, r, U4 O3, 05, U3 04 O},
r = { f‘y f], r‘J' f.’ }-
P={ aus as;, ass, azy, az;, a3, 3, as2, as, a2, G, a2}.
T"={ 80, 131, 4, 50, 51, 166, 115, 190, 85, 59, 35, 14}.

a; and oy are unloaded a»; and a3 are unloaded

from receiving truck 7’s from receiving truck 7,

continuously. continuously.

Note that receiving truck 7', is placed at the last position of the associate receiving trucks for

shipping truck £’; because £,3 (=51) is larger than fBs; (=4).

Now, the next two shipping trucks {r';, £} in set 7°, and their associate receiving
trucks {f;, Oy, €3, U5, U3, 4, U1} in set T' are investigated. Receiving trucks ¢’; and 7, are
scheduled twice. Following sequence (6-27) in Condition | again, sets T", 7° 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 Associate Receiving Associate Receiving

Trucks for 7, Trucks for ¢, Trucks for ; Trucks for 7,
/e A A
r={ 1, ls, 1, 0, U, U3, 05, (7}
r={ r, £, r's, r i
P={ au, asi, ass, A1, az, ars, ar2, A3, 2, @32, As2, A22}-
T"={ 80, 131, 4, 50, 51, 166, 14, 115 35,190, 85, 59}.

X

a;; and -~ are unloaded a3 and q- are unloaded
from receiving truck 7, from receiving truck 7,
continuously. continuously.
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In Step 3, 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
Step 3. In Step 4, the best solution is found as shown below.

Associate Receiving  Associate Receiving Associate Receiving Associate Receiving

Trucks for 7, Trucks for 7, Trucks for ¢, Trucks for 7~
P A A
r={ [, rs, 0 ’1, Us U3 Os, 2},
T={ [ r, r's, r }.
P={ s Qasy, As3, A2, azs, a3, a2, Qy3, 2, @32, As2, A22}.
"={ 80, 131, 4, 50, 51, 166, 14, 115, 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 [ 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 i sequence position in a set rather than the
number i itself. For the sets 7° and T", [i] ' refers to the receiving truck involved in the i*

sequence position while /i ”refers to the shipping truck involved in the i* sequence position.

Table 27. Time Required unloading Products from Each Scheduled Receiving Truck

Receiving Truck Sequences Co | O | O | 0 | Co | 05| 05| O,
Time Required unloading Products | 80 | 135 | 101 | 180 | 150 | 190 | 85 59




S4

S3

S2

S1

RS

R4

R3

Rl

R4

80
10 % R _ Re
166 '20 s
331 497 517
BS_ s R2
131 20 50
1o 241 260 3
Sl
131
100 231
S4 3}
80 1s
0 80 507
Sl
50
251 301 s3
166
k7] 487
| | | | | | | | | |
| | | | | | | | | |
50 100 } 250 300 350 400 450 500 550 600

Figure 17. Gantt Chart of Example 4 after Phase I of the Case 3 Problem

891



S4

S3

S2

Si

R5

R4

R3

Rl

R4 |DLE R2 IDLE RS
nsf2] s 20 |4
632 652 703 723 7127
Rl RS . R IDLE
190 20 8s 20 9 20| 3 20|14
747 937 957 1042 1062 1121 1141 1176 1196 1210
S3 s2
El 8s
13 717 947 1032
] S2
ns 35
622 S2 13 166
190
737 927
S3 s2
51 59
642 693 1052 tn
14
1186 1200
| | | | 1 | | | |
| | | | | | | | |
600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

Figure 17. (continued)

691



S4

S3

S2

Sl

R5

R4

R3

Rl

R4

Figure 18. Gantt Chart of Example 4 after Phase 1] of the Case 3 Problem
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I'={ Crars  Upap ooy Cratjs Ui }-
r'={ Cap o oo sy, Crsp )
={ auu appys apprs oo Qfb-1]75-1% Cfsj )= }-
T ={ B Baers Borsis - Brs-175-17 By~ }-

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 q; in set 7. As defined previously, if %; is the completion time of
the receiving truck i corresponding to product routing a;; in set 77, set F* is the ordered set of
leaving or departure times of the shipping trucks corresponding to the shipping truck
sequence in set T°, and §; is the leaving or departure time of the shipping truck i
corresponding to the shipping truck sequence in set 7°, then

F={ Yurs W2ars W3 e Wo-1776-17% Wi 78] = }-
F={ oy op Oy Opsy )

To calculate makespan, the procedure first finds the completion time ;- in set F*
of the receiving truck [i]’ associated with the product routing a7~ Next, the departure
time, &y, in set F* of the shipping truck 7'j; 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 T* as follows (i.e. find 957y~ in set F'):
i) For the first element, /7~ in set F'.
Yy~ = By~ (6-32)
The completion time of the first element, ;7 is simply the same as the unloading
time of the first product routing ay;; ;-
ii) From the second element, 9372~ , to the last element, ;7 in set F'.
Wizt~ = W11 7-11= + Prara= if fi] = [i-1] " (6-33-a)
Wira= = Ve-ryz-i1- + D + B if [i] = [i-1] " (6-33-b)
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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. v.;;7:i-17-) and the unloading
time of the corresponding product routing ajyyiy- (i.e. Bjj7y-) 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 7.;;- to
receiving truck /- 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 8;; in set F*). In order to find the departure time of a shipping

truck, the last position of the product routing associated with the shipping truck in set 7°

must be identified first. Suppose that the last product routing associated with shipping

truck £’y is ayejpie- where [i] represents the last position of the product routing
associated with shipping truck 7 ;. Then, §;; in set F* is calculated as follows:

i)

Find the first element, &/, in set F* corresponding to the first scheduled shipping
truck 7/, as follows:
O =Yoo=tV (6-34)

where the last product routing associated with shipping truck '/, is ay;+7;+-in set T?.
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 7,+- corresponding to
product routing a;;« 1+ ~in set T? and the moving time of products from the receiving
dock to the shipping dock.
From the second element, §/,;, to the last element, &5;, in set F* corresponding to
shipping trucks £’;; through shipping truck '/s;, find the departure times as follows:

Op;=max {yﬁ. rip ¥V O + D+ gsw} (6-35)
again, where the last product routing associated with shipping truck r'y; is ayiej7isy-in
set T?.
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,
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N
(7yper +V)and (8 + D+ Y st )- The first component, ( Yireer *V ), is the sum

k=]
of the completion time of receiving truck /- corresponding to product routing
agieqie)- in set TP and the moving time of products from the receiving dock to the
N
shipping dock. The second element, (J,_; + D + Zsiilk ), is the sum of the departure
k=]
time of shipping truck 7'/i.;;, truck change time from shipping truck 7';i.;; to shipping
truck 7’/;; and the loading time of all needed products for shipping truck 7.

3. Afier the departure times for all the shipping trucks in set F* are found, makespan is &;s
which is the departure time of the last scheduled shipping truck or as given below in
equation (6-36).

T=45 (6-36-a)
T'= max { i} (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-/9), 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.

T={ Cq, Cs, (43 ’, Cq, U3, U5, 3},
T'={ L4 £l r's, r£: )
P={ o as;, s, 21, @23, ais, a2, a3, Qs a2, sz, Q22}.
T"={ 80, 131, 4, 50, 51, 166, 14, 115, 35, 190, 85, 59}.

The first step is to find the completion time, 47y~ in set F* of the receiving truck [i/’
associated with the product routing a;;;7;- using the information in sets 7” and 7". The first
element, ;7717 = s, is calculated as follow using equation (6-32):

Yrrir= (C¥ed) = Bruppip- (SPes ) = 80.
In order to find the second element, v2;72-= 75, 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 7;;- corresponding to product routing a;;; 717~
(=auy) is receiving truck 7', and receiving truck 7’3 - corresponding to product routing a2 72~
(=as)) is receiving truck ¢s. Therefore, v.3;72;- (=) is calculated as follows using equation
(6-33-b):
21721~ Y1) = Yuppip=+ D + Brayrzp-=Yea + D + Ps; = 80 +20 + 131 = 231.
For the third element, v3;73;- = 753, receiving truck 7’5 stays in the dock because receiving
truck 7z corresponding to product routing a7z~ (=as;) and receiving truck (-
corresponding to product routing ays;3;- (=ass) are the same as receiving truck ¢’s. Therefore,
Y37731~ (=Y¥s3) is calculated as follows using equation (6-33-a):
W31 131~ (5%3) = W2pr2p- + Brspps)== ¥ + Bs3=231+4=235.
The procedure is repeated until all v;;7;- in set F* are found. The complete solution for set F”
is as presented below.
F={ yyum  Yms Wi “eer Yooy Y22t}
={ s Y515 V53, Vi Voo Yizs Vi2» Y3, Ve Vs Y52 Y22}
={ 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
element, ;,; (=84) in set F*, the last product routing associated with shipping truck £;;; (=r’,)
is ayrep717-= arrypy-= aue. Then 671y (=6,) is calculated as follows using equation (6-34):
8¢1) (580 =Yroyr1=+ V =Y+ V="%s+ V=80 +10=90
To calculate the departure time for the second scheduled shipping truck, which in this
example is shipping truck 7';; (=r';), again the last product routing associated with shipping
truck 7’7z (=f';) must be identified first. The last product routing associated with shipping
truck £ (<)) is apaejq2e1- (Sauy74p- = az;). Then 83 (=5,) is calculated as follows using
equation (6-35):
N N
Jy,(= 6,)=max {7tz'r[z'1' +V, 8, +D+) s } = max {7[4r[4r +V, 8y +D+ suyu }

k=l k=l

N
=max{72, +V, 6, +D+Zs,,}= {305+10, 90+20+181} =315.

k=l
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Note that the total number of products needed by shipping truck £ ;; (=¢’;) is 181. The same
procedure is repeated to find 8.3 (=6;) and ;4 (=06;) after the last product routing associated
with Shipping truck r [3] (=f' 3) and 7’ 10} (=f'z) are identified as Qy3e) 3oy~ = Qrsrs)~ = 043 and

Qres)7as)~= Qpi2p7127~= Q22, respectively. The complete solution for set F* is presented below.

F={ 17 dy2) eI o}
= { 6"’ 61, 63, 62 }
={ 90, 315, 701, 1130 .

Makespan for this problem is 1,130 (=64 = 6;) which is the same as the solution found with
Gantt Chart in Section 6.2.2.3.

6.3 Implementation and Resuits

The same twenty sets of problems as in Cases / 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 I 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 / 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 I 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 / and 2 problems, and the heuristic solutions for
the Case 3 problem after applying the three different selection strategies in Phase I. 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 ! and 2 problems are compared to each
other based on the first test as shown in Table 28, the solution for the Case / 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 /
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 / problem in thirteen test problems. The
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Table 28. Makespans of the Optimal Solutions for the Cases / and 2 Problems and the
Heuristic Solutions for the Case 3 Problem where Truck Change Time is 75

Problem Casel Case 2 Case 3 Heuristics
Number | Optimal | Optimal | guqeegy 1 | Strategy 2 | Strategy 3 | Compound

1 1557 1840 1509 1532 1480 1480

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 /
problem are the same in one test problem (Zest Ser /5). In six test problems, the optimal
solution of the Case / 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 / and 2 Problems and the
Heuristic Solutions for the Case 3 Problem where Truck Change Time is 15

Problem Case 1 Case 2 Case 3 Heuristics
Number | Optimal | Optimal | Geracepy 1 | Strategy 2 | Strategy 3 | Compound

1 1257 1240 1195 1195 1195 1195

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
1§ 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 / 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 /
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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 / 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).

Makespan for Case3]_(Makespan for Case k)

Percentage Deviation _( Heuristic Solutions Optimal Solution
of Makespan (%) - Makespan for Case k Optimal Solution

where k£ =1, 2.

x100 (6-37)

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 / 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 |,
2 and 3 for the Case 3 problem and the optimal solution for the Case ! 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 / 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



Table 30. Percentage Deviation for Makespan between Optimal Solution for the Case / 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 Between Optimal Solution for Case I and Heuristics for Case 3| Between Optimal Solution for Case 2 and Heuristics for Case 3

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%
8 -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% -2247% -21.10% -22.47%
10 -3.65% -3.65% -3.65% -3.65% -17.95% -17.95% -17.95% -17.95%
n 3.94% 3.94% 1.39% 1.39% -6.07% -6.07% -8.38% -8.38%
12 -1.16% -1.81% -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% -1.52% -4.09% 9.41% 9.41%
16 6.94% 5.53% 241% 241% -11.70% -12.86% -15.44% -15.44%
17 -3.32% -3.32% -7.34% -1.34% -11.08% -11.08% -14.78% -14.78%
18 4.72% 4.72% 1.71% 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 / 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 Between Optimal Solution for Case I and Heuristics for Case 3| Between Optimal Solution for Case 2 and Heuristics for Case 3

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% -2.714% -2.714% -2.74%
4 -6.77% -8.93% -6.77% -8.93% -2.26% -4.53% -2.26% -4.53%
5 -1.74% -1.74% -1.714% -1.74% -2.48% -2.48% -2.48% -2.48%
6 -6.20% -6.20% -1.35% -1.35% -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% -1031% -10.31% -5.15% -5.15% -5.15% -5.15%
10 -1.59% -1.59% -1.59% -1.59% -3.86% -3.86% -3.86% -3.86%
n -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%
18 -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% -1.21% -1.43% -2.60% -2.83% -2.96% -3.19%

¢81
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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 ! 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 [, the initial receiving truck
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 I, 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 II, 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 I is



184

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. u) 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 / 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 / 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
areceiving truck.

For each test problem in Case 3 model, three solutions were obtained from the
heunistic algorithm based on three strategies in Phase I. 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 probiem 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 / 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 I 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 / 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 pattem 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. 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 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 / 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 !/
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 / 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 II 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.

In 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 I, product routing is determined. The initial receiving and shipping truck sequences are
also created in Phase I. In the schedule of Phase I, 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 ! 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 I 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-1. 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-1. Example Set to Illustrate the Heuristic Algorithm for the Case / Problem

Receiving Truck Shipping Truck
Truck Product | Quantity Truck Product | Quantity
i 1 100 i 1 100
3 50 2 100
1 100 1 120

2 2 50 2 3 110
3 100 4 160
1 100 1 80

3 2 40 3 2 90
4 60 3 40

4 2 100 4 100
4 200
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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 I problem.
STEP |
SetI'=0, =0, U ={,,0, 03, dand U ={,,0,,0;}.Setty=t=t;=t,=0.
STEP 2
For shipping truck 7',
2a 4%, = @, p*7; =0, p**; = 200 (=100+100+0+0).
BT =D. s s, fork=1,2,3 and 4. Go to 2d in Step 2.
2d i[max{s,’,, ~1,,0}]=200. Go to 2e in Step 2.
k=l
2e
For ¢; : p*7;; = 50 (50 units of product type 3)
™11 =100 (100 units of product type 1)
For 7' : p*7;; = 100 (100 units of product type 3)
P21 =150 (100 units of product type 1 and 50 units of product type 2)
For 7’3 : p*7;3; = 60 (60 units of product type 4)
p™31 = 140 (100 units of product type 1 and 40 units of product type 2)
For 7, : p*7,; = 200 (200 units of product type 4)
P41 =100 (100 units of product type 2)
To calculate pRT”, equation (4-15) was used. For pRS,y, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7. A%, = {71}
Note that if the associate receiving truck selection strategy 2 is applied, receiving
truck ¢, is selected here instead of receiving truck 7,. If the associate receiving truck
selection strategy 3 is applied, receiving truck 7; is selected here instead of receiving

truck 7;. 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
2g571=513=s"4=0and s7;=100. Since )_s;, =100, go to 2d in Step 2.

k=l

4
2d Z[max{s{,‘ -, ,0}]:100. Go to 2e in Step 2.

k=1
2e
For ¢, : p7;; = 200 (100 units of product type 1 and 100 units of product type 3)
P™2; =50 (50 units of product type 2)
For 7’ : p*73; = 160 (100 units of product type 1 and 60 units of product type 4)
P53, = 40 (40 units of product type 2)
For ¢, : p*"4; = 40 (40 units of product type 4)
P41 = 100 (100 units of product type 2)
To calculate pRTz ; and p’"}, equation (4-15) was used. However, equation (4-14) was
used to calculate p*”,;. Note that shipping truck 7, is filled all of its needed products
with receiving trucks 7, and 4. Therefore, it looks like no products are sent to
temporary storage. (i.e. it looks like p*’,; = 0). However, if receiving truck 7, 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 £,. If the next scheduled shipping truck is £';, a total of 100 units of product
type 4 needs to be sent to temporary storage. Therefore pRTq = 40 presents the least
number of products that transfer to temporary storage when receiving truck 7, is
scheduled in the second position in the receiving truck sequence. It can be calculated
from equation (4-14). To calculate p™°;;, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7, A% = {01, /4.
22511=512=513=5"74=0. Since is,’,‘ =0, go to 2h in Step 2.
k=l
2h Receiving trucks ', and #’; do not-have their associated receiving trucks. Go to the
beginning of the Step 2.
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For shipping truck 2, 7',
2a A% =@, p*7, = 0, p*5, = 390 (=120+0+110+160).
2T =D.snsx,fork=1,2,3 and 4. Go to 2d in Step 2.

2d i[max{s;,, ~1,,0}}=390. Go to 2e in Step 2.

2e

k=l

For 7, :p";z =0

™12 =150 (100 units of product type 1 and 50 units of product type 3)
For 7, : p*7;; = 50 (50 units of product type 2)

™52, =200 (100 units of product type 1 and 100 units of product type 3)
For 7 : p*73, = 40 (40 units of product type 2)

™32 =160 (100 units of product type 1 and 60 units of product type 4)
For 7, : p*74; = 140 (100 units of product type 2 and 40 units of product type 4)

P42 =160 (160 units of product type 4)
To calculate p*7;;, equation (4-15) was used. For p*°,,, equation (4-16) was used.

2f Because the associate receiving truck selection strategy 1 is used, choose the receiving

truck {1. AR2= {{/}.

<4
2g521=20,52,=0,5%; =60 and s 5 = 160. Since )_s}, =240, go to 2d in Step 2.

k=l

4
2d ) [max{s}, -1, ,0}]]=240. Go to 2e in Step 2.

2e

k=l

For 7, : p*7;, = 170 (80 units of product type 1, 50 units of product type 2 and 40
units of product type 3)

P22 =80 (20 units of product type 1 and 60 units of product type 3)

For 75 : p*"3, = 120 (80 units of product type 1 and 40 units of product type 2)
P™532=80 (20 units of product type 1 and 60 units of product type 4)

For 7, : p*",; = 140 (100 units of product type 2 and 40 units of product type 4)
P2 =160 (160 units of product type 4)

To calculate p",-z, equation (4-15) was used. For pRS,-g, equation (4-16) was used.
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2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 3. A%, = {7}, 3}
4
285 = 5%2=0,5%; =60 and 52, = 100. Since ) s}, =160, go to 2d in Step 2.

k=i

4
2d Z[max{s;k -1,,0}]=160. Go to 2e in Step 2.

k=1
2e
For 7, : p*"2; = 190 (100 units of product type 1, 50 units of product type 2 and 40
units of product type 3)
P™22 = 60 (60 units of product type 3)
For £, : p*" 4, =200 (100 units of product type 2 and 100 units of product type 4)
pksa = 100 (100 units of product type 4)
To calculate p*7,,, equation (4-15) was used. For p*5,,, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7. ARy = {0}, 03,03}
285721 = s52=5"3=0and s, = 100. Since is;, =100, go to 2d in Step 2.

k=l

2d i[max{s;, -t, ,0}]:100. Go to 2e in Step 2.

k=l
2e
For?,:p*,;=0
p™ 42 =100 (100 units of product type 4)
equation (4-14) was used to calculate pRTa. To calculate pRs;,, equation (4-16) was
used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck £y A% = {11, 05,05, 7).
2855 = 55=523=5%=0. Since is'u =0, go to 2h in Step 2.
k=l

2h '3 does not have its associated receiving trucks. Go to the beginning of the Step 2.
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For shipping truck 3, '3,
2a A5 =3, p*'T; =0, p*5; = 310 (=80+90+40+100).
2bT ={}. 5% & su,fork=1,2,3 and 4. Go to 2d in Step 2.
4
2d )" [max{s}, ¢, ,0}]=310. Go to 2e in Step 2.

k=
2e
For?,: p", 3 = 30 (20 units of product type 1 and 10 units of product type 3)
P13 =120 (80 units of product type 1 and 40 units of product type 3)
For 7; : p*7,; = 80 (20 units of product type 1 and 60 units of product type 3)
P23 = 170 (80 units of product type 1, 50 units of product type 2 and 40
units of product type 3)
For ¢’ : p*735 =20 (20 units of product type 1)
™33 = 180 (80 units of product type 1, 40 units of product type 2 and 60
units of product type 4)
For ¢4 : p*",; =110 (10 units of product type 2 and 100 units of product type 4)
2™ 43 =190 (90 units of product type 2 and 100 units of product type 4)
To calculate p",-;, equation (4-15) was used. For pRSg, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck ;. A% = {¢3).
2255 =0,5% =50, s3; =40 and s 3, = 40. Since is;, =130, go to 2d in Step 2.

k=i
4
2d " [max{s;, -1, ,0}]=130. Go to 2e in Step 2.
k=]

2e
For ¢, : p*";3 =110 (100 units of product type 1 and 10 units of product type 3)
P13 =40 (40 units of product type 3)
For 7 : p*75; = 160 (100 units of product type 1 and 60 units of product type 3)
P"523 =90 (50 units of product type 2 and 40 units of product type 3)
For £, : p*743 = 210 (50 units of product type 2 and 160 units of product type 4)
P43 =90 (50 units of product type 2 and 40 units of product type 4)
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To calculate p",-;, equation (4-15) was used. For pks,g, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7. AR_; = {{3, {1}
4
2gs%51=0,5%,=150,s%3 =0 and s 3, = 40. Since ZSQ, =90, go to 2d in Step 2.

k=]

2d i[max{s;, —1,,0}]=90. Go to 2e in Srep 2.

k=l
2e
For ¢ : p*7;; = 200 (100 units of product type 1 and 100 units of product type 3)
™23 =50 (50 units of product type 2)
For 7, : p7,; = 50 (50 units of product type 2)
P43 =90 (50 units of product type 2 and 40 units of product type 4)
To calculate p"gg equation (4-15) was used. However, equation (4-14) was used to
calculate p*7,;. If the next scheduled shipping truck is £';, a total of 50 units of
product type 2 needs to be sent to temporary storage. For p™°;;, equation (4-16) was
used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck Zp. AR = {03, 01, 04}

4
$51=5%2=5% =5%=0.Since )_s', =0, goto 2h in Step 2.
k=1

W

2h All shipping trucks have their associated receiving trucks. Go to Step 3.
STEP 3
Forr;and 4% = {7}, 7.},
771 =90 (50 units of product type 3 and 40 units of product type 4)
p**1 = 200 (100 units of product type 1 and 100 units of product type 2)
p™ ;=365 (=p*S; +p""; + (z-1)D) (In this case, z =2 and D = 75)
Forfyand A% = (), 03,02, 14},
p*T2 = 320 (180 units of product type 1, 100 units of product type 2 and 40 units of
product type 3)
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"5, = 390 (120 units of product type 1, 110 units of product type 3 and 160 units of
product type 4)
p™, =935 (=p*, + p*, + (z-1)D) (In this case, z =4 and D = 75)
Forf;and A%; = {73, 71, 7},
p*T3 = 180 (120 units of product type 1, 50 units of product type 2 and 10 units of product
type 3)
53 =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™; =640 (= p*°; + p*"; + (z-1)D) (In this case, z =3 and D = 75)
STEP 4
Because the shipping truck selection strategy 1 is used here, choose shipping truck 7',
U={r,0:}.T={r}.
STEP 5
U={l0:}.T={,r..
STEP 6
Ur=Cery=rp=r3=0and r,=200.1=1,=0, t; =50 and t, = 40.
STEP 7
U={,0:}.U={r;;} GotoStep 2.
STEP 2
For shipping truck 2, >,
2a A% =3, p'T, =0, p*5; = 390 (=120+0+110+160).
2bs%=120,5%=0,5%=110and s 5, =0. A% = {7, }.

4
2c Because ) s}, =230, calculate p*7>.
k=l

p"Tz =40 (40 units of product type 4). Go to 2d in Step 2.

4
2d BecauseZ[max{s;, 1, ,0}}=180 (120 units of product type 1 and 60 units of product

k=l

type 3), go to 2e in Step 2.
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2e
For ' : p*";, = 50 (50 units of product type 2)
P35 =200 (100 units of product type 1 and 100 units of product type 3)
For 7’5 : p*73; = 100 (40 units of product type 2 and 60 units of product type 4)
P32 =100 (100 units of product type 1)
To calculate p*";;, equation (4-15) was used. For p*5;;, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7. A%, = {72}.
285%;=20,5%:=0,5%3=10and s34 =0. Since is;k =30, go to 2d in Step 2.

k=l

4
2d BecauseZ[max{s;, —1, ,0}]=20 (20 units of product type 1), go to 2e in Step 2.

k=l

2e

For?;:p®75;,=0

P™32=120 (20 units of product type 1)

To calculate p*7;,, ‘equation (4-14) was used. For pRS,'z, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving

truck 5. A% = {75, 73}
2g855,=0,5%,=0,5%3;=10and s 2, = 0. Since is;, =10, goto 2d in Step 2.

k=l
4
2d BecauseZ[max{s;, -t ,0}]:0 , goto 2hin Step 2.
k=l
2h Shipping truck r'; does not have its associated receiving trucks. Go to the beginning of
the Step 2.

For shipping truck 3, r's,

2a A% =2, p*"; =0, p*; = 310 (=80+90+40+100).
2bs’;=80,5%=90,s%5=40and s5,=0. 4% = {7, }.

4
2c Because Y s}, =210, calculate p*7;.

k=l

p*T3 = 100 (100 units of product type 4). Go to 2d in Step 2.
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4
2d BecauseZ[max{s;, ~1,,0}]=170 (80 units of product type 1 and 90 units of product

k=l
type 2), go to 2e in Step 2.
2e
For ¢, : p*7; = 80 (20 units of product type 1 and 60 units of product type 3)
P23 = 170 (80 units of product type 1, 50 units of product type 2 and 40
units of product type 3)
For 5 : p*733 = 80 (20 units of product type 1 and 60 units of product type 4)
P33 =120 (80 units of product type 1 and 40 units of product type 2)
To calculate p*7;;, equation (4-15) was used. For p*°,, equation (4-16) was used.
2f Because the associate receiving truck selection strategy 1 is used, choose the receiving
truck 7. A% = {73},

4
2g5%1=5% =5%=0and s3;=50. Since )_s;, =50, go to 2d in Step 2.
k=l

4
2d BecauseZ[max{s;, -, ,O}]:O, go to 2h in Step 2.

k=l

2h All shipping trucks have their associated receiving trucks. Go to Step 3.

STEP 3

Forfz and AR,’ = {{2: {3}9

P*72=90 (50 units of product type 2 and 40 units of product type 3)
p**; = 390 (120 units of product type 1, 110 units of product type 3 and 160 units of
product type 4)
p™; = 630 (= p*°; + p*T; + (z-1)D) (In this case, z = 3 including the last scheduled
receiving truck and D = 75)

FOl'f’j andARJ = {{2},

p*73 = 180 (20 units of product type 1, 60 units of product type 3 and 100 units of product
type 4)

p**3 =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™; = 565 (= p*; + p*"; + (z-1)D) (In this case, z = 2 including the last scheduled
recetving truck and D = 75)
STEP 4
Because the shipping truck selection strategy 1 is used here, choose shipping truck 7',
U={;}.T={C,r,}.
STEP 3
U={}T={1,04003}.
STEP 6
Ur=035ry;=80,r2=40,r;3;=0and ry=60.1,=0, 1, =50, t; =40 and ¢, = 40.
STEP 7
U = {}. ' = {f;}. Note that the only unscheduled shipping truck is ;. Therefore, the
shipping truck £; can be placed to the end of set T° 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, 7’;,
2a A4%; =2, p*T; = 0, p*5; = 310 (=80+90+40+100).
2bs’1=0,5%="50,52=40 and s, =40. 4%; = (; }.

4
2c Because Y s}, =130, calculate p*7;.

k=]
p'"3=0.Go to 2d in Step 2.
4
2d BecauseZ[max{s;,, -t ,O}]=O, go to 2h in Step 2.
k=t
2h All shipping trucks have their associated receiving trucks. Go to Step 3.
STEP 3
For £3and 4% = {},
7=0
p"*%3 =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™;=310(=p"; +p"y)
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STEP 4
Because the shipping truck selection strategy 1 is used here, choose shipping truck r's,
U={}.T={,7,03}.

STEP 5

U={}T={,,04,7,13}.

STEP 6
Ci=0sryu=rp=ra=ry=0.4;,=t=t;3=1t,=0.
STEP 7

If U = U = @, stop. All sequences for receiving trucks and shipping trucks are found. 7°
presents the sequence for receiving trucks. 7° shows the sequence for shipping trucks.
T'={l,04010;}.
I'={f, 0,3}

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



Table B-1.

APPENDIX B. TWENTY TEST PROBLEM SETS

Test Set 1

Receiving Truck

Truck

Product

Quantity

48

36

84

72

89

127

64

75

105

15

15

NI |WINI=WIN =& W N f—

260

Table B-2.

Test Set 2

Receiving Truck

Truck

Quantity

1

48

85

97

57

47

66

80

70

70

10

18

61

43

30

18

Shipping Truck
Truck Product | Quantity
\ 1 151

4 87
2 106
2 3 33
2 264
1 61
4 2 132
2 26
> 3 130
Shipping Truck
Truck Product | Quantity
1 74
3 75
1 4 99
5 72
6 23
1 123
2 2 124
6 63
1 25
2 89
3 38
4 4 66
5 120
6 39

76

10

43

75

m&uw—mm&w—-c\mu-—mnno‘n—z
a
-

26




Shipping Truck

Truck

Product

Quantity

50

32

24

13

102

130

145

24

57

155

64

15

[N EIN|ONW 00| IO\ W

79

Table B-3. Test Set 3
Receiving Truck
Truck Product | Quantity

1 14
2 28
3 55
4 41

! 5 96
6 48
7 28
8 28
1 116
2 41

2 3 26
4 50
8 39
2 38
3 64

3 3 64
8 114




Table B-4. Test Set 4
Receiving Truck

Truck

Product

Quantity

39

6

6

22

57

22

39

39

71

71

78

160

40

25

45

50

86

14

72

||| & |WINWII &0 VNN & IWIN| -

58
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Shipping Truck

Truck

Product

Quantity

1

12

42

4

75

46

50

60

9

41

31

20

111

18

103

13

75

61

30

28

93

17

21

AN |=|oojn|b|wWiN]|=oo|d]|n|L|wW|o|ANiWn|a]|WIN][COIN

40




Table B-5. Test Set 5
Receiving Truck

Truck

Product

Quantity

1

170

6

6

19

50

38

6

19

56

49

31

60

12

37

31

143

47

58

36

72

00 || &IIWN[0O]I|AN|WIN =00 NN DD | e e

14
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Shipping Truck

Truck

Product

Quantity

75

12

59

9

98

40

150

217

25

20

108

9

77

O I[N [W[N ][00 | I[N W N|r—

61




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

3 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
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

209

Shipping Truck

Truck

Product

Quantity

1

22

2

159

133

3

92

159

33

8

211

56

127

WNH W=l

17

Shipping Truck

Truck

Product

Quantity

1

50

36

95

194

33

62

74

37

65

18

40

165

11

WIN|WN|HE W= NWIN|ON|W|~—

80




Table B-8. Test Set 8

Receiving Truck
Truck Product | Quantity

1 64
2 75

! 3 75
7 96

2 3 300
1 57
2 72

3 4 36
5 65
6 50

210

Shipping Truck
Truck Product Quantity

2 38

1 3 113
7 22
2 58
5 50

2 6 12
7 12
1 61
2 19
3 131

3 a m
5 10
7 20
1 40
4 18

4 5 ]
6 26
7 17
1 20
2 32
3 131

5 4 7
6 12
7

25




Table B-9.

Test Set 9

Receiving Truck

Truck

Product

Shipping Truck

Quantity
32

Truck

Product

Quantity

18

45

32

41

32

58

245

12

52

37

33

6

52

47

35

12

42

92

26

43

46

187

43

78

53

111

BlWin]e=]00]|~J{N || =00\ |Wn]|&jWIN

99

Table B-10. Test Set 10

Receiving Truck

30

129

26

NIV VTSIV - YAV IR LS T RN [ N AV 3 B |8 ]

6

Truck

Product

Quantity

Shipping Truck

64

Truck

Product

Quantity

58

19

38

1

38

29

28

19

58

19

]

151

10

12

28

58

132

118

49

41

19

61

229

97

49

O[00]| N[O IWNIO[00] I[N 8| W N

145

64

66

19

43

O NNWIN|= ][O | IR0 |Wn]|oo OV &

92




Table B-11. Test Set 11
Receiving Truck

Truck

Quantity

50

25

123

25

37

73

64

37

46

73

37

360

29

118

59

74

Nmaunwam&uw-—aauw—z
£

390

212

Shipping Truck
Truck Product Quantity
1 18
2 200
1 3 14
4 91
5 19
6 33
1 35
2 134
3 113
2 4 39
5 20
6 41
3 2 534
1 70
4 3 151
5 108




Table B-12. Test Set 12
Receiving Truck

Truck

Product

Quantity

83

46

83

83

18

47

340

129

113

97

31

47

94

109

78

61

78

43

25

50

59

76

59

76

00|~ [Nt | |N]WIN|W |00 | & |WINII[00|N|&[W N

25

213

Shipping Truck

Truck

Product

Quantity

1

416

46

112

119

86

185

54

113

120

51

79

46

155

Wi |00 W&o W&V [00]

368




Table B-13. Test Set 13
Receiving Truck

Truck

Product

Quantity

293

37

310

75

94

57

19

85

74

74

15

52

67

45

23

28

19

84

84

28

N[N & IWIN[O I[N WIN = | <IN NN r=e [ W]~ =

47

214

Shipping Truck

Truck

Product

Quantity

1

100

368

41

42

48

24

13

57

97

74

62

145

17

8

344

93

42

16

9
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Table B-14. Test Set 14
Receiving Truck

Truck

Product

Quantity

1

111

157

32

136

204

23

101

68

34

4

32

136

95

11

32

32

42

29

48

29

66

93

86

10

00N N8 |WIN|=00]| ]|\ N]EIN|— O\ W& |W] =00 |O\N00|WN|W

29

215

Shipping Truck

Truck

Product

Quantity

21

82

77

211

76

13

109

120

35

215

14

102

22

122

42

13

14

33

107

84

60

16

O AAN|WNB]W= IO\ & W[N] ]00 | | |W|I|A]|N | W N ]| e—

92




Table B-15. Test Set 15

Receiving Truck

Truck

Product

Quantity

1

50

150

150

167

143

96

96

48

110

310

85

85

33

97

156

156

SIWINIHEIWIN = WIE [ WIN Ul a]|r—

78

216

Shipping Truck

Truck

Product

Quantity

31

58

138

198

93

230

40

61

35

91

119

105

401

306

46

SNV W= &WIN| &IV ~—~

78




Table B-16. Test Set 16
Receiving Truck

Truck

Product

Quantity

39

53

26

132

350

121

97

60

72

162

65

163

55

240

A= | |WINIA|WVEIN|WI WV &[N —

55

217

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 3 19
5 68
6 40
1 24
4 94

4 5 21
6 13
2 147

S 4 188
1 25
2 58
3 104

6 4 131
5 69
6

61




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
5 180
3 6 100
1 84
2 14
3 98
4 4 28
5 56
6 28
7 42

218

Shipping Truck

Truck

Product

Quantity

42

203

42

286

139

139

89

WA &N =] JlWn]W

128

112




Table B-18. Test Set 18

Receiving Truck

Truck

Product

Quantity

1

290

275

55

320

2
3
4

270

29

33

35

47

29

53

54

59

7

59

63

59

NI N &N = | QAN BIWINI= N[ & W

13

219

Shipping Truck

Truck

Product

Quantity

1

32

288

35

23

103

88

173

217

8

7

41

]

259

173

108

30

78

32

NN EIQNE[WIRININ N N & IWIN = NN &N &

56




Table B-19. Test Set 19

Receiving Truck
Truck Product | Quantity
1 35
2 35
3 6
4 60
1 5 35
6 53
7 18
8 29
9 53
10 6
2 138
2 4 139
5 23
2 31
3 54
4 46
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

220

Shipping Truck

Truck

Product

Quantity

17

27

290

10

6

19

27

21

48

85

18

81

18

39

41

56

321

27

67

7

9

33

204
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Table B-20. Test Set 20

Receiving Truck

Truck

Product

Quantity

1

53

238

79

293

97

38

13

125

38

38

88

102

128

25

25

57

8

49

74

74

49

16

16

17

64

64

25

38

NS |W— O[N] N[HL|WIN [0 |WN|W o] I|Wn|HiWI—~IOIN]|\O]oo]~I

89

221

Shipping Truck

Truck

Product

Quantity

1

204

44

30

228

93

70

46

25

61

69

91

50

48

88

60

66

110

180

27

131

60

13

102

O[O &= ANWN— I[N |O]|00 || |W N |—]00

124
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APPENDIX C. OPTIMAL SOLUTIONS FOR THE CASE 2 PROBLEM

Table C-1. 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 | Shipping | Product Unit Receiving | Shipping | Product Unit
Truck Truck Truck Truck
1 48 1 48
! ! 3 72 ! 2 2 8
1 3 2 4 1 3 6 63
1 4 2 27 1 4 6 34
1 5 2 S 2 2 2 29
3 84 2 28
2 1 1 89 2 4 4 47
2 106 S 66
2 2 3 18 ] 73
2 21 3 32
2 5 3 a6 3 ! 5 6
1 14 6 10
3 ! a 15 ] 7
3 2 3 15 3 4 3 38
1 61 S 54
3 4 2 105 3 2
4 3 2 260 4 1 S 30
6 13
Minimum Number of Matching Pairs : 11 1 18
2 61
4 4 4 19
6 5
1 1
3 43
3 ! 4 75
5 26
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 Table C-4. Optimal Solution of Test Set 4 for the

Case 2 Problem Case 2 Problem
Receiv Shippin Receivin; Shippi
Tm‘:‘ T::’ck‘ Product Unit Track ] Tm:‘ Product Unit

2 28 2 3

) . 5 32 3 6
6 24 1 2 5 50

7 13 6 2

1 14 8 9

1 2 3 55 - 4 2
6 24 1 3 7 39

3 a1 8 2

! 3 5 64 1 39
7 15 | 4 2 2

8 28 5 7

1 116 8 28

2 2 3 26 5 5 3 46
2 al 6 38

2 3 4 50 1 64
8 39 2 4 2 25

2 22 1 7

3 1 8 102 2 5 6 20
3 2 3 64 3 2 3 69
2 16 3 3 3 a1

3 3 3 64 3 3 3 50
8 12 3 1 2 12

4 3 4 J

Minimum Number of Matching Pairs : 8 5 6
2 11

3 25
4 4 3 36

5 23

2 17

4 5 5 2

1 8 a2

5 14

5 3 7 72

8 16

5 5 1 86

Minimum Number of Matching Pairs : 16




Table C-5. Optimal Solution of Test Set S for the
Case 2 Problem

Receiving
Truck

Shipping
Truck

Product

Unit

1

1

26

1

2

144

2

1

6

14

9

6

38

6

19

50

5

47

49

12

59

3

37

31

19

1

9

47

NN —

143

36

58

72

ol & |wnun|I|n]|win]oolIniwiN]|—loo] I8l tain|m]oo] IOV ]r]r

14

Minimum Number of Matching Pairs : 11
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Table C-6. Optimal Solution of Test Set 6 for the

Case 2 Problem
Receiving | Shipping
Truck Truck Product Unit
1 1 1 22
1 2 5 40
3 32
1 3 4 37
5 33
2 22
! 4 3 14
: [ 5 Pt
2 100
2 4 a 26
4 159
3 2 5 a3
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
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Table C-7. Optimal Solution of Test Set 7 for the Table C-8. Optimal Solution of Test Set 8 for the

Case 2 Problem Case 2 Problem
R‘T‘r‘::;" s:‘:’-!’::‘ Product | Unit Rfl.‘::‘:‘ s:"?‘:’c':' Product | Unit

1 5 3 3 2 38
3 28 1 i 3 75

1 14 7 2

1 3 3 65 1 ; 3 37
5 69 7 12

1 27 1 61

2 ! 6 70 ! 3 7 20

1 7 1 3

2 4 20 ! 4 7 17
2 2 190 1 5 7 25

. , 1 2 2 1 3 38
3 17 2 3 3 131
3 18 3 5 3 131

5 92 3 21

r 2 3 80 3 2 5 50
S 1 3 19 6 12
6 25 2 19

3 25 3 3 a T

5 2 5 62 5 10
6 74 1 37

5 a 3 8

3 3 6 m 3 4 5 5
6 26

Minimum Number of Matching Pairs : 11 1 20
; s 2 32

a 7

; 2

Minimum Number of Matching Pairs : 12
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Table C-9. Optimal Solution of Test Set 9 for the Table C-10. Optimal Solution of Test Set 10 for the

Case 2 Problem Case 2 Problem
Rece Shi Recei Shippin
T m‘:‘:‘ TI'_’“':':' Product | Unit Tm"‘:‘ ka' Product | Unit

2 32 4 38

1 2 4 45 1 1 6 29
6 41 8 7

1 5 32 5 19
8 32 1 2 6 10

1 4 3 18 7 12
1 58 2 41
2 12 1 3 6 19

2 1 5 10 9 58
6 33 1 64
7 6 2 17

2 2 2 10 L 4 3 19
6 2 7 7

2 3 5 11 2 2 5 132
8 46 2 3 9 118
2 30 3 1 8 21

2 4 5 26 3 2 8 28
7 6 7 61

3 1 1 187 3 3 9 53
5 27 2 49

3 2 5 26 3 4 7 36

4 1 4 52 9 92

4 2 4 47

4 4 3 111 Minimum Number of Matching Pairs : 10

Minimum Number of Matching Pairs : 12
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Table C-11. Optimal Solution of Test Set 11 for the Table C-12. Optimal Solution of Test Set 12 for the

Case 2 Problem Case 2 Problem
Receiving | Shipping Receiving | Shipping .
Truck | Truck | Product | Unit Truck | Truck | rroduet | Unit
1 35 1 1 8 32
2 25 2 46
1 2 3 76 1 3 4 83
4 25 6 18
6 37 8 15
1 15 1 83
! 4 3 47 ! 4 3 83
1 18 2 1 7 340
2 64 2 62
2 ! y 32 2 2 60
6 33 2 67
3 37 3 3 4 37
4 14 8 31
2 2 5 20 3 4 3 113
6 4 4 2 6 109
1 55 1 47
2 4 5 53 4 3 94
3 2 360 5 10
2 29 5 2 6 17
3 14 8 43
4 ! 3 59 s 5 51
5 19 6 61
3 104 4 3 78
4 4 5 55 p ) 7 76
5 1 2 107 8 14
5 2 2 109 2 50
5 3 2 174 4 59
6 2 5 76
Minimum Number of Matching Pairs : 11 6 59
8 11
6 4 1 25

Minimum Number of Matching Pairs : 15




Table C-13. Optimal Solution of Test Set 13 for the

Case 2 Problem
Receiving | Shipping

Truck Truck Product Unit
1 2 1 293
1 3 7 37
2 5 3 310
3 1 7 53
1 75

3 2 2 32
6 19

3 3 7 32
2 62

5 57

4 8 13
6 38

4 7 28
1 74

5 52

4 4 6 17
7 8

4 5 3 15
2 74

6 12

4 6 3 )
8 10

5 1 7 47
2 9

4 42

3 2 5 48
6 24

5 4 L) 36
5 5 3 19
2 19

5 6 4 42
6 4

Minimum Number of Matching Pairs : 17
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Table C-14. Optimal Solution of Test Set 14 for the

Case 2 Problem

Receiving
Truck

Shipping
Truck

Product

Unit

1

1

70

118

1

2

pa—y

33

39

32

120

186

16

18

101

WiWl N NN

Wil W W

9

14

68

34

44

21

34

3

11

102

56

32

13

39

11

16

42

48

7

93

76

10

26

29

3

22

66

N[ &m0 i~3N[n[itd[00 | ~d][Wn [~ TN [ &N i~d N[N =[]0 [O0 NGO {N WL A]LL

10

Minimum Number of Matching Pairs : 15




Table C-15. Optimal Solution of Test Set 15 for the

Case 2 Problem

Receiving
Truck

Shipping
Truck

Product

Unit

1

1

85

101

50

65

49

143

NN

wiN

167

77

48

32

11

85

19

78

310

31

58

53

97

54

27

16

39

35

26

70

105

WINISIWINIE|WININ| | & W N |W] e & WIN [~ ||| & ]|w

91

Minimum Number of Matching Pairs : 13
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Table C-16. Optimal Solution of Test Set 16 for the

Case 2 Problem

Receiving | Shipping
Truck Truck Product Unit
1 6
! 2 5 4
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
5 21
3 4 6 11
2 121
3 5 4 97
5 39
3 6 6 61
2 78
4 3 3 %
2 26
4 3 n 58
2 58
4 6 3 39
4 105
1 31
5 2 4 94
6 13
4 19
5 3 6 40
1 24
5 4 4 94
6 2
5 5 4 33

Minimum Number of Matching Pairs : 16




Table C-17. Optimal Solution of Test Set 17 for the

Case 2 Problem
Receiving | Shippin )
ka' 1.::’&' Product Unit
1 2 i %
2 103
! 3 3 77
3 3 1 112
2 22
2 3 3 34
5 56
2 ry 3 56
3 1 5 180
3 3 6 100
3 75
4 1 5 23
7 42
2 3 1 84
2 14
2 28
4 3 5 33
6 28
3 2 3 56

Minimum Number of Matching Pairs : 11

230

Table C-18. Optimal Solution of Test Set 18 for the

Case 2 Problem

Receiving
Truck

Shipping
Truck

Product

Unit

182

108

259

16

S5

270

50

120

SlH]WWIINININ | r=] -

WiwWiN | =l |wn|&lwn]w

150

w

~

35

23

S3

29

53

35

8

5

4

6

49

32

18

59

7

41

7

8

30

6

19

~Njwnlsigiwn]e (i || E IV &I NHEIWIN[—= AN &N &N NW] W

26

7

Minimum Number of Matching Pairs : 16




Table C-19. Optimal Solution of Test Set 19 for the
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Table C-20. Optimal Solution of Test Set 20 for the

Case 2 Problem Case 2 Problem
R“T m":‘:‘ s:‘f&‘:‘ Product | Unit R;‘:‘“‘c":‘ s:‘::g‘:‘ Product | Unit
1 ) 5 37 1 1 g 304
9 6 1 3 7 a8
5 8 7 5
1 3 7 18 1 6 8 4
9 39 9 79
1 2 2 2
, . 3 ) 2 2 9 52
8 29 2 3 2 o1
9 1 2 5 3 180
i 33 2 6 9 45
2 35 1 38
3 6 3 13
! 5 6 53 3 2 7 25
9 7 5 20
10 6 3 3 7 5
. 4 139 2 125
5 23 , 6 5 38
2 138 7 8
3 17 3 68
3 1 6 38 3 102
7 10 4 2 5 68
3 19 8 25
3 2 7 21 5 60
10 16 4 4 6 25
3 18 1 6
3 3 5 23 2 8
10 a1 3 29
8 38 3 68
3 4 10 9 3 2 5 2
2 31 6 26
3 5 a 46 8 16
10 3 9 17
5 27 5 3 5 50
4 2 9 48 1 2
10 69 5 4 6 3
2 3 5 50 7 16
1 54 1 27
3 122 5 6 ry 6
4 4 5 3 5 2
9 6 3 64
5 1 6 252 6 2 3 25
5 5 6 128 1 64
6 4 6 38
Minimum Number of Matching Pairs : 16 7 89

Minimum Number of Matehing Pairs : 18
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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.

TESTSET 1

BEST RECEIVING TRUCK SEQUENCE =

2 3 3 1 3 1 2 2 1 1 4

BEST SHIPPING TRUCK SEQUENCE =

2 2 4 41 1 1 5 § 3 3

BEST MEAM FLOW TIME = 466.555556

WORST RECEIVING TRUCK SEQUENCE =

1 3 2 2 3 1 4 1 2 1 3

WORST SHIPPING TRUCK SEQUENCE =

31 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 11 2 2 5§ 5 4 4 3 3

BEST SHIPPING TRUCK SEQUENCE =

3 2 4 2 4 2 11 4 4 1

BEST MEAM FLOW TIME = 482.000000

WORST RECEIVING TRUCK SEQUENCE =

1 § 3 4 21 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 11
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 §

BEST RECEIVING TRUCK SEQUENCE =

1 1 4 4 3 2 2 3 2 S5 5§

BEST SHIPPING TRUCK SEQUENCE =

2 11 211 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 11 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 51 1 5 5 2 2 4 4 4

BEST SHIPPING TRUCK SEQUENCE =

2 2 2 3 3 11 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 23 23 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 =
121 2 2 1 3 3 1 3 1 3
BEST SHIPPING TRUCK SEQUENCE =
1 1 3 3 § § 3 5§ 2 2 4 4
BEST MEAM FLOW TIME = 590.000000
WORST RECEIVING TRUCK SEQUENCE =
1 3 2 11 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 SET9
BEST RECEIVING TRUCK SEQUENCE =
1 2 1 1 2 2 4 4 4 2 3 3
BEST SHIPPING TRUCK SEQUENCE =
3 32 4 2 4 4 2 11 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 1t 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 21 1 3 3 1 3 13
BEST SHIPPING TRUCK SEQUENCE =
2 3 2 3 2 3 1 1 4 4
BEST MEAM FLOW TIME = 594.142857
WORST RECEIVING TRUCK SEQUENCE =
31211 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 1 1 2 2 2 4 4
BEST SHIPPING TRUCK SEQUENCE =

3 3 21 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 11

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



238

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 3 211 2 11 4
SHIPPING TRUCK SEQUENCE =
2 2 4 11 41 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 § 4 4 3 3
SHIPPING TRUCK SEQUENCE =
3 2 4 4 2 21 4 1 4 1
MEAM FLOW TIME = 482.000000

The Running Time is : 5.82300000

TEST SET 3
RECEIVING TRUCK SEQUENCE =
31 3 3 11 2 2
SHIPPING TRUCK SEQUENCE =
1 1 3 2 2 3 3 2
MEAM FLOW TIME = 623.833333

The Running Time is : 4.45000000



RECEIVING TRUCK SEQUENCE =

1 1 1 3 3 3 2 2 2 4 4 4 4 5 5 5

SHIPPING TRUCK SEQUENCE =
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TEST SET 4

2 4 3 2 4 3 2 4 5 4 3 51 15

MEAM FLOW TIME = 668.500000

The Running Time is : 10.17900000

RECEIVING TRUCK SEQUENCE =
1 1 4 4 3 2 2 3 2
SHIPPING TRUCK SEQUENCE =
211 2 1 1 2 3 3

MEAM FLOW TIME = 565.625000

The Running Time is : 6.96600000

RECEIVING TRUCK SEQUENCE =
334 4111 1 4
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

RECEIVING TRUCK SEQUENCE =
4 4 4 2 2 5 5 11
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

S S

2 3

2 2

5 3

TEST SET S

TEST SET 6

TEST SET 7

3
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TEST SET 8
RECEIVING TRUCK SEQUENCE =
1 21 2 2 13 3 1 3 1 3
SHIPPING TRUCK SEQUENCE =

11 3 3 5 § 3 5 2 2 4 4
MEAM FLOW TIME = 5§90.000000

~ The Running Time is : 9.19100000

TEST SET 9
RECEIVING TRUCK SEQUENCE =
3 32 4 4 4 2 11 2 21
SHIPPING TRUCK SEQUENCE =

1 21 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
22 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§ 3
SHIPPING TRUCK SEQUENCE =

4 1 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 61 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 =
I 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 41 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 11 5 4 4 5 4
SHIPPING TRUCK SEQUENCE =

3 2 § 3 25 3 25111 5 4 4
MEAM FLOW TIME = 832.800000

The Running Time is : 9.43700000

TEST SET 15
RECEIVING TRUCK SEQUENCE =
5 11 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
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TEST SET 16
RECEIVING TRUCK SEQUENCE =
5§ 35 3 4 3 4 4 5 1 11 5 2 22
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 2 211
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 4 411 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 11
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 55
SHIPPING TRUCK SEQUENCE =

2 2 4 3 4 3 3 4 4 5 5 5 1 1 51
MEAM FLOW TIME = §28.700000

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 2 111
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:
s 1.3 2 4

Product Routing [1]): Receiving Truck:
4 4 4 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 9 105 15 78 31 110

TEST SET 2

Receiving Truck Sequence:
1 2 5 3 4 2 5

Shipping Truck Sequence:
3 21 4

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



245

TEST SET 3

Receiving Truck Sequence:
31 3 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

Receiving Truck Sequence:
2 4 1 5 4 3 5 1 2 3

Shipping Truck Sequence:
5 1 4 3 2

Product Routing [1]: Receiving Truck:
2 4 4 1 1 1 § 5 4 4 3 3

Product Routing [2]: Shipping Truck:
5 s 1 5§ 1 4 1 4 4 2 4 3

Product Routing [3]: Number of Total Products transferred:
111 38 6 22 45 33 3 115 112 4 50 35

TEST SET §

Receiving Truck Sequence:
s 321 4 3

Shipping Truck Sequence:
3 2 1
Product Routing [1]: Receiving Truck:
s § 5 3 2 2 2 1 1 4 4

Product Routing [2]: Shipping Truck:
3 2 1 3 3 2 1 2 1 2 1

Product Routing [3]: Number of Total Products transferred:

121 36 23 23 156 38 6 150 20 143 47 197

103

9

58

12 2
2 3 2
72 25 84

75
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TEST SET 6

Receiving Truck Sequence:
1 2 4 3 1 2

Shipping Truck Sequence:
1 4 2 3

Product Routing [1]: Receiving Truck:
1 1 1 2 4 4 4 3 3 1 2

Product Routing [2]: Shipping Truck:
1 2 4 4 2

4 3 2 3 3 3

Product Routing [3]: Number of Total Products transferred:
22 22 40 160 237 S50 3 202 58 136 90

TEST SET 7

Receiving Truck Sequence:
4 2 5 3 1 4

Shipping Truck Sequence:
4 1 2 3

Product Routing [1]: Receiving Truck:
4 4 2 2 5 5 5 3 1 1 4

Product Routing [2]: Shipping Truck:
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 Truck 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 Truck:
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



247

TEST SET 9

Receiving Truck Sequence:
2 1 4 3 2 4

Shipping Truck Sequence:
3 21 4

Product Routing [1]: Receiving Truck:
2 2 1 1 1 4 4 3 3 2 2 4

Product Routing [2]: Shipping Truck:
3 2 3 2 4 2 1 1 4 1 4 4

Product Routing [3]: Number of Total Products transferred:
89 12 32 144 24 47 52 224 16 109 40 111

TEST SET 10

Receiving Truck Sequence:
31 3 2

Shipping Truck Sequence:
4 1 3 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 2

Product Routing [2]: Shipping Truck:
3 3 4 2 1 4 2 2 1 2 1 1

Product Routing [3]: Number of Total Products transferred:
390 144 149 63 68 180 68 235 25 16 200 82
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TEST SET 12

Receiving Truck Sequence:
2 6 3 5 6 4 1 4 3 5

Shipping Truck Sequence:
1 3 2 4

Product Routing [1]: Receiving Truck:
2 6 6 3 3 3 5 5§ 6 6 4

Product Routing [2]: Shipping Truck:
1 1 3 1 3 2 3 2 2 4 2

Product Routing [3]: Number of Total Products transferred:

340 101 24 21 213 23 172 10 220 25 109

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 s 4 1 6 5 s 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 51 2 3 51

Shipping Truck Sequence:
4 1 3 2 5

Product Routing [1]: Receiving Truck:
3 3 4 4 4 4 5 1 1 2 2

Product Routing [2]: Shipping Truck:
4 3 4 1 3 5 1 1 2 3 2

Product Routing [3]: Number of Total Products transferred:
59 17 256 37 29 58 277 166 30 204 120

194 166 141 113 78

(v )
w
w
—
—

109 39 62 37 293

16 79 115 113 104

148
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TEST SET 15

Receiving Truck Sequence:
4 6 5 6 1 3 2 3

Shipping Truck Sequence:
4 3 1 5§ 2

Product Routing [1]: Receiving Truck:
4 6 6 s 5 5§ S5 6 6 1 1

Product Routing [2): Shipping Truck:
4 4 3 3 1 s 2 1 2 1 5

Product Routing {3): Number of Total Products transferred:
310 196 60 246 7 24 43 99 35 319 19

TEST SET 16

Receiving Truck Sequence:
2 4 1 3 5 2 3 1 5 4

Shipping Truck Sequence:
1 § 4 2 3 6

Product Routing [1]: Receiving Truck:
2 4 1 1 3 3 s 5 2 2 2

Product Routing [2]: Shipping Truck:
1 5 5 4 4 2 2 3 2 3 6

Product Routing [3]: Number of Total Products transferred:
259 310 25 24 128 34 144 15 26 26 39

TEST SET 17

Receiving Truck Sequence:
3 4 2 4 1 2 3

Shipping Truck Sequence:
1 4 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 S6 112 84 70 90 180 112 133
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TEST SET 18

Receiving Truck Sequence:
2 3 5 6 41 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 1 6 5 5 I 4 6

Product Routing [2]: Shipping Truck:
4 1t 2 3 1 3 6 6 5 S 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 1 3 4 5§

Product Routing [1]: Receiving Truck:
4 3 3 3 s 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 s 5 5

Product Routing [3]: Number of Total Products transferred:
144 56 S0 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 S5 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 Truck Sequence:
5 1 3 2 4

Product Routing [1]: Receiving Truck:
4 4 1 3 3 4 2 2 4 4 3 2

Product Routing [2]: Shipping Truck:
3 2 3

5 1 1 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 Truck Sequence:
3 2 1 4

Product Routing [1]: Receiving Truck:
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 1 3 2 1 3

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 41 5 4 3 1 5 3 2 3 1

Shipping Truck Sequence:
5 1 4 3 2

Product Routing [1]: Receiving Truck:
2 4 4 1 1 5 5§ ) 4 3 1

Product Routing [2]: Shipping Truck:
5 5 1 5 1 1 4 4 2 4 4

Product Routing [3]: Number of Total Products transferred:
111 38 6 22 45 3 115 112 4 50 32

TEST SET §

Receiving Truck Sequence:
5§ 3 21 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

Product Routing [2]: Shipping Truck:
3 3 3 2 1 2 2 2 1 1 1

Product Routing [3]: Number of Total Products transferred:
121 23 156 38 6 150 36 143 47 197 23

103 9 35 25 8 75 72

20
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TEST SET 6

Receiving Truck Sequence:
1 2 4 3 1 2 3

Shipping Truck Sequence:
1 4 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 S50 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 1 2 3

Product Routing [1]: Receiving Truck:
4 2 5 5 3 4 1 1 4 S5 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 1 3 1 3 2 1 3

Shipping Truck Sequence:
1 2 4 3 §

Product Routing [1]: Receiving Truck:
2 1 1 3 3 1 1 3 2 2 1

Product Routing [2]: Shipping Truck-
1 1 2 2 4 4 3 3 3 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 41 3 2 4 1

Shipping Truck Sequence:
1 2 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:
31 3 1 2 3 1

Shipping Truck Sequence:
4 1 3 2

Product Routing [1]: Receiving Truck:
3 1 1 3 3 P2 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 I 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:
1 3 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 s 5 4 4 4 1 1 1

(28]
~N
w~
w~

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 41 2 4 1 3 5 4 1 2

Shipping Truck Sequence:
4 2 3 1 5

Product Routing [1]: Receiving Truck:
s § 5§ 4 1 2 2 4 4 1 3 3 5 4 1

~

Product Routing [2]: Shipping Truck:
4 3 1 4 2 2 3 3 1 1 1 5 s § 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 1 § 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 33 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 41 3 5 2 3 1 5 1 4 2 3

Shipping Truck Sequence:
1 § 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

Product Routing [2]: Shipping Truck:
1 5 5 4 4 2 2 2 3 3 3 3 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

TEST SET 17

Receiving Truck Sequence:
34 2 41 2 4 3

Shipping Truck Sequence:
1 4 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:
80 107 56 56 112 84 90 180 112 103 100
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TEST SET 18

Receiving Truck Sequence:
4 3 6 1 2 5 6 3 1 5 2 6

Shipping Truck Sequence:
4 1 5 6 2 3

Product Routing [1]: Receiving Truck:
4 4 3 6 6 6 1 2 2 2 5 5 6 3 1 5 2 6

Product Routing [2]: Shipping Truck:
4 3 1 1 5 6 5 s 6 2 6 2 2 2 3 3 3 3

Product Routing [3]: Number of Total Products transferred:
259 11 288 32 36 S5 108 181 31 8§ 130 12 109 32 182 158 110 78

TEST SET 19

Receiving Truck Sequence:
4 3 5 4 1 4 3 2 1 3 5

Shipping Truck Sequence:
2 1 3 4 5

Product Routing [1]: Receiving Truck:
4 3 3 3 5 4 4 1 1 4 4 3 2 2 1 3 5

Product Routing [2]: Shipping Truck:
1 3 1 1

2 2 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 Truck 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§ s 2 3 3 1 2 4 4 5 2 1 6

Product Routing [2]: Shipping Truck:

1 5 4 6 4 3 4 3 3 3 6 6 6 6 2 2 2 2 2

Product Routing [3]: Number of Total Products transferred:
204 180 191 6 S5 10 128 12 91 76 240 106 45 60 220 220 74 45 83

24
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