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ABSTRACT

OPTIMIZING EARTHMOVING OPERATIONS USING
COMPUTER SIMULATION

Mohamed Marzouk, Ph.D.
Concordia University, 2002

This thesis presents a new methodology for optimizing earthmoving operations
using computer simulation and genetic algorithms. It provides an optimization
tool geared towards selection of near-optimum fleet configurations. The
optimization used in the selection of fleets accounts for availability of equipment
and aims at minimizing the total project cost or duration. The simulation process,
in the proposed methodology, utilizes discrete event simulation (DEVS) and-
object oriented modeling. Different features of object orientation are employed
including classes, dynamic data structure and polymorphism. The three-phase
simulation approach, rather than process interaction, was employed to controf
the dynamics of the simulation process and track involved activities. This
simulation approach is considered most appropriate for object oriented simulation
(OOS). The optimization process uses a developed genetic algorithm to search
for a near-optimum fleet configuration that reduces project total cost. The
algorithm considers a set of qualitative and quantitative variables that influence
the production of earthmoving operations. Qualitative variables represent the
models of equipment used in each fleet scenario, whereas, quantitative variables

represent the number of equipment involved in each scenario.
i



The proposed methodology accounts for: 1) uncertainties associated with
earthmoving operations; 2) optimization of project duration or its total cost,
considering equipment availability; and 3) realistic estimates of haulers’ travel
time. It also makes full use of object oriented features and is implemented in a
prototype software system named SimEarth. The system consists of five main
components: 1) EarthMoving Simulation Program (EMSP); 2) Equipment Cost
Application (ECA); 3) Equipment Database Application (EDA); 4) EarthMoving
Genetic Algorithm (EM_GA), and 5) Output Reporting Module (ORM). Beside
these main components, SimEarth is supported by: a) Haulers Travel Time
Application (HTTA), and b) EarthMoving Markup Application (EMMA). All system
components are implemented in Microsoft (MS) environment except the dynamic
sub-module of ORM component, which is implemented utilizing “Proof Animation”
software. Five numerical examples were analyzed in order to validate and
demonstrate the essential features of the system's components. A
comprehensive case study of an actual project was analyzed in order to test the
performance of the developed system (including the dynamic interaction among
its components) and to illustrate the practical features of the developed
methodology. The project involves the construction of a farge rockfill dam,

located in the northern part of the province of Quebec.
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CHAPTER 1

INTRODUCTION

1.1 General

Earthmoving operations are commonly encountered in heavy civil engineering
projects. In general, it is rare to find a construction project free of these
operations. For large-scale projects (e.g. dams, highways, airports and mining),
earthmoving operations are essential, frequently representing a sizable scope of
work. Considerable efforts have been made in the development of efficient
methods and systems for estimating earthmoving production, recommending
appropriate fleets of equipment, and optimizing resources used in this class of
projects (Carmichael 1986-a, Mayer and Stark 1981, Touran 1990, Smith et al
1995, Shi 1995, Chao and Skibniewski 1994, FPC 1998, Oloufa 1993, Martinez

1998, AbouRizk and Hajjar 1998, McCabe 1998, Smith et al 2000).

Earthmoving operations are frequently performed under different job conditions,
which may give rise to uncertainty. This includes equipment breakdown,
inclement weather and unexpected site conditions (Moselhi and Marzouk 2000).
Traditional scheduling using network techniques (critical path method (CPM),
precedence diagram method (PDM)) and line of balance (LOB) does not directly
taking into account such uncertainties (Sawhney and AbouRizk 1995). Also,
earthmoving operations have a cyclic nature which can ideally be represented by

simulation (Touran 1980). In fact, it is essential, in modeling these operations,
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to consider the dynamic interaction among the individual pieces of equipment in
a production fleet. Figure 1.1 illustrates a snapshot for equipment involved in an
earthmoving operation; a truck is being loaded by load equipment, three are
waiting in their queue and one is about to finish its return trip. Therefore,

modeling these operations requires a consideration for such interaction.

To Haul Trip . :

s

Queue of Haulers

O R AR SRS

From Return Trip

G

Figure 1.1 Equipment Interaction

1.2 Computer Simulation

Simulation is one of the techniques that has been used to model uncertainties
involved in consfruction operations (AbouRizk and Hajjar 1998). Although
simulation is a powerful tool for modeling construction operations, the application

of simulation is still limited in the construction domain. This has generally been

2



attributed to the difficulty in learning and applying simulation languages to

industry (Sawhney and AbouRizk 1996, Oloufa et al 1998, Touran 1990).

The simulation process is an iterative process which involves different steps. It
has been defined as “imitation of a real-world process or system over time"
(Banks et al 2000). Modeling construction operations utilizing discrete event
simulation, requires the modeler to define three main elements (Schriber and
Brunner 1999): project, experiments and replications (see Figure 1.2). A “project”
is performed to study a certain operation which has specific characteristics, for
example, an earthmoving operation that contains a definite scope of work and
specific road characterisitics. An “experiment” represents one alternative of the
project under consideration by changing the resources assigned for the
execution of the project and/or its individual activities. A “replication” represents
one execution of an experiment within the project. It is assumed, in the proposed
methodology, that all projects’ experiments have the same number of

replications.

Modeling utilizing simulation can be applied either in a general or special purpose
simulation environment. General purpose simulation (GPS) is based on
formulating a simulation model for the system under study, running the simulation
and analyzing the results in order to decide whether the system is acceptable or
not. In case of being unacceptable, the process is re-iterated and a new

alternative system is considered.
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Figure 1.2 Elements of Discrete Event Simulation



Different GPS software systems have been developed for a wide range of
industries: AweSim (Pritsker et al 1997) and GPSS/H (Crain 1997); for
construction: Micro-CYCLONE (Halpin and Riggs 1992) and STROBOSCOPE

(Martinez 1996).

Special purpose simulation (SPS) is based on creation of a platform or a
template for a specific domain of application (Marzouk and Moselhi 2000,
AbouRizk and Hajjar 1998). The steps for simulation, in this case, are the same
as in the GPS case except for the first step (construct simulation model) since
the platform has the characteristics and behavior of the system under study.
Also, the madification is limited to the input parameter(s) of a pre-defined system

and not to the characteristics and behavior of the system.

1.3 Research Objectives

The objective of this research is to develop an efficient and practical
methodology for selecting near-optimum equipment fleets used in earthmoving
operations. The optimization used in the selection of fleets accounts for
availability of equipment to contractors and aims at minimizing the total cost or
duration of the project. To achieve the stated objective, the following sub-

objectives are carried out:

1) Capture and model the interaction among earthmoving equipment utilizing

computer simulation;

2) Develop an algorithm that provides near-optimum fleet configurations which
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satisfy minimum duration or minimum project total cost;

3) Develop an automated environment for storing and processing data
pertaining to the characteristics of earthmoving equipment and their cost

components;

4) Develop a model that provides a realistic estimates of haulers’ travel time;

and

5) Implement the developed methodology in a prototype earthmoving simulation

system that serves as a proof of concept for the developed methodology.

1.4 Organization of the thesis

Chapter 2 presents a literature review of simulation modeling techniques in
general and those focusing primarily on construction applications. Included also

in this chapter is a review of the methods used to model earthmoving operations.

Chapter 3 provides an overview of the proposed methodology including the
layout of the system and the design of the simulation engine. In addition, a

numerical example is presented to test the performance of the engine.

The developed equipment database and equipment cost application are
described in Chapter 4 along with a numerical example towards the end of the

chapter.

In Chapter 5, a fuzzy clustering model for estimating haulers’ travel time is



presented. A numerical example is then presented to validate this model.
Included also in this chapter is a multi-attribute decision support model for

estimating projects’ markup.

Chapter 6 presents a methodology for simulation optimization utilizing Genetic
Algorithms (GAs). The characteristics of the developed algorithm will be

presented. A numerical example is presented towards the end of the chapter.

Chapter 7 presents the implementation of the developed system. It illustrates its
specially designed user interfaces and the customized output reports. A
comprehensive case study, of an actual project, is presented to demonstrate the
process of fleet selection and application of the developed methodology and to
illustrate its practical features. The project involves the construction of a large

rockfill dam, located in the northern part of the province of Quebec.

In Chapter 8, the contributions of the research proposed in this thesis are

summarized along with an outline of future work.



CHAPTER 2

LITERATURE REVIEW

2.1 General

Simulation has been applied in different fields including computer systems,
manufacturing, business, environmental, and construction (Roberts and
Dessouky 1998, Banks et al 2000). Shannon (1992) defined the simulation as
“the process of designing a model of a real system and conducting experiments
with this model for the purpose of either understanding the behavior of the
system and/or evaluating various strategies for the operation of the system”.
Another definition for computer simulation by Pritsker et al (1997) as “the process
of designing a mathematical-logical model of a real system and experimenting
with the model on a computer”. Maria (1997) defined the mathematical models
that are utilized in simulation to stochastic (probabilistic input(s) and output(s))

and dynamic (time-varying) rather than deterministic and static.

Modeling techniques using simulation are categorized according to the changing
nature of the dependent variable(s) (Pritsker et al 1997). This change can be
discrete, continuous or combined over the entire simulation time. Discrete
Simulation takes place when the change of the dependent variables occurs at
specific time points which represent event times (see Figure 2.1-a). Continuous
Simulation takes place when the change of the dependent variables occurs

continuously over the time of the process being modeled (see Figure 2.1-
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b). Usually, equations are defined to represent the dynamic nature of the
dependent variables in continuous simulation. Combined Simulation takes place
when the change of the dependent variables occurs discretely, continuously or
continuously with a set of discrete jumps over the time (see Figure 2.1-c). It
should be noted that the change of the dependent variables in construction
operations occurs discretely. For example, in earthmoving operations, the
decrease and increase of earth at loading and dumping areas occur at discrete
time points. Therefore, the discrete event simulation (DEVS) technique is utilized

in the development of the proposed research methodology.

Dependent Dependent Dependent
Variable Variable Variable

B B, B,

ﬁme T’ime FIme
a) Discrete Simulation b) Continuous Simulation ¢} Combined Simulation

Figure 2.1 Simulation Modeling Techniques (Pritsker et al 1997)

Shannon (1992) listed seven main purposes of simulation: 1) evaluation of a
proposed system; 2) comparison between alternative proposals; 3) prediction of
a system performance under different conditions; 4) sensitivity analysis to
determine the most significant factors affecting the performance of a system; 5)
optimization in order to determine the best overall response of a system; 6)

functional relations to recognize any relationship among the system’s significant



factors; and 7) bottlenecks analysis to identify the factors that cause system
delays. In the following sections, a review of the computer simulation applications
in construction is presented. All modeling techniques that have been applied to

earthmoving operations are also briefly described.

2.2 Application of Simulation in Construction

Considerable efforts have been made to model construction operations utilizing
simulation. These include Halpin (1977), Paulson (1978), loannou (1989), Oloufa
(1993), Tommelein et al (1994), Sawhney and abouRizk (1995), Shi (1995),
Martinez (1996), McCabe (1997), Oloufa et al (1998), Hajjar and AbouRizk

(1999).

CYCLONE, CYClLic Operation Network (Halpin 1977), is a modeling system that
provides a quantitative way of viewing, planning, analyzing and controlling
construction processes and their respective operations. CYCLONE is a network
simulation language that models construction activities which have a cyclic or
repetitive nature. CYCLONE consists of six basic elements (see Table 2.1): 1)
NORMAL which represents an unconstrained work task: 2) COMB/ which
represents a constrained work task; 3) QUEUE which represents a waiting
location for resources; 4) FUNCTION which describes a process function
(generation or consolidation); 5) COUNTER which controls the iterations of the

cyclic operation; and 6) ARCS which represent the flow logic.
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Table 2.1 CYCLONE Modeling Elements (Halpin 1977)

Name Symbol
COMBI 4
NORMAL
QUEUE Q
FUNCTION O
COUNTER f
ARCS —_—

Different simulation implementations have been developed utilizing the
CYCLONE which include INSIGHT (Paulson 1978), UM_CYLONE (loannou
1989), and Micro-CYCLONE (Halpin and Riggs 1992). Several construction
processes and operations have been modeled utilizing CYCLONE: selecting
loader-truck fleets (Farid and Koning 1994); construction of cable-stayed bridges
(Abraham and Halpin 1998, Huang et al 1994); resolving construction disputes
(AbouRizk and Dozzi 1993); concrete placement operations (Vanegas et al
1993); placing and finishing slab units (Hason 1994); and paving processes

(Lluch and Halpin 1982, Gowda at al 1998).

Oloufa (1993) proposed an object-oriented approach for simulating construction

operations. In this approach, the system at hand is modeled by creating objects
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of classes which represent the system’s resources and entities. These objects
are interacting and communicating amongst one another via message transfer.
He developed a simulation language (MODSIM) dedicated to earthmoving

operations.

Tommelein et al (1994) developed an object-oriented system (CIPROS) that
models construction processes by matching resource properties to those of
design components. Two types of resources were distinguished in this model:
product components and construction resources. Product components are
design element ciasses which form the process being modeled. They are defined
for the contractor by plans and specifications. On the other hand, construction
resources are temporary equipment and material that are used during
construction. In order to create a simulation model utilizing the CIPROS, the user
has to go through different steps: 1) define project design and specification; 2)
create activity-level plan and relate activity; 4)'initialize product components; 5)
identify construction resources; 6) construct simulation network (formation of the
elemental simulation networks which describe the methods of construction); and

finally, 7) run simulation.

HSM (Sawhney and AbouRizk 1995, Sawhney and AbouRizk 1996) is an
hierarchical simulation modeling for planning construction projects which
combines the concepts of work breakdown structure and process modeling.
Modeling a project via HSM requires performing different stages: 1) divide the

project into hierarchical structure (project, operations, and processes); 2) create
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a resource library for the project (names, quantity, cost, etc.); 3) identify the
sequence of operations and links (serial, parallel, cyclic, or hammock links); 4)
perform process modeling utilizing the CYCLONE modeling elements along with
added ones dedicated to resources and linkages of process (see Table 2.2); and

finally 5) extend the model to a common level in order to run simulation.

Table 2.2 HSM Modeling Elements (Sawhney and AbouRizk 1995)

Name Symbol Description

ALLOCATE RESOURCE Used to allocate resources

FREE RESOURCE Used to free resources

Used to define process with one or
MOore SucCcessors processes

PREDECESSOR

Used to define process with one or

SUCCESSOR
more predecessors processes

®® ®

RBM (Shi 1995, Shi and AbouRizk 1997) is a resource-based modeling for
construction simulation which defines the operating processes into atomic
models. For developing a model utilizing RBM, three steps should be performed:
1) define resource library and specifying different atomic models along with their
input and output ports; 2) define project specifications including system
specifications (involving r-processes “process-task level” and their connectivity,

resource assignment and termination conditions); 3) model generation by
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formatting different r-processes into SLAM Il network statements along with
linkage transition among these r-processes whether direct (where entities can be
routed directly to the following r-process) or indirect (where there is a need for a

conversion).

Martinez and loannou (1999); and Martinez (1996) developed a general purpose
simulation programming language (STROBOSCOPE). To model construction
operations utilizing STROBOSCOPE, the modeler needs to write a series of
programming statements that defines the network modeling elements. The
STROBOSCOPE has different advantages including: 1) ability to access the
state of the simulation (e.g. simulation time, number of entities waiting in their
queues, etc.) and 2) ability to distinguish involved resources and entities. Several
construction processes and operations have been modeled utilizing
STROBOSCOPE including: earthmoving (loannou 1999, Martinez 1998); location
of temporary construction facilities (Tommelein 1999); and the impacts of

changes for highway constructions (Cor and Martinez 1999).

McCabe (1997 and 1998) developed an automated modeling approach which
integrates computer simulation and belief networks. Computer simulation is used
to model construction operations, whereas belief networks are utilized as a
diagnostic tool to evaluate project performance indices such as: 1) queue length
(QL); 2) queue wait (QW); 3) server quantity (SQ); 4) server utilization (SU); and
5) customer delay (CD). These indices are calculated from the simulation

statistics, subsequently the performance of the system is evaluated by the
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believe network in order to reach a corrective action. This corrective action
includes modifying the number and/or capacity of the involved servers or entities

in the model.

Oluofa et al (1998) proposed a set of resource-based simulation libraries as an
application of special purpose simulation (SPS). In this approach, simulation was
performed by first selecting construction resources from the developed libraries,
then linking the resources to define the logic which describes the interaction
among the resources used. Different resource libraries are required to be defined
in order to serve different applications. For example, the resource library for the
shield tunneling (the selected implementation for their approach) contains
different resources including TBM (tunnel boring machine), trains, trucks,

different rail types, vertical conveyor, etc.

Simphony (Hajjar and AbouRizk 1999) is a computer system for building special
purpose construction simulation tools. Different simulation tools were
implemented in the Simphony environment (AbouRizk and Hajjar 1998) including
AP2-Earth for earthmoving analysis, CRUISER for aggregate production

analysis, and CSD for optimization of construction dewatering operations.

2.3 Modeling Techniques of Earthmoving

Different factors are involved in the design of earthmoving operations. These
include haulers types, haulers models, haulers number, loaders types, loaders

models, loaders number, haul road characteristics (e.g. length, grade, rolling
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resistance), etc. Different techniques have been developed to model earthmoving
operations, accounting for the factors referred to above. These models can be
grouped into: 1) queuing theory models (Halpin and Woodhead 19786,
Carmichael 1986-a and 1986-b); 2) linear programming models (Mayer and Stark
1981, Easa 1987); 3) artificial intelligence models, including both expert system
models (Christian and Xie 1996, Alkass and Harris 1988, Touran 1990) and
neural networks models (Chao and Skibniewski 1994, Flood and Christophilos
1996); 4) regression models (Smith 1999); 5) commercial software models (FPC
1998); and finally 6) simulation models (Oloufa 1993, Shi 1995, McCabe 1997,
Martinez 1998, Hajjar and AbouRizk and 1999) .The following subsections review

some samples of these models.

2.3.1 Queuing Theory Models

Queuing theory models are considered to be one of the first techniques that have
been employed to model earthmoving operations. Halpin and Woodhead (1976)
applied finite source queuing models on earthmoving operations by representing
trucks as a finite population which enters the system in a cyclic manner. The
system boundary embraces the service activity (load) and the queue of trucks
(entities) as shown in Figure 2.2. In queuing theory models, the system may be
either single-server system (i.e. one loader) or multi-server system (i.e. more
than one loader) which service entities (i.e. fleet of trucks). The system changes

its states over the time required to complete the task.
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Figure 2.2 System Boundary in Queuing Theory

The number of entities involved in the system defines the number of states that
the system may have. For example, an earthmoving operation that has one
loader and three frucks, can be modeled with a system that has four states
(number of trucks +1). In this case, the arrival of trucks is considered to be
proportional to the number of trucks outside the system. Accordingly, the arrival

rate of trucks entering the system can be calculated as follows:

Arrival rate = (M-i)*4 (2.1)
Where,

M: number of units in the finite population;

i number of units within the system;

A —L; and T,, is average time which a truck stays outside the system.

av
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For the above example, a Makovian model is illustrated in Figure 2.3 where P;
represents the state probability associated with the different states of the system.

The term g is used to represent the average service rate.

34 24 A

Figure 2.3 Markov Model for Three Trucks and One Loader
(adopted form Halpin and Woodhead 1976)

It should be noted that 1 and u represent the transition probability of the system
states for (S, = Sp+1) and (Sp+1 = Sp) respectively. Equating the inflows and

outflows at each node, the equations listed in Table 2.3 are obtained.

The system productivity is calculated making use of an estimated productivity

index (P.1., the percent of the time the system contains units) as follows:

Productivity = P.[.* 4 *C (2.2)

Where C is the capacity of the unit being loaded.

Table 2.3 System Nodes States (adopted form Halpin and Woodhead 1976)

Node Flow Out Flow In
0 30 P, = n Py
1 (20+p) Py = AP, +u P,
2 (A+p) P, = 24 Py + 11 Py
3 u P, = APy
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Productivity indices can be obtained from different charts (according to whether
the system is single or multi-server) using 2, u and the number of entities. This

method assumes that the arrival time of units follows exponential distribution as

shown in Figure 2 4.

T
0.4 ] I

0 1o P.L

Figure 2.4 Productivity Index Chart (Single-Server System,
Halpin and Woodhead 1976)

Also, the mean number of trucks (N) and the average queue length (Q) can be

estimated as follows:

N= fp,x, (2.3)
G=Yn0 -1 @.4)
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Where X; is the number of units in the system associated with P,

Carmichael (1986-a) suggested that loading (service) time can be represented by
Erlang distribution and that the truck backcycle times follow exponential
distribution. These assumptions are based on the observed field data which have
been examined with the different queuing model representations (Carmichael

1986-b).

2.3.2 Linear Programming Models

Mayer and Stark (1981) modeled earthmoving operations utilizing linear
programming. The unit cost of moving earth is divided into three portions that
represent unit cost for excavations, haul and embankment preparation. The unit
cost for haul was considered to be proportional to haul distance without any
reference to the impact for the type of soils on these operations. Additional cost
was added in the case of borrowing earth to represent the cost of purchase. The

objective function was set to minimize the total cost of earthmoving as follows:

MinZ =33 Ci DX+ Y3 Col X, (50 + 33 Colp )Xy (P /) (25)

Where,
X(i, j): the volume of cut earth to be hauled from section i to section §;

Xp(i, k): the volume of cut earth from section i for disposal in section k;

20



Xa(p, j): the volume borrowed from pit p to be placed in section j;
C(i, j): the unit cost to haul earth from section i to section j;
Cpfl, k): the unit cost to dispose earth from section i to section k;
Cs(p, j): the unit cost to borrow earth from pit p to section j;

It should be noted that different sections are represented by the center of mass

for cut and fill zones. The constraints for the objective function are:

2 XN+ X0 =0.0) (2.6)
2XCN+ 2 Xy (P 1) =0, () (2.7)

Where Q(i) and Qq(j) represent the quantity of cut required for section i and the

amount of fill required in section .

2 X (1K) <0, (h) (2.8)
> X (0. <0y (p) (2.9)

Where Qp(k) and Qp(p) represent the capacity of landfill k and the total borrow

available in pit p.

X(i,/)20, X,(i,k)20 and X,(p,j)=0. (2.10)
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The first two constraints address the limitations of the required quantities of cut
and fill. The next two constraints address the capacity of landfills and borrow pits.
The last constraint is essentially to ensure the non-negative conditions for all the
decision variables and to avoid trivial solutions. Further, the model accounts for
the swell and shrinkage of soil by considering their corresponding factors in the

previous equations.

Easa (1987) proposed a linear programming method (EARTHN) that considers
the variation of unit cost with the quantity of earth moved in a stepwise manner
as shown in Figure 2.5. The function may have one or two sudden drops,
depending on whether the variation of the total unit cost is due to one portion
(purchase or excavation) or two (purchase and excavation). Jayawardane and
Harris (1990) developed a linear programming model that incorporates project
duration. The model accounts for different practical considerations such as soil

strata, swell/shrinkage factors and equipment availability.

Unit Cost of &
Purchase or

Excavation ——————L_L_*

Figure 2.5 Unit Cost versus Quantity of Moved Earth (Easa 1987)

- Quantity

2.3.3 Artificial Intelligence Models

Different earthmoving models have been developed employing artificial
intelligence including expert systems and neural networks. Expert systems have

been used to select equipment and estimate output rate (Alkass and Harris 1988,
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Christian and Xie 1996) or to select equipment and later predict operation output,
employing simulation software (Touran 1990). On the other hand, neural
networks have been employed either using static-based modeling (Chao and

Skibniewski 1994) or dynamic-based modeling (Flood and Christophilos 1996).

Alkass and Harris (1988) developed an expert system for earthmoving plant
selection (ESEMPS) for road construction. In order to obtain the details of the
selected machines, the user of the system goes through four steps: 1) identifying
the task and defining the job conditions; 2) selecting machines by broad
category, 3) estimating output and providing machine-matching; 4) selecting the

machines to perform the task.

Christian and Xie (1996) developed a prototype knowledge-base expert system
to select the most appropriate fleet of equipment and estimate its cost. They
conducted a survey among earthmoving contractors in Canada and the United
States in order to determine the factors that affect earthmoving operations. They
categorized these factors into three groups including: 1) machine selection; 2)
production; and 3) cost. The first group is subdivided into different factors
including the type of operation, company equipment (owned or hired), haul
distance, equipment types (single use or multi-use) and type of material. For the
second group, they considered the restrictions which result from schedule
constraints, conflicts with other activities and obstructions. In the calculation of
machine output in case of restriction they considered two situations: 1)

restrictions are encountered, but the machines are still utilized; and 2) restrictions
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are encountered, and the machines are not utilized. For the third group, they
recommended establishing historical hourly cost data for each individual
machine. Based on expert knowledge gathered from questionnaires, they
developed a prototype expert system. The user of the prototype goes through
three different steps: 1) selects appropriate machines; 2) obtains the production

rates and costs; and 3) compares possible alternatives.

Touran (1990) integrated simulation with expert systems (composed of two
components) and developed a system to provide the user with the most
appropriate type of equipment for an earthmoving operation. The user interacts
with the system through different stages. First, the user answers different
questions that define the job conditions. Subsequently, the first expert system
suggests the type of equipment to perform the job. Second, the user selects the
equipment models and specifies their number, haul and return time to generate
the simulation file. Finally, another expert system calls INSIGHT simulation
package. Subsequently a report is generated which contains all the information

pertaining to daily output and cost per unit.

Chao and Skibniewski (1994) proposed neural networks for estimating
productivity of earthmoving operations. They applied their approach to
earthmoving operations by creating two networks. The first network estimates the
excavator capacity according to the job conditions (e.g. depth of cut, type of soil,
etc.), whereas, the second estimates the operating efficiency for given operating

conditions (e.g. number of trucks, haul distance, grade, etc.).
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Flood and Christophilos (1996) modeled earthmoving operations utilizing neural
networks. They proposed a methodology to overcome the limitations of static-
based neural networks, such as: 1) inability to provide a measure of uncertainty;
and 2) ignorance of the non-linear time-wise variance. For the first limitation, they
suggested the extension of the static-based neural networks into two different
ways: 1) including a measure of output variance (e.g. standard deviation of the
production rate) as one of the network outputs as shown in Figure 2.6; or 2)
including an input parameter which reflects the performance exceedance

probability as shown in Figure 2.7.

To overcome the second limitation, they proposed the dynamic modeling
technique by creating a recursive loop network which feeds some of its output
parameters back as input (see Figure 2.8) and continues until reaching the
termination condition(s). Throughout the different runs (recursions), the recursive

parameters are initialized by zero values and limited with specified values.

.
L

% Confidence Limits

No. of Haulers
Production Rate

]

No. of Loaders

[

Production Lag

Accumulated Production

Hauling Distance .8 Productionsp > Production Lag
Added parameter

Figure 2.6 Adding Output Parameters (Flood and Christophilos 1996)
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Figure 2.7 Adding Input Parameters (Flood and Christophilos 1996)
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Figure 2.8 Recursiveness of Parameters (Flood and Christophilos 1996)

In their model they considered the dump interval (the interval between the current

time in the run and the start time of the next time dump activity) as recursive

parameters in earthmoving operations.
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2.3.4 Regression Models

Smith (1999) utilized stepwise multiple regression to estimate the productivity of
earthmoving operations. Four earthmoving projects were studied with a total of
141 observations. Fourteen characteristics have been observed and calculated.
These characteristics are further grouped into three categories as shown in Table
2.4. These factors are: 1) explanatory variables (input of the regression model);
2) interaction variables between two characteristics (input of the regression
model); and 3) responses (output of the regression model). A stepwise
regression was carried out in order to obtain the factors that have the most
significant effect in calculating the actual productivity. The developed regression
model does not consider the impact of the material itself (i.e. the type of soil).

These factors are listed in Table 2.5 along with their coefficients.

Table 2.4 Factors Influencing Earthmoving Operations (Smith 1999)

Expla_\natory Interaction Variables Responses
Variables
Haul length Haul length/trucks Actual production
Trucks Haul length/match factor Bunch factor
Loaders Haul lengthitravel bucket per load
Match factor Haul lengthltravel time
Load cycle Trucks/travel time
Buckets per load Match factor/travel time
Travel time Load cycle/bucket per load
Bucket volume
Job
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Table 2.5 Coefficients of the Regression Model (Smith 1999)

Explanatory Variables Coefficient
Trucks 84.787
Buckets per load 36.806
Bucket volume (m3) 151.680
intercept -297.877
Haul length/trucks -0.016
Hautl length/travel time 9.448 x 10°
Match factor -110.517
Travel time(S) -0.267
Haul length/match factor 0.107
Haul length{m) -0.081
Match factoritravel time -0.244

2.3.5 Commercial Software

Habib (1996) described the cost estimating process of heavy construction,
particularly earthmoving operations. The process consists of seven main steps:
1) establish the project’s facts; 2) take-off quantities and establish construction
methods; 3) select construction equipment; 4) calculate direct cost: 5) calculate
indirect cost; 6) establish margins; and finally 7) establish preliminary schedule
and cash flow projections. In calculating direct cost, he suggested the use of
Fleet Production and Cost analysis software (FPC 1998). This software has been
developed by Caterpiliar Inc., for estimating productivity, cost and time required
for different fleet equipment which moves earth from one place to another over
one or more courses (haul road conditions including distance, rolling resistance,
grade and restricted speeds). FPC does not consider the interaction between
resources (loaders) and entities (haulers). FPC estimates the productivity of a
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given operation to be the smaller of the production figures of either the haulers or

loaders.

Figure 2.9 illustrates the productivity estimation of an earthmoving operation
which consists of one loader and fwo haulers (as will be described later in the
numerical example included in Chapter 3). The operation productivity is

calculated as follows:

Operation Productivity = Smallest Prod. * Operator Efficiency * Fleet Availability

317.82 * 0.95 * 0.9024 = 272.46 Ton/hr.

Operating Schedule 1 GEEF 3 7650
POTENTIAL PRODUCTION
Operator Efficiency {74} i fATons per Howr 1.052.03
Sched Hrs per Year 2 566.66 Avgkph
Fleet Estimates Loader Fili Factor % (6.2 CV) 100.00
MTonsiPass (1720 kilosH CIA): 10.582
Sysiem Passes per Hauler: 3.00
Hauler Payfoad in ifTons 31.56
Pearcent of idax GVW 92.32
Fleet Avallability (7o) Loader Cycle Time (W) 0.50
MTons par Sched Hr First Bucket Dump (1) 0.10
Totai \ATons (225 000.00 Hauler Exchange Time (Vi) Q.70
Sched Hrs Regquired 825.82
Total § 279208.35 HAULER CYCLE TIMES
§ per WiTon 1.24 Load with Exchange 1.80
MiTons per Year 544 913.70 Hauf 436
Years Required 0.41 Dump and Maneuver 1.50
Redwn 3.78
Potential Cycle Time 11.92
. Wait on Stow Hauler 0.00
Operation Wait to L oad, Bunching AVG 0.00
Prod ucﬁvity JTotal Cycle Thne 11.92

Figure 2.9 FPC Productivity Estimation (FPC 1998)
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2.3.6 Simulation Models

Simulation models have been developed to account for uncertainties involved in
earthmoving operations. These models include: 1) object-oriented simulation
(OOS) models (Oloufa 1993); 2) resource base modeling (Shi 1995}, and 3)
special purpose simulation (SPS) (Martinez 1998, Hajjar and AbouRizk 1999)
Oloufa (1993) implemented a simulation language (MODSIM), designed using
object oriented simulation. The user of MODSIM is restricted to a set of specified
activities and equipment configurations. For adding activities or changing
equipment configurations, the existing code has to be revised in order to account

for such changes.

Shi and AbouRizk (1998) proposed an automated modeling system for simulating
earthmoving operations (RBM-earth). The user is required to select and link
different r-processes involved in the operation at hand. Subsequently, equipment
are assigned to the predefined r-processes. RBM-earth uses the SLAM I
(Pritsker et al 1997) simulation engine for implementation, and accordingly
follows its requirements in modeling and procedures. Shi (1995) listed different
optimization algorithms that have been applied to the developed system,
implemented using MicroCYCLONE software (different from the one used for the
system). These optimization algorithms are performed considering only the
change in the quantities of the involved entities and associated resources. They
do not account for the utilization of alternative models for those entities and

resources.
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McCabe (1997) integrated both simulation (SLAM 1I) and belief networks (as a
diagnostic tool) to obtain a near optimum fleet scenario, accounting for both the
quantity and the capacity of servers (resources) and customers (entities).
Different remedial actions can be obtained based on the specified limits of a set
of predefined indices (QL, QW, SQ, SU and CD). The limitations of this model
are that: 1) remedial actions may configure a fleet that is not available, since
earthmoving contractors are usually limited with a specific set of equipment,
whether owned or rented; 2) a lot of efforts are required to estimate the limits of

the different indices; and 3) It ignores project indirect cost.

Martinez (1998) developed a special purpose simulation tool (EarthMover),
designed for earthmoving operations. The user is required to define different
inputs to EarthMover including loading and hauling equipment and characteristics
of different road segments by dragging the corresponding elements from the
available graphical interface. Different software is used in EarthMover: Visio
(1997) for graphical input entry; MS Visual Basic for non-graphical input entry;
STROPOSCOPE (Martinez 1996) as a simulation engine; MS Excel to interpret
simulation output; and Proof for animation. EarthMover lacks the ability to provide
hourly owing and operating costs for the equipment used, needed for calculating
the total cost of an operation. It also lacks optimization capabilities to advise on

the selection of a near optimum fleet configuration.

Hajjar and AbouRizk (1999) proposed the Simphony as an environment for

building special purpose simulation tools. Different simulation tools have been
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built in the Simphony which are utilized as templates for different applications.
One of these templates has been designed for earthmoving operations. This
template is used as a special purpose simulation tool that has an interactive user
interface that eases modeling of simulation processes. Three limitations have

been found in Simphony:

1) Haulers’ travel time is calculated with an approximate procedure without
considering the acceleration and de-acceleration in transition zones between
the road segments (different total resistances). This leads to inaccurate
estimation of travel time. For example, the following equation (Simphony

2000) is used to calculate the haulers’ speed:

(565 — TotalResistance)

Speed = TopSeed(Loaded/Empty) * 5z

(2.11)

Accordingly, the travel time across the section is calculated based on the

obtained speed and the segment length;

2) It lacks the ability to analyze different scenarios at the same time and to advise

on selection of a near optimum fleet configuration; and

3) It requires modifications by developers to modify the existing code in order to

account for new variations (e.g. adding compacting activity).
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2.4 Simulation Optimization

Optimizing total cost of earthmoving projects represents a challenging task.
There are many factors related to quantity of resources, type of equipment used
and indirect cost involved in the optimization process of these projects. To
optimize a project is to find the solution that provides the best use of resources in

an effort to either minimize the project total duration or its total cost.

Simulation optimization is defined as the process of maximizing information
retrieval from simulation analysis without carrying out the analysis for all
combinations of input variables (Carson and Maria 1997). A number of simulation
optimization techniques have been described in literature (Azadivar 1992,
Carson and Maria 1997, Azadivar 1999). These techniques have been applied in
different manufacturing processes (Azadivar et al 1996, Hall et al 1996). Figure
2.10 shows the simulation optimization methods as proposed by Carson and

Maria (1997).

Simulation Optimization

I
! { 1 i i i

Gradient Base Stochastic Response Surface Heuristic Search A-Teams Statistical
Search Optimization Methodology Methods Methods
Finite Difference Genetic Importance

Tl Algorithms B Sampling
Likelihood Ratio Evolutionary Ranking and

B N Strategies B Sefection

Perturbation Simulated Multiple
Analysis B Annealing T Comparison
Fequently Domain Tabu
—1  Experiments » Search
Simplex
) Search

Figure 2.10 Simulation Optimization Methods (Carson and Maria 1997)
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An efficient optimization model is the one that accounts for both qualitative (e.g.
type of resources, their combinations, etc.) and quantitative (e.g. the number of
utilized resources) variables. Figure 2.11 illustrates the interaction process
between simulation and optimization models. In general, the process starts by
defining the variables (both qualitative and quantitative) to the optimization model
which in turn configures a set of inputs parameters that depict the characteristics
of the system being simulated. This set is used as input for the simulation model.
Subsequently, simulation runs are performed and their output is passed to the
optimization model to evaluate the degree of satisfying the objective function. If
the configured system does not satisfy the requirements, a new system is

configured and the loop is repeated, otherwise, the process is terminated.

Start )
H
Optimization |
- pt&lol;:lnon il Sirmutation
H ] : grene Model s
Define Pl e
Variables Simulation
l Input
No Configure 1
System Input Run
Simulation

Evaluate the ! 1) gimulation
¢mm| Objective |<uimmmimm) ~ (.
Function o

Is the System
Acceptable?

...................................

Figure 2.11 Interaction between Optimization and Simulation Models

34



Simulation optimization did not receive similar attention in construction. Some
efforts, however, have been made in that respect (AbouRizk and Shi 1994, Shi
and AbouRizk 1995, McCabe 1998). These efforts do not account for the indirect

cost portion as a decision variable that influences selection of equipment fleets.

Genetic algorithms (GAs) (Goldberg 1989, Holland 1992, Coly 1999) have been
used as a powerful tool for optimization. They are essentially heuristic search
techniques which follow random sampling. GAs have been coupled with
simulation to achieve different optimizations objectives (Baesler and Sepulverda
2000, Boesel et al 1999, Azadivar and Tompkins 1999). In construction industry,
GAs were utilized for: 1) estimation of optimum markup (Moselhi et al 1993-a), 2)
resource scheduling (Hegazy 1999-a and b, Li and Love 1997, Feng and Liu
1997, Chan et al 1996), 3) site layout (Philip et al 1997), and 4) maintenance
budget allocation and pavement rehabilitation decisions (Chan et al 1994, Fwa et
al 1995). GAs were also used by Haidar et al (1999) to optimize equipment
selection in opencast mining. The model, however, neither accounts for

qualitative variables nor indirect cost.

2.5 Summary

This chapter reviewed simulation modeling techniques including discrete,
continuous and combined simulation have been reviewed. It also outlined the
different aspects of applying simulation in construction: 1) development of

simulation languages such as CYCLONE (Halpin 1977) and STROPOSCOPE
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(Martinez 1996); 2) application of object-oriented simulation technigques inciuding
MODSIM (Oloufa 1993) and CIPROS (Tommelein et al 1994); 3) application of
hierarchical simulation modeling (Sawhney and AbouRizk 1995); 4) application of
resource-based modeling (Shi 1995; Oloufa et al 1998); 5) integration with belief
networks (McCabe 1996); and 6) application of special purpose simulation

(AbouRizk and Hajjar 1998, Martinez 1998).

Modeling techniques for earthmoving operations have been reviewed, including
1) queuing theory models (Halpin and Woodhead 1976): 2) linear programming
(Mayer and Stark 1981, Easa 1987); 3) artificial intelligence models including
both expert system models (Christian and Xie 1996) and neural networks (Floed
and Christophilos 1996); 4) regression models (Smith 1999); 5) commercial
software models (FPC 1998); and finally 6) simulation models (Oloufa 1993, Shi
1995, McCabe 1997, Martinez 1998, Hajjar and AbouRizk 1999). Reviewed also
is the interaction between simulation and optimization models along with

methods used for simulation optimization.
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CHAPTER 3

PROPOSED SIMULATION MODEL

3.1 General

This chapter presents the layout of the proposed system and describes briefly its
basic components. It focuses primarily on the development of the earthmoving
simulation program (EMSP) which represents the simulation engine of the
developed system (SimEarth). It also presents the modeling aspects of the
simulation process utilizing discrete event simulation, three-phase simulation and
object-orientation features. These features include: 1) classes; 2) dynamic data

structure; 3) inheritance and 4) polymorphism.

Compared to other simulation models, EMSP has a number of interesting
features (Marzouk and Moselhi 2000): 1) it does not require either programming
from the end-users or familiarity with simulation languages; 2) it provides an
optimization tool geared towards the selection of a near optimum fleet,
accounting for equipment available to contractors; 3) it provides a more realistic
estimate of haulers’ travel time; and 4) it makes full use of object-orientation

features.

A numerical example of an actual case is analyzed to validate the developed
simulation engine and demonstrate its capabilities. The results are compared tc

those generated using Caterpillar software (FPC). The engine and FPC
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recommend the same fleet and their estimated project durations are very close,
with a difference of less than 8%. Unlike FPC, the developed engine, however,
can model and account for uncertainty, in a reliable manner, during the execution

of earthmoving operations.

3.2 System Layout

A newly-developed simulation system (SimEarth) has been designed and
implemented in MS environment as a special purpose tool for estimating time
and cost of earthmoving operations. SimEarth user interface has been coded
using Visual Basic 6.0 and designed to integrate its various components (see
Figure 3.1). It consists of: 1) EarthMoving Simulation Program (EMSP); 2)
Equipment Cost Application (ECA); 3) Equipment Database Application (EDA); 4)
EarthMoving Genetic Algorithm (EM_GA) and 5) Output Reporting Module
(ORM). Beside these main components, SimEarth is supported by: a) Hauler's
Travel Time Application (HTTA) and b) EarthMoving Markup Application
(EMMA). The ECA, EDA, HTTA and EMMA components are designed for use as
stand-alone applications or as integrated applications within SimEarth. The
characteristics of those components, their functions and their respective
implementation environment are briefly summarized in Table 3.1. All system
components are implemented in MS environment except the dynamic sub-
module of ORM component, which is implemented utilizing Proof Animation
(2000) Software. Each individual component has been tested and validated to

ensure that it performs as intended. The overall performance of SimEarth is
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validated via an actual case study (see Chapter 7) to ensure the overall system

performance and data flow among its basic components.
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Figure 3.1 Components of SimEarth
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Table 3.1 Characteristics of the Systems’ Components

Component Characteristics implemented
Environment
EMSP it represents the main component of the developed system. It | MS Visual C++ 6.0

performs simulation replication(s) to a predefined set of
resources and entities involved in different experiment(s).
interacts dynamically with all system’'s components except
EMMA.

ECA It is a spreadsheet application, dedicated to estimating the hourly | MS Excel 97
owning and operating costs of any earthmoving equipment. It
interacts with EMSP, EDA and ORM.

EDA It is a relational database application, designed to provide | MS Access 97
equipment related information including their characteristics,
attachments, range dimensions, etc. It interacts with EMSP,
ECA, HTTA and ORM.

EM_GA It is an optimization algorithm, designed to select near-optimum | MS Visual C++ 6.0
fleet configuration that yields least total project cost. It interacts
with EMSP and ORM.

ORM it consists of two main sub-modules: static and dynamic. The | MS Excel 97
static sub-module is a spreadsheet that provides all information | pyoof Animation
in paper format related to simulation results, equipment cost
breakdown, equipment characteristics, and project estimated
total cost and schedule. The dynamic sub-module supports
animation to represent the overall system dynamics, the
interaction between the customer and server resources, the
bottlenecks of the system, and the delay associated with the
resources. It interacts with all system's components except
HTTA.

HTTA it has been developed to provide realistic estimates of haulers’' | MS Excel 97
travel time utilizing fuzzy clustering. It accounts for: 1) the
performance of haulers over their life time and 2) acceleration
and deceleration in transition zones. it interacts with EMSP and
EDA.

EMMA It is dedicated for estimating markup percentage, which includes | MS Visual Basic 6.0
profit and contingency margins. It estimates markups, accounting
for the risk attitudes of decision-makers. It has been developed
utilizing multi-attribute  utility theory and analytic hierarchy
process. |t interacts only with ORM.

3.3 EMSP Design

EMSP has been designed utilizing discrete event simulation (DEVS) (Banks

1998) and object-oriented modeling (Quatrani 1998, Deitel and Deitel 1998,
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Skansholm 1987). Different features of object-orientation have been employed
including classes, objects, dynamic data structure, and polymorphism. The three-
phase simulation (Pidd 1995) was employed instead of process interaction in
order to control the dynamics of EMSP by tracking the activities of the simulated
process. The three-phase simulation approach is considered most appropriate
for object oriented simulation (OOS), specially when there are too many entities
involved in the process being modeled to avoid synchronicity loss (Pidd 1995).
The utilization of three-phase simulation and object-orientation in the developed

engine are described subsequently.

3.3.1 The Use of the Three-Phase Simulation

Simulation modeling technique is an initiation of the operation of a real-world
process or system over time (Banks 1998). Discrete-event simulation (DEVS)
changes occur at discrete time points. Accordingly, there is a need for a
mechanism to track these changes with respect to time. Pidd (1984) proposed
that the hierarchy of any computer simulation application can be organized using
three levels: 1) executive, responsible for advancing simulation time and assuring
that activities are performed during the advancement of simulation time; 2)
application blocks, responsible for establishing the dynamic logic and interaction
among the entities of the application (e.g. process interaction and three phase
simulation); and 3) utilities and procedures, used to store and track entities and

gather information. Figure 3.2 illustrates the proposed DEVS hierarchy.
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Figure 3.2 DEVS’s Application Hierarchy

Most commercially available simulation software systems track entities rather
than activities (Banks 1998). This is achieved by defining different lists that store
the entities according to their states throughout the simulation process. For
example, lists containing current events, future events and delays are used to
store entities that have states which are ready, time-delayed and condition-
delayed, respectively. On the other hand, using three-phase simulation, EMSP
tracks an activity such as hauling rather than an entity such as hauling trucks or
their payload. In this case the start and finish events of the individual activities
provide checkpoints, for guiding the simulation engine in completing its task.

Activities are classified into two types (Pidd 1984): 1) bound to happen (Bs) and
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2) conditional (Cs) activities. In this case, only one list is used to track both Bs
and Cs activities instead of using more than one list to represent the states of the

entities involved.

EMSP tracks activities in three phases: phase 1 which advances simulation time
to the next simulation event; phase 2 which carries out all due Bs; and phase 3
which carries out all possible Cs. Figure 3.3 depicts a number of activities being
tracked by EMPS for an earthmoving operation that contains the main activities
of load, haul, dump, and return. In Phase 1, EMSP's first activity is removed and
the simulation time is advanced to the next time. In Phase 2, all due B activities
(bound to happen) are carried out. In Phase 3, all possible C activities
(conditional) are performed. It should be noted that an activity (e.g. haul) may
exist more than one time since it may be carried out by different entities (e.g.

hauler ID = 2 and 3) as shown in Figure 3.3.
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Figure 3.3 EMSP: Tracking Activities
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3.3.2 Implementation Using Object-Orientation

In mapping real-world system processes using simulation, two main conditions
should be respected: 1) to capture accurate representation; and 2) to simplify the
modeling process for the user (Oloufa 1993). OOS models the interaction and
the communication among the objects over the simulation time period (Joines
and Roberts 1998). The interaction occurs by sending a message from one
object to invoke another object to perform a specific task. The message is
transferred via data methods in the classes. EMSP has been designed using
OOS utilizing different features including classes, dynamic data structure and
polymorphism (Quatrani 1998, Deitel and Deitel 1998, Skansholm 1997). The

use of these features in the development of EMSP is described subsequently.

In the design of EMSP, different types of classes have been defined to capture
the properties of key objects in earthmoving operations (Marzouk and Moselhi
2000). This includes objects of entities, resources, activities and stored
simulation statistics. The classes are coded in MS Visual C++ 6.0. Figure 3.4
provides an example of a class named Piled Earth, designed to track the
piled earth during the simulation process. The class has three attributes (data
members): Earth _To_Pile; Ready To Haul and Piled Soil. The
Barth To_Pile attribute reflects the scope of earth to be pilled, whereas
Ready To_Haul and Piled Soil attributes represent the amount of piled
earth that is ready to be hauled and the amount of piled earth at any simulation

time, respectively.
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The class also has five methods (member functions) in addition to its constructor
(Piled Earth()) which initializes its data members. These methods are:
Set_Earth To_Pile(..);Increase_PiledEarth(..) ;Decrease Piled
Earth(..); IsHaulPossible(..) and IsPileCompleted(). The
Set_Earth _To_Pile(..) method is used to set the scope of earth that is
required to be piled at the beginning of the simulation process. The
Increase_PiledEarth(..) method is used to increase the quantity of piled
earth that is ready to be hauled (represented by Ready To Haul attribute) and

the amount of piled earth (represented by Piled Soil attribute).

class Piled_Earth
{
public:
Piled_Earth(}{Piled_Soil=0, Earth_To_Pile=0, Ready_To_Haul=0;} / /constructor
void Set_Earth_To_Pile (double SEarth_To_Pile){Earth_To_Pile=SEarth_To_Pile;}
void Increase_PiledEarth{double PileEquipCapacity){
Ready_To_Haul += PileEquipCapacity;
Piled_Soil += PileEquipCapacity;
H
void Decrease_PiledEarth{double HaulerCapacityacity }{Ready_To_Haul -=HaulerCapacity;}
bool IsHaulPossible (double HaulerCapacity}){
if (Ready_To_Haul < HaulerCapacity}
return false;
else
return true;
1
)
bool IsPileCompleted ()
if (Piled_Soil < Earth_To_Pile)
return false;
else
return true;

!

private:

double Earth_To_Pile;
double Ready To_Haul,
double Piled_Soil;

b

Figure 3.4 Piled_Earth Class
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This increase is equivalent to the pile equipment capacity which is passed as a
parameter to the method. Contrary to the Increase PiledEarth(..)
method, the Decrease_PiledEarth(...) method is used to decrease the
amount of piled earth that is ready to haul by passing the hauler capacity as a
parameter to the method. The IsHaulPossible(..) method is a Boolean
function that returns false when the amount of earth that is ready to haul is less
than the haulers’ capacity, otherwise it returns true. The IsPileCompleted ()
method is also a Boolean function that returns true when all earth has been piled

and accordingly, a message is passed to stop the piling activity.

One of the powerful features of object-orientation is dynamic data structure
(Deitel and Deitel 1998, Skansholm 1997). This feature enables EMSP to store,
track and gather information from the objects without knowing their number in
advance. The stored objects increase and decrease during a simulation run.
Queues and lists have been utilized in EMSP as an application of the dynamic
data structure. Queues are used to insert objects at the end of a list and remove
them commencing from the beginning (first in, first out), creating a queue of
objects. On the other hand, f/ists are used to insert objects of activities at any
location on a list (beginning, middle or end) based on their finish time. The
resulting list of activities, called current activity list (CAL), is used to track all the
activities. In CAL, all the activities are organized in a chronological order
according to their finish time. For example, in the simulation process depicted in

Figure 3.5, there are six trucks involved: one is being loaded (no. 5), two are
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waiting in the queue (no. 4 and 6), one is returning (no. 1) and two are hauling
(no. 2 and 3) at a specific time in a simulation process. Table 3.2 lists CAL
activities at that simulation time. It should be noted that the finish time of the first
activity in CAL is used to reset the simulation clock. For the example described,
the simulation clock is set to 2661.3 time units. Later, in order to advance the
simulation clock, the first activity in CAL will be removed while EMSP checks for
the possibility of scheduling new B (bound to happen) and C (conditional)

activities.

Loading area ,

Queue of Haulers |

TR

Return Trip

]

| Dumping are

S A

Figure 3.5 Distribution of Trucks before Resetting the Simulation Clock

Table 3.2 CAL Activities before Resetting the Simulation Clock

-
5 Load 2659.7 2661.3
2 Haul 2640.1 2665.2
7 Return 2644.5 2670.8
3 Haul 2650.8 2675.6
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To illustrate the method employed in the dynamic of scheduling activities,
consider that the check performed by EMSP indicates that two activities are
about to start: one is B (haul) and the other is C (load). These activities are
inserted in CAL, according to their chronological order as shown in Table 3.3.
Figure 3.6 depicts the redistribution of trucks after resetting the simulation clock

to 2662.8 time units.
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Table 3.3 CAL Activities after Resetting the Simulation Clock

Load 2661.3 2662.8
2 Haul 2640.1 2665.2 - £y
1 Return 2644.5 2670.8 - New Schedule %
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Polymorphism is an object-orientation feature that enables code sharing and
reusability (Pidd 1995, Deitel and Deitel 1998,). It has different forms including
templates, overloading and overriding. A femplate is a tool for constructing a
generic class or function of different types (Skansholm 1997). For example,
EMSP uses templates in the implementation of class Queue by passing the
variable ELETYPE as a parameter which is utilized in the class although its type
is unknown (see Figure 3.7). Accordingly, different queues can be created to

store different types such as integers, doubles and objects (e.g. loaders, etc.).

template <class ELETYPE>

class Queue

{

A

public:
Queue(); // constructor
~Queue(); // destructor

Figure 3.7 Queue Template Class

Overloading occurs when there are different functions with different codes having
the same name. The desired function is invoked based on the attributes which
are passed to it. Overloading is employed by EMSP in different situations. For
example, the M_Simulate class has two methods with the same name
Output_ Statistics(int, double**, fstream&fout) and
Output_Statistics (fstream&fout). The first one performs statistical
analysis for the simulation outputs which are stored in two-dimensional arrays
and then prints the results to an output file, whereas, the second one prints null

values to a specified output file.
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Overriding is the third form of polymorphism which occurs when one or more
methods in a sub-class share the same name which has been implemented with
its super-class(es). The implemented method in the sub-class hides the
method(s) having the same name in the super-class(es). It is utilized by EMSP in
the OPY_simulate class and its sub-classes which have a method called
Activity Drive (). A created object for sub-classes of the OPY Simulate
class utilizes its own Activity Drive ()method, ignoring the one(s)

implemented in its super-class(es).

3.3.3 EMSP Dynamic Data Flow

EMSP is coded using MS visual C++ 6.0 and runs under the control of the
developed SimEarth system. SimEarth is implemented using MS visual basic 6.0
to facilitate the design and development of the user interface screens. EMSP
receives its input from SimEarth in two forms (Figure 3.8): 1) passing arguments
to its main function; and 2) reading from external files. Eight parameters are
passed to EMSP's main function: 1) simulation performed either for a test mode
or an analysis mode, 2) condition(s) of termination for the simulation analysis, 3)
interaction among equipment in the fleet under consideration, 4) storage of
simulation data for later use in animation, 5) selected fleet scenario for simulation
analysis, 6) existence of second hauler or not, 7) the selected set of activities

involved in the simulation process and 8) number of simulation runs.
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All data pertinent to scope of work, equipment characteristics such as equipment,
equipment productivity and its related probability density functions are passed to
EMSP through external input files. These files are saved in text format files.
Figure 3.8 provides a schematic diagram, illustrating how data are transferred

from SimEarth to EMSP.

The classes used in the design of EMSP are of two types: auxiliary and main
(see Figure 3.9). Auxiliary classes are connected to the main classes through
either association or aggregation relationships, whereas, the main classes are
connected to each other through inheritance relationships. The main classes of
EMSP capture different situations according to the activities involved. Therefore,
they represent different combinations of earthmoving activities. Table 3.4 lists all

main classes along with their corresponding activities.

Table 3.4 EMSP Main Classes and Corresponding Activities

Class Corresponding Activities

OPY Simulate Load, dump, haul, and return

OPE Simulate Piling, load, dump, haul, and return

0SD_Simulate Load, dump, haul, return, and spreading

OCT_ Simulate Load, dump, haul, return, and compacting

PS Simulate Piling, load, dump, haul, return, and spreading
PC Simulate Piling, load, dump, haul, return, and compacting
SC_simulate Load, dump, haul, return, spreading, and compacting

PSC _Simulate Piling, load, dump, haul, return, spreading, and compacting
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