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ABSTRACT

THE EFFECTS OF VARIABILITY AND DISRUPTION
ON
PROJECT STABILITY, DURATION, AND NET PRESENT VALUE

By

Stephen M. Swartz

It has been demonstrated that the performance of scheduling heuristics for the
Resource Constrained Project Scheduling Problem (RCPSP) can be affected by the use of
alternative project execution strategies. This current work seeks to expand our
understanding of the relationship between planning (scheduling) and execution
procedures. The relative performance of a selected group of “high performing”
scheduling heuristics on project total duration, Net Present Value (NPV), and a new class
of stability measures under four different execution strategies is examined. A benchmark
set of RCPSP cases were scheduled and then simulated through execution and the results
are compared. The research findings indicate that relative performance is affected by the
execution strategy in some cases but not in others; and that these relative standings are
sensitive to the presence of variability in task duration. A new heuristic is also proposed

and evaluated.
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Chapter 1
INTRODUCTION

1.1 Overview

This research investigates the effects of variability and disruption upon the
management of projects. The purpose of this effort is to explore the usefulness of various
techniques in reducing the negative effects of variability and disruption. A project
consists of a series of tasks or activities that must be performed by resources, in a specific
order, to achieve a desired result. Variability refers to uncertainty in the project task
times. Disruptions to the project consist of the unplanned unavailability of resources.
When a project is subject to variability and disruption, the project may begin to take
longer, cost more, and achieve less than planned. These negative effects are very
important, and the issue has received much study by academics and practitioners alike.

Coping mechanisms to avoid the consequences of variability and disruption can
generally take two forms. The first is to schedule or plan the resources and activities
carefully in order to make the project less sensitive. The second is to execute the
schedule in such a way as to mitigate the damage done as it occurs. It is proposed that
some scheduling techniques generate plans that are less sensitive to variability and
disruption (more stable) than others. In addition, it is proposed that some execution
techniques are more effective at absorbing or dampening the effects of disruption than
others. The stability of the project may come at the expense of other desirable project
outcomes, however. A more stable project may take longer to complete, or be more

costly. These issues have not yet been investigated to any detail. This research will



address and begin to resolve some of the fundamental questions and problems
surrounding the performance and stability of projects, subject to variability and
disruptions, under a variety of conditions.

As will be explained in greater detail in the sections to follow, this paper describes a
research effort employing discrete event, dynamic system simulation of a benchmark set
of projects. These simulation experiments were designed around the issues just raised.
Appropriate statistical techniques were applied to the simulation output in order to
explore the relationships between the variables of interest. The following sections will
present in further detail what this research set out to do, how it was done, and why the
research results are important. First, we will discuss the Research Problem and
Questions (section 1.2). This chapter will end with a discussion of why the work is

important and potentially useful in the Importance of Research (section 1.3).

1.2 Research Problem and Questions

Managers calculate and use project schedules to control activities and resources in
projects. Schedules are developed using a variety of methods, and the same project or
group of projects could be scheduled in many different ways using these different
approaches. Each schedule represents a different set of predictions and choices about
how best to manage the resources available to complete the project. For a given project,
each unique schedule (solﬁtion) establishes relationships between activities and resources.
These relationships will ultimately determine the performance of the project when

managed using that schedule. Overall performance outcomes of particular interest to
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managers are total project duration and total project cost (or net present value). Other
measures of interest have traditionally included total, peak, and average resource
utilization and other measures of resource efficiency. Individual scheduling techniques
have been developed which generally provide solutions that perform best against one or
the other of these criteria; no single method has been found that provides a "best" answer
on all criteria.

In theory, the manager applies the more successful scheduling technique in order to
optimize the most important project performance criterion. The trade-offs between
criteria implicit in using one scheduling technique over the others are considered when
selecting which scheduling method is considered "best" for a particular application. For
example, some techniques offer better total cost performance, and others offer shorter
total project duration.

In practice, however, the effects of variability and disruptions complicate the
anticipated relationship between the scheduling technique and the performance of the
schedule. "Variability" occurs when the actual task duration times do not equal
scheduled times. "Disruptions" occur when resources (often critical) become unavailable
for a period of time, preventing work on some activities from starting as scheduled. For
example, a resource disruption may occur as a result of a mechanical breakdown of a
piece of equipment. Another type of resource disruption may occur when a resource is
taken away by another project, making it unavailable for the current task. These effects
interfere with the ability of the project schedule to accurately predict outcomes and guide

correct decisions as project activities are completed.
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Once variability and/or disruptions cause a deviation from the schedule, additional
choices must be made as to how a particular project will be executed. While the original
schedule represents a plan (and the scheduling technique is a planning method), once the
project is actually begun, the execution method may also determine how well the project
performs. Both the planning method and the execution method contribute to overall
project performance. Given the nature of the project itself (the technical precedence and
resource requirement characteristics which establish the potential performance bounds),
the planning and execution methods used to manage the effort will affect the actual
results of the completed project against the desired results (e.g., total cost, total duration,
net present value).

Under these conditions, an additional concern regarding the performance of a project
may be how "stable" it is. The relative "stability" of a project refers to how immune to
disruption (stable) or sensitive to disruption (unstable) the activities and resources are
under conditions of uncertainty. For the purposes of this research, stability will represent
the degree of deviation from schedule for the resources and activities in the project. A
project that is executed very closely to the schedule will be considered to be more stable.
A project that is executed with numerous (and/or large) deviations from the schedule will
be considered to have been (relatively) less stable.

As will be discussed in section 1.3, Importance of Research, the loss of stability in a
project may indicate an upcoming increase in costs, complexity, and confusion
encountered as the project executes. Project stability may therefore be an important,
desirable outcome for the project manager. It is anticipated that stability will share some

of the same characteristics of other project criteria. To a certain degree, the technical



precedence and resource relationships within the projects themselves may impose bounds
on the degree of stability a project may exhibit. Also, certain scheduling and execution
techniques may contribute to or detract from the stability of the project.

Project stability has not yet been studied explicitly; nor has the role of disruption.
This research investigates the performance of both planning and execution techniques in
the single project, constrained resource environment, under conditions of uncertainty,
when subject to disruptions. Planning techniques include several of the most popular and
successful heuristics for project planning and scheduling in the literature today.
Similarly, execution techniques include a representative collection of allocation and
decision making methods. A known, benchmark set of project scheduling problems
representing a broad spectrum of situations have been simulated at multiple levels of
variability and disruption. The performance of each combination of planning and
execution technique has been measured with respect to time, net present value, and
stability. Basic questions surround this issue:

- What is the nature of the tradeoff (if one exists) between schedule stability and

schedule performance with respect to the traditional measures in the project?

- How are planning methods affected by variability and disruption?

- How are execution methods affected by variability and disruption?

- Are schedules developed by certain heuristics/scheduling rules more sensitive to

variability?

- Are schedules developed by certain heuristics/scheduling rules more sensitive to

disruption?

- Do certain execution techniques help minimize the effects of variability?
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- Do certain execution techniques help minimize the effects of disruption?

The procedures employed to answer the research questions posed will be covered in
greater detail in Chapter 3, Methodology. Chapter 3 will include the refinement of these
questions into specific research hypotheses, as well as thorough descriptions of the

variables used to define the theoretical constructs.

1.3 Importance of Research

New product development, equipment installation, real property acquisition and
construction, public works, military campaigns, and shop floor design are all examples of
complex endeavors that are managed and controlled through the use of project
management techniques. Virtually any large-scale non-sequential human undertaking
that consists of the accomplishment of order-dependent tasks or activities by people or
machines using resources to achieve a desired result can (and, more properly, should) be
organized and controlled using project management/resource scheduling. Problems
within this field can have severe cost and performance implications (locally); the study
and solution of these problems have broad application (globally). A recent review of
academic literature in this research area (Ozdamar & Ulusoy, 1995) identified over 80
"major" contributions since the 1970's; an automated search of the ProQuest/ABI Inform
database search on the key phrase "Project Management" turned up over 1,270 references
for the time period January 1994 through August 1996 alone! This indicates a high level

of interest in the subject. The problems surrounding the proper allocation of resources to
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tasks in projects, and the scheduling of those tasks, are of great practical and academic

significance.

In order to synchronize the performance of multiple, interdependent activities in a
large project, a schedule is developed. The schedule represents the planned start and stop
times for the activities and provides instructions for the resources needed to perform the
activities. Schedules are developed in order to achieve some set of objectives, while
satisfying various constraints imposed upon the project. On a basic level, performance to
the schedule is important in order to ensure that the objectives are met and the constraints

are satisfied.

Once the project begins, however, variability in the duration of the activities and
disruptions to the resources begin to occur. Variability and disruption cause deviations to
the schedule. These deviations, in turn, may cause other deviations to future scheduled
events. These deviations in the timing of activities or the allocation of resources indicate
instability in the execution of the project. This instability represents a loss in the

synchronization of the project.

Loss of synchronization in the activities and resources in the project may result
in a degradation of project performance. For example, construction projects often
experience resource disruptions and activity variability. A key piece of equipment may
fail, or weather conditions may extend the planned duration of an activity. Either of these
events may delay the start time of a subsequent activity. Some resources may only be
available for a finite period of time. If an activity is delayed, a resource needed to

perform it may no longer be available. Additional units of the resource may need to be



secured (increasing cost) or substitute resources may need to be used. As a result, the

project may fail to meet cost or time performance objectives.

During the development and launch of a new product, the activities of the marketing
and design teams may need to be synchronized through adherence to a schedule. The
early completion of graphical layout for a visual ad campaign (ahead of final product
design work) may result in the need to rework the advertisements or embarrassing
misrepresentation of the product. The late completion of customer focus group research
may result in the product being designed with (easily avoidable) undesirable

characteristics.

In a project like a military campaign, there may be a heavy price to pay for an
activity being performed either too early or too late. Supplies delivered to a marshaling
point in advance of schedule may expose those supplies unnecessarily to enemy action,
resulting in the destruction or capture of the supplies. The destruction of a bridge ahead
of schedule may prevent friendly forces from using that bridge to advance into enemy
territory. Similarly, the late performance of activities may have undesirable effects on the
military project. Resources like aircraft and armored vehicles, if allocated to certain
activities either early or late, may be unavailable for higher priority activities or be less

effective than if used at the scheduled time.

Both late and early activity starts or stops can degrade project performance.
Deviations in the start and finish times of activities or deviations in the allocation of

resources represent instability in the project. This instability may result in a loss in the
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synchronization of the schedule. This loss of synchronization can be triggered by

resource disruption or by variability in activity duration.

It is anticipated that the stability of a schedule would be related to the traditional
measures of project cost and time performance. On a basic level, if activities incur a
setup cost (in time or dollars), or if multiple resources must be simultaneously scheduled
in order to perform an activity, then disruptions in the availability of a resource could
directly affect cost performance. If resources are rented from outside sources, cost
premiums may be incurred as a result of schedule deviations. Extra charges may be
incurred for either the early use or late return of rented or leased equipment.

Recent articles in the cost/schedule performance literature (Lee & Gatton, 1994; Just
& Murphy, 1994) focus on the "unavailability of resources” as a key determinant in
project cost performance. Lee & Gatton approach the issue as a productivity problem. In
their study of the construction industry, they identified material unavailability, equipment
unavailability, and unreasonable schedules as the main causes of job inefficiency. They
attribute the source of these problems to the widespread use of current naive scheduling
approaches that assume unlimited or unconstrained resources. An unstated assumption of
their perspective is that resource unavailability (disruption) is not a problem as long as
excess resource capacity is present (and vice versa). Just & Murphy take a similar
approach, focusing on the negative effects of building project plans without regard to the
availability of resources. In their paper, they demonstrate that a failure to plan for

resource unavailability can extend the project length, reduce project efficiency, increase
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project costs, and result in failures to meet contractual obligations— potentially turning a
profitable project into an unprofitable one.

Deviations from the project schedule may influence the financial evaluation of the
project by the compény or its investors. The performance of large projects is often
tracked through the accomplishment of milestones. A milestone represents the
culmination of a key set of activities. In financial terms, schedule variance refers to
deviations from the cash flow schedule associated with the project milestones (Wysocki,
et. al., 1995). Financial managers track the progress of the project by comparing the
variance between the scheduled cost of the work performed and the actual costs incurred
as of the milestone completion date. Instability in the project will have a direct effect
upon the financial variance measures. Resource use ahead of or behind schedule will
affect the actual costs incurred. Task completion ahead of or behind schedule will affect
the costs that should have been incurred according to the schedule. Significant
differences between the scheduled and actual costs incurred are a source of concem for
the financial managers. Confidence in the project can be shaken, and the investors may
alter the financing of the project and demand corrective actions from the project
managers.

In summary, instability in a project may lead to many negative effects. First, the loss
of a resource (or a delay in its availability) may idle other resources, and result in a direct
loss in productivity or efficiency. Second, the project could experience a loss of
synchronization of the activities and resources, resulting in a degradation of the

effectiveness of the project. Third, disruptions to resources may incur additional costs,
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degrade project efficiency, or lead to late completion. Finally, project instability can
result in deviations in the accomplishment of project milestones, which may affect the
financial evaluation of the project or the firm responsible for the project. Disruptions
could spread throughout the system, resulting in many of the negative effects described
previously. An apparently minor disruption to an apparently minor resource could lead to
grave effects on the project as a whole. The degree to which this "ripple effect” creates
overall problems is a reflection of the stability of the project as scheduled and executed.

This research seeks to extend the concept of the effects of resource unavailability and
activity duration variability into the realm of schedule and resource stability. It has been
mentioned that certain factors shape the ultimate performance of the project with respect
to the desired outcomes. Technical and resource dependencies serve to limit or bound the
potential achievement of the project. Variability in activity durations and disruptions in
resources will influence the degree of achievement of project goals. The planning and
execution methods used to schedule and perform the project activities have also been
noted to have a significant effect on the overall project performance. While these factors
have been studied with respect to their effects on the traditional project performance
outcomes, no study has investigated these factors as they relate to project stability.

As a first step, this research defines several project management stability measures.
Next, the study tries to provide insight into the relationships between the traditional
factors of project performance. These traditional factors include the characteristics of the
projects, the nature of the project environment (activity variability and resource
disruption), and the scheduling and execution methods used to manage the project.

Hopefully, insight is provided into the nature of the relationships between these factors

11
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and project stability. Finally, the knowledge gained in studying both project stability and
the relationships between project stability, other outcome measures, and the traditional
factors of project performance are extended into practical significance for the
management of projects. Ultimately, it is hoped that the descriptive theories built
initially will be translated into prescriptions to assist managers in achieving higher levels

of performance from the projects under their control.
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Chapter 2

SIGNIFICANT PRIOR RESEARCH

The importance and complexity of problems in project management have led to a
great deal of research activity in this area. Project management/scheduling has been
studied and reported upon extensively in the literature for many years. The basic
questions have been analyzed in many different ways. However, the intractability of
some of the fundamental questions in the field continues to present opportunities. The
following review of previous literature will attempt to establis;h the conceptual structure
of the field and the position of this research in it. In addition, specific subsections will
establish the state of existing knowledge on (1) Planning Approaches, (2) Execution
Approaches, and (3) Stability Measures. Finally, the role of the exogenous or moderating

considerations in past research will be described.

2.1 General Reviews of the Literature

The domain of project management and project scheduling research is incredibly
diverse. A large volume of published literature on many different aspects of the problem
exists. Many works predate even the formal reports on the initial techniques of the
Program Evaluation and Review Technique (U. S. Department of the Navy, 1958) and the
Critical Path Method (Kelly and Walker, 1959). Several taxonomic schema have been
used over the years to organize this vast body of literature. Major criteria have been

developed for the purpose of classifying problem and research types within these schema.
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These criteria include: the nature of the constraints, the objectives sought, the solution
approach, how the resources are utilized, and whether single or multiple projects are
solved simultaneously.

An early effort (Davis, 1966) used some primary characteristics of the problem under
study as criteria for logically organizing the literature. Davis noted that there existed
fundamental differences between research investigating the resource constrained problem
type and the resource unconstrained type. In the resource constrained project scheduling
problem, the resources required for the performance of tasks are considered finite and
available at levels below what would be needed to complete all activities in the minimal
amount of time. In the resource unconstrained type, the solution approach assumes that
infinite resources are available on demand. As noted by Davis, both the desired solution
outcome and method of solution are very different for the two types of problems. The
fundamental nature of this split has led to the recognition of the taxonomic characteristic
of resource constrainedness by many other researchers in this field. The resource
constrained class of problems, perhaps by virtue of having higher practical application,
has become the dominant class of problem type in project scheduling research.

Researchers refined the classifications based on the nature of the constraints.
Problems can now be classified (Ozdamar & Ulusoy, 1995) as having only technical or
precedence constraints (Davis's resource unconstrained); or can have resource constraints
which are renewable, nonrenewable, or doubly constrained. Renewable resources are
available for a certain amount of time over a given time period (e.g., 8 hours of
availability over a 24 hour day for personnel shifts). When a new time period begins, the

renewable resources are available once more for the new time period. Non-renewable
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resources are available in a finite amount over the duration of the project. Finite
resources such as raw materials or budgeted capital may fall into this category. Doubly
constrained resources can be consumed only for a limited time in given time periods (like
renewable resources) and have only a finite amount of availability over the total project
duration (like nonrenewable resources).

It must be noted that even in 1966 there were several criteria proposed for the
categorization of problems within the two broad types of resource constrained and
unconstrained. Primary among them was the division of problems based on the desired
optimization outcome (Davis, 1966). Outcomes being sought at the time included the
minimization of total project duration, the minimization of total project cost, the
minimization of resource consumption (resource leveling), and the description and
analysis of total time and total cost tradeoff curves. Objective(s) sought continued to be
used as a classification criterion by later researchers, and in some cases was used as the
primary criterion (Ozdamar & Ulusoy, 1995). While the time minimization outcome has
consistently received the bulk of attention, the minimization of cost and the maximization
of net present value (NPV) have received considerable attention in the last twenty years.
There is also a class of problems that attempt to simultaneously optimize for multiple
objectives.

The third major taxonomic criterion for the organization of the project
management/scheduling literature was also first noted by Davis in his 1973 follow-up
work. While retaining the problem characteristics of resource constrained vs. resource
unconstrained, and the desired optimization outcome, he divided the literature along a

new axis: the characteristics of the solution method employed. Davis noted that solution
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methods were either fundamentally exact or heuristic in nature. Exact approaches employ
numerical analysis methods to determine best schedules or allocations of resources in
order to achieve an optimum result on some desired project performance measure.
Heuristic approaches employ inexact rules of thumb or decision rules in order to achieve
good (but not necessarily the best) result on some desired project performance measure.

The exact approaches, while promising, have been limited in their application by the
size and complexity of problems that are tractable in a realistic sense. The implications
of this limitation will be discussed in more detail in a later section of this proposal. The
current research applies several previously successful heuristic procedures to a subset of a
benchmark set of project scheduling problems (the Patterson Set; Patterson, 1984). These
resource constrained project scheduling problems have known, exact solutions for the
deterministic case (found by Patterson's modification of an enumerative procedure
employed by Talbot in 1976). The known, exact solutions provide project schedules or
plans that achieve best results under deterministic conditions.

By the early 1970's, the nature and behavior of the resources and the interaction
between the resources and the activities began to be recognized as forming unique
problem classes. Davis (1973) began the trend by differentiating between single resource
and multiple resource cases. He used three classes of resource utilization types: first, one
resource type, common to all jobs; second, multiple resource types, but only one type
required for each activity; and third, multiple resource types, that are required in a variety
of combinations for the activities in the project. The multiple resource cases were soon
expanded to consider flexible situations where the duration of an activity changed based

on the amount (and perhaps the type) of resources that were assigned to it. This
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recognition of implicit time-resource functions established a classification of problems
based on the resource employment mode (Ozdamar & Ulusoy, 1995). Single mode
resource employment exists when each activity requires a fixed amount of resources (by
type) for its accomplishment. Multi-mode resource employment allows the application of
multiple combinations of resources (by type) for the accomplishment of tasks.

A final major taxonomic criterion for the classification of project scheduling research
is the separation of single project problems from multiple project problems. In the single
project cases, researchers attempt to schedule the activities and resources of a single
project. These problems are distinct from the set that attempt to schedule a set of
resources against activities in multiple projects. While much more complex, the multi-
project setting has great practical application to large firms that must attempt to manage
the successful completion of multiple projects (e.g., construction). Due to the simplicity
of the single project case, researchers often initially investigate new issues or techniques
in this environment and then expand their efforts into the multi-project case if initial
results warrant further effort.

Several taxonomic schema have been used over the years to organize the vast body
of project management and project scheduling literature. The domain of this research is
incredibly diverse. Major criteria have been developed for the purpose of classifying
problem and research types within these schema. These criteria include: nature of the
constraints, the objectives sought, the solution approach, how the resources are utilized,
and whether single or multiple projects are solved simultaneously.

The current research effort studies those problems which can be classified as:

resource constrained, considering multiple objectives, solved heuristically, with single
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mode resource-activity functions, applied to single projects in isolation. The remainder
of this literature review will concentrate on those works which have focused on this
particular formulation of project scheduling problems. Problem classes outside of this
type will be discussed only as they apply to or lend understanding to this narrower type of
problem. In the following sections of the literature review, discussions cover (in turn):
the planning or scheduling approaches used, the execution approach or decision rules
employed, measures of stability, and the environmental or exogenous variables tracked in

this study.

2.2 Planning Approaches

The fundamental goal in solving the resource constrained project scheduling problem
(RCPSP) is to develop a plan for the allocation of resources to the activities in the project
in order to achieve some overall project performance objective(s). This plan generally
takes the form of a schedule of which resources perform which activities and when. The
next two sections of the literature review discuss the limitations, assumptions, and the
applicability of both exact and heuristic approaches. The best specific techniques within
each class are identified and discussed.

2.2.1 Exact Approaches

Exact approaches use numerical optimization methods to determine best schedules or
allocations of resources. The definition of best is defined by a desired result on some
project performance measure. For example, a project may need to be scheduled in such a
fashion as to complete all tasks in the shortest time possible (minimize total duration of

the project). An exact approach would formulate a mathematical model of the problem
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(e.g. an integer, linear program) and solve this model for minimum duration. The exact
approaches promise (when all of the methodological assumptions are met) to provide a
single, best answer to the problem as formulated.

Because of this promise of achieving a best, exact answer, researchers have been
attempting to apply exact methods to the RCPSP since the early days (1950s) of research
on the problem. These attempts have achieved mixed success for a variety of reasons.
Two limitations of the exact approaches to the RCPSP are: first, the assumptions
inherent in the exact approaches do not match the realities of the project management
problem, leading to a loss of solution fidelity; and second, the size and complexity of
realistic RCPSPs put them beyond the capabilities of many of the exact methods.

Patterson (1984) reviewed the state of the art in the use of exact procedures. He
noted that the early attempts at finding exact solutions relied on mathematical
programming (integer) models. These models required that the problem be formulated in
very specific and unrealistic ways, and could only model very simplistic problem
characteristics. These attempts were therefore of limited practical use (Davis, 1973). A
more recent mathematical programming model (Slowinski, 1981) formulated the RCPSP
as a Multiple Objective-Integer Linear Program designed to be attacked using Khachian's
algorithm. Such a formulation promised to solve the RCPSP in polynomial time;
however, this and subsequent attempts based on Slowinski's formulation have not been
borne out.

Due to the failures and limitations of the earlier LP models, specialized formulations
were developed, usually relying on an enumerative/search based approach. In the 1984

article Patterson noted that three of these approaches performed best in a wide variety of
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situations for the RCPSP: Davis & Heidorn's (1971) Bounded Enumeration procedure,
Stinson's (1976) Branch & Bound, and Talbot's (1976) Implicit Enumeration method.
Two additional Branch & Bound (depth first) procedures have been developed since
1984; the Christofides et. al. work of 1987 and that of Demeulemeester & Herroelen
(1992).

While these exact approaches still require that time be considered in discrete values,
and activity times be integer values, the assumptions required by the model are more
realistic than the mathematical programming approaches tried initially. However, these
exact approaches are still limited in their applicability by the problem size and
complexity. Using these enumerative formulations, linear growth in problem size leads
(generally) to geometric growth in solution time. The RCPSP is combinatorial and NP
complete (Karp, 1972).

The search for efficient analytical exact approaches applicable to practical-sized
projects continues. Recently, Simpson & Patterson (1996) used a parallel processing
approach on an enumerative search algorithm in order to take advantage of recent
advances in computer hardware technology. While representing an improvement in
speed on smaller problems, and a potential expansion in the size and complexity of
projects tractable within a reasonable amount of time, this technique has not yet been
fully developed. Even with the ongoing refinements to the exact approaches, two main
problems still persist in trying to use these methods in practice. Currently, exact
approaches seem to be generally limited to 50 activities and 3 resources or fewer
(Simpson, 1991) in order to produce solutions in a reasonable amount of time. This

significantly limits the application of exact approaches to realistic projects. Also, all
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exact approaches (to date) have relied upon the assumption of deterministic activity
times. Real project activities deviate from deterministic estimates to varying degrees.
The validity of any exact, deterministic approach is threatened by the stochastic, variable
nature of project management in reality. Therefore, this study concentrates on the
performance of heuristic methods. However, the performance of the exact, deterministic
solutions in the stochastic, variable environment is used as a reference for the
performance of the heuristics. The benchmark set of RCPSP's used in this study, the
Patterson Set, are solvable using Patterson's (1984) implicit enumeration algorithm and
exact time-minimizing solutions for the deterministic cases are known.

2.2.2 Heuristic Approaches

Heuristic approaches use inexact rules of thumb or decision rules in order to achieve
a good (but not necessarily the best) result on the desired project performance measure.
The technical precedence (network structure) constraints are inviolate; the decisions
generated by the heuristic techniques involve only the ordering and prioritizing of
activities. The resources, when they become available, are assigned to eligible activities.
Activities become eligible when their precedence or technical constraints have been
satisfied. The order in which the eligible activities are completed determines the
eligibility of additional activites through the technical or precedence constraints. This
flow of activities through the eligible list ultimately determines the completion sequence
of every acﬁvify in the project.

Heuristic techniques are further divided by how the method operates. Generally, the
heuristics are either serial or parallel. Serial routines will assign priorities to tasks (for the

purpose of dedicating resources to tasks) in a separate step before sequencing the tasks in
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the schedule. Parallel routines prioritize and sequence the tasks at the same time. Due
primarily to the inherent efficiency of the parallel routines, with no loss in applicability or
quality of solution, the parallel routines have generally come to dominate the approaches
in use today. The parallel heuristics have been further subdivided based on the desired
project outcome they have been designed to provide good solutions for (Ozdamar &
Ulusoy, 1995). This is analogous to the specific formulation of each exact approach in
order to optimize a desired project outcome. The main classes of desired outcome are the
minimization of project duration, the minimization of cost/maximization of net present
value, and the satisfaction of multiple objectives. Selected best performers in each class
are discussed below.

2.2.2.1 Heuristics Seeking Minimum Project Duration

Davis & Patterson (1975) offered a comprehensive review in "A Comparison of
Heuristic and Optimum Solutions in Resource-Constrained Scheduling." A general
conclusion in the literature at this point was that there was little basis a priori for making
a choice among the (at that time) literally hundreds of published heuristics. Davis and
Patterson's effort was designed to provide a more definitive answer to the question of
which heuristics perform better. A problem set of 83 multiple resource, resource
constrained projects with 20-27 activities were solved to minimize total project duration
using nine scheduling techniques. First, optimal solutions were found using a bounded
enumeration exact technique (OPT). The calculation of the optimal schedules was
possible due to the small size and limited complexity of the problem set. Second,

schedules were generated using a heuristic approach that assigned activities to resources
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randomly (RND). These two approaches, OPT and RND, provided two important
benchmark comparisons for the remaining seven techniques investigated.

The results of this investigation were instructive. First, no single heuristic was found
to be consistently best on every problem. Second, four of the popular heuristics
consistently performed worse than random assignment. The remaining three
outperformed random assignment and performed well enough overall to merit further
consideration as a useful technique by the investigators.

The highest performing heuristic was the Minimum Slack (MINSLK) approach.
MINSLK assigns the highest priority to those tasks that exhibit the least slack (difference
between the earliest possible start time and the latest possible start time on the
unconstrained, deterministic CPM formulation of the problem). MINSLK demonstrated
only a 5.6% average increase in total project duration over the OPT schedule and found
the same solution as the OPT solution in 24 of the 83 total problems.

The second best performing heuristic was the minimum Late Finish Time (LFT)
method. The LFT method assigns higher priorities to tasks which have the earliest late
finish time in the deterministic CPM formulation of the network. LFT schedules
represented a 6.7% average increase over the optimum schedules, and found the OPT
solution in 17 cases.

A method that performed closely to LFT was the Resource Scheduling Method or
RSM. RSM considers both the current task and any subsequent (dependent) task that
relies on its completion in the deterministic CPM network. When evaluating technically
feasible activities for the next activity start, the eligibles list is composed of activity pairs.

The pairs consist of all currently feasible activities plus each of its follow-on activities.
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RSM schedules first those activities that have the smallest delay factor. The delay factor
is calculated as the difference between the earliest finish time of the current task and the
latest start time of its subsequent task in the pair. In a sense, the delay factor represents
the amount of local slack between each task and any task that follows it. The current-
next pair with the least slack will receive the highest scheduling priority (for the currently
eligible task). RSM achieved a 6.8% mean increase in total task duration, and found the
OPT solution for 12 cases.

The RND or random assignment method came in fourth; displaying an 11.4% mean
increase in total duration and finding the OPT answer in only 4 cases. All other heuristics
evaluated performed worse than RND on at least one of the performance criteria (number
of cases where shortest duration solution was found, percentage of times the shortest
solution was found, percentage average increase over shortest project duration).

While not contradicting the previous studies, Davis and Patterson's 1975 effort
provided a comprehensive comparison of many different and popular methods. The
MINSLK technique became established as "the method to beat" for many future
comparisons.

In 1982, Talbot performed a comparison similar to that of Patterson but with the
addition of some of the more recent heuristics. In his work (Talbot, 1982), he expanded
the complexity of the problem set to include multi-mode resource-task activity functions
(applying more resources shortens activity durations). A set of 100, 10-activity, 3-
resource problems was solved as a benchmark using a 0-1 Integer Linear Programming
formulation and the random assignment rule. Eight different heuristics were then applied

to the problem and the results were compared.
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While RSM and MINSLK were not tested, LFT was and ranked first for the highest
percentage of best heuristic solutions (84%) and third place for the number of OPT
solutions (33). Two heuristics were tied for first rank for the number of OPT solutions
(34): Min(L-D) and Min(L-Davg). Min(L-D) assigns the highest priority to activities
with the minimum value of late finish time minus the shortest duration. This is
equivalent to using the earliest late start time for the fastest resource loading of the
activity. Min(L-Davg) is a variation of the formulation that uses the average task
duration instead of the shortest (most resources assigned) duration. Both of these
methods are specific and peculiar to the multi-mode resource-activity duration problem
formulation.

In 1990, Boctor performed another comparison, again using OPT and RND
procedures for performance bounding. Boctor's test employed 36 small (5-20 activities)
and 30 medium (38-111 activities) problems. OPT solutions were obtained for the small
problems, and the deterministic critical path lengths (unconstrained) for the medium
problems were used as best achievable benchmarks. Eight parallel and five serial
heuristics were applied to the problem set. MINSLK, LFT, and RSM performed best, in
that order. Generally, the serial heuristics were poor performers (only two of the five
outperformed RND). MINSLK was again found to be the top performer in Oguz &
Bala's 1994 comparison.

MINSLK, LFT and RSM have been the top performers in virtually any comparison
test in which they have been tried, with one notable exception. In 1994 Ozdamar &
Ulusoy introduced a new and promising heuristic, Local Constraint-Based Analysis

(LCBA). LCBA is a parallel heuristic that assigns priority to tasks based on an analysis
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of resource contention amongst the activities on the eligibles list. They tested LCBA
against four other heuristics (Ozdamar & Ulusoy, 1995) in both a single-pass mode of
operation and a multi-pass mode, using the 110-problem Patterson Set. In the multi-pass
mode of operation, the heuristics operate a single, forward pass as they would normally
be used. A backward pass is then performed. First, all activity latest finish times are
changed to reflect the difference between the (just scheduled) start times and the total
project duration. The project completion time is now set to 0 and the scheduling
procedure is repeated in reverse, and activities become eligible when their (in the original
formulation) successor activities are complete. Forward and backward iterations are
repeated until the project duration does not improve.

Ozdamar & Ulusoy reported the results of the heuristics in both the single and multi-
pass versions. Generally, the LCBA outperformed both MINSLK and LFT; with a
greater difference in the multi-pass approach. Also, the Weighted Resource Utilization
and Precedence (WRUP; from an earlier work by Ulusoy & Ozdamar, 1989) technique
which formed the earlier LCBA approach also outperformed LFT but not MINSLK.

2.2.2.2 Heuristics Seeking Maximum Net Present Value

While much of the interest in the RCPSP has focused on the minimization of total
project duration (by over a 3 to 1 margin according to Ozdamar & Ulusoy's 1995 review
of the literature), the maximization of Net Present Value (NPV) has also received some
attention. One of the earliest works specifically dedicated to forming and solving the
NPV variant is Russell's 1970 "Cash Flows in Networks." Russell notes that "The use of
critical path or network techniques in cost control has lagged behind other variations of

the basic scheduling technique such as resource allocation for the smoothing or leveling
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of resources, although the cost aspects of project control must be basically of more
importance."

While this early work was an attempt at an exact approach to the resource
unconstrained case, it is instructive in the way Russell formulated the problem. He
described the basic cash flow problem as a network of activities, connected by time arcs,
each with an associated pay event or cash flow which could be either positive (a receipt)
or negative (a payment). Generally, in order to maximize NPV, the schedule should
attempt to bring forward positive pay events and push back negative pay events. Often,
in large, complex projects, these two outcomes are in conflict; bringing a positive pay
event forward may result in the inability to push back several much larger negative pay
events and vice versa. Russell's solution was to calculate the marginal costs of each
activity (by duration) and use these costs to formulate a non-linear program (of the "fluid
flow" variety) which could be solved iteratively through successive approximation.

A later work (Russell, 1986) specifically compared the performance of six heuristics
on a set of 80 problems. One of the heuristics was based on the random selection of
activities (RND), and two were demonstrated to have good track records with respect to
minimizing project duration (MINSLK and LFT). Four new heuristics were developed in
order to specifically address the characteristics of the NPV RCPSP. The Target
Scheduling (TS) rule uses the optimal finish times from the unconstrained NPV optimal
solution. This rule assigns the highest priority to those activities with the largest
difference between their current earliest finish time and the optimal finish time. TS
essentially prioritizes activities based on the degree of their deviation from the

unconstrained optimal formulation. In the DUAL heuristic, Russell uses information
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from the solution of a sequence of network flow (transshipment) problems. He
formulates the (fundamentally non-linear) NPV problem as a series of simpler resource
unconstrained transhipment problems in which only the supply/demand levels at the
nodes change (the method used by A. H. Russell, 1970). The arc flow values are
measures of the marginal values of delaying the activity associated with the cash flow at
that node. The DUAL rule assigns the highest priority to those activities with the highest
arc flow value (marginal cost of delay) from the resource unconstrained optimal (cash
flow) solution. The Lowest Activity Number (LAN) rule assigns the highest priority to
those tasks with the smallest index number when activities are numbered from earliest to
latest earliest start time in the unconstrained, deterministic CPM network.

Russell combined these basic decision rules into pairs of primary and tie-breaking
importance: TS, LAN; DUAL, TS; TS, DUAL; MINSLK, LAN; LFT, LAN; and RAN.
One interesting (and unanticipated) result was noted overall. As the probability of
resource contention increased (projects become "more constrained"), the differences in
NPV performance became greater. For relatively unconstrained projects, the performance
of the heuristics was relatively equivalent. Under these conditions, the performance
rankings were: MINSLK, LAN > TS, DUAL > TS, LAN > LFT, LAN > DUAL, TS >
RAN. For projects with greater resource tightness, the differences became more acute.
The relative performance rankings changed significantly: TS, DUAL > TS, LAN >
DUAL, TS > RAN > MINSLK, LAN > LFT, LAN. The duration minimizing heuristics,
under tightly constrained resources, were actually worse in maximizing NPV than the

random assignment rule.
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Shortly after the publication of Russell's heuristics, Smith-Daniels and Aquilano
(1987) compared the performance of optimum, early start and late start procedures in
achieving higher levels of project NPV. Using five different cash flow profiles for
Patterson's 110 problem set, the authors tested the methods on 550 problems. Using the
optimal (to minimize time) schedule as a baseline (OPT), the researchers constructed an
earliest possible start schedule (ESCR) then used a variety of rules to shift non-critical
activities later in time to create a late-start constrained resource schedule (LSCR). This
shift (delay) of non-critical activities should have the effect of delaying cash outflows
(improving NPV) while not delaying project completion. These right-shifting rules were
based on the earlier work of Weist (1964).

The results of this experiment were mixed. Generally, there was no definitive
improvement in NPV for all cases for any one the three methods. The NPV for the OPT
method was higher in 292 of the cases, the NPV was higher for the LSCR for 248 cases,
and in 10 cases the NPVs were equal. The ESCR schedules generally produced inferior
NPV results. The researchers noted that the nature of the payment schedule was an
important factor in the performance of the heuristic approaches. While the OPT schedule
clearly produced the shortest project durations (as expected), the differences in duration
between the ESCR and LSCR were slight.

Overall, Smith-Daniels and Aquilano concluded that while right-shifting of non-
critical (slack) tasks did result in an improvement in NPV in many cases, the time-
minimizing approaches performed well for both time minimization and NPV
maximization. A related work (Smith-Daniels & Smith-Daniels, 1987) demonstrated that

solutions which maximized NPV were indeed different from solutions that minimize time
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in many cases. Perhaps more importantly, this work introduced material ordering costs
into the NPV-maximizing RCPSP and concluded that these solutions differed
significantly from the time minimizing solutions. When viewed together, the results from
these two 1987 studies appear contradictory, at least in the claims of how dissimilar the
time minimizing and NPV maximizing solutions are. This matter was clarified somewhat
in 1990 by Elmaghraby & Herroelen. In this study, the authors included the concept of
time dependent payments (bonus schedules). Their general finding was that when project
bonus payments (higher cash receipt for earlier completion) were present, a project
schedule that first constructed a minimum duration schedule and then right-shifted non
critical activities produced the best results. Using a 0-1 Integer Linear Programming
method, they demonstrate that their heuristic does indeed find the optimal solution for
some small problems. A wider test of the approach was not reported.

Perhaps the most interesting and complete analysis of the NPV maximizing RCPSP
is the study performed by Padman and Smith-Daniels in 1993. Based primarily on
Russell's (1970) approach, the authors use the dual formulation of the linear
approximation to the non-linear NPV maximizing mathematical program to assign
earliness costs and tardiness penalties for each activity. While Russell's approach
iteratively manipulated target times for activity completion until all marginal costs were
equal (implying optimality), Padman used the preliminary marginal costs from Russell's
preparation step to guide the performance of selected heuristics. The shadow prices are
calculated initially, and scheduling proceeds until resource contention is encountered.
Shadow prices are then recalculated, priorities are reassigned, and scheduling continues

until the next resource contention occurs and the process repeats.
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Eight new heuristics were applied to 144 projects of varying size, complexity and
resource constrainedness. As no optimal solutions were available, the heuristics were
compared to each other on the basis of best vs. percent performance below best. Two
general findings are noteworthy. First, at low and medium levels of resource
constrainedness, there were very small differences among the heuristics. Performance
differences only became significant at high levels of contention (2.0 Average Utilization
or higher). Second, as the projects became larger and more complex, the performance
differences went away. The heuristics seemed to make a big difference only for the
smaller (50 or less activities) projects.

The two best performing heuristics in this complex, multiple iteration technique were
the Immediate Release of the Opportunity Cost of Scheduling (IOCS) and Immediate
Release of the Cash Flow Weight - Opportunity Cost of Cash Flow (ICFW-OCC)
methods. In IOCS, highest priority for scheduling is given to those activities with the
highest opportunity cost of not being scheduled (based on Russell's dual formulation). In
ICFW-0OCC, the priority is given to those activities with the highest calculated difference
between their cash flow of completion and their opportunity cost of completion. The
overall conclusion of this research was that an effective strategy for scheduling the NPV-
maximizing RCPSP was to apply a multi-heuristic approach. Schedule the project using
a family of heuristics, then select the best schedule for each project. Another overall
conclusion was that there was found to be a definite trade-off between the postponement
of expensive activities and the possible additional resource contention that this delay may

create.
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A more recent work included several new and promising heuristics for developing
good (in terms of NPV) schedules (Pinder and Marucheck, 1996; based on previous work
by Pinder and Marucheck, 1989). In their research, Pinder and Marucheck used one
optimization-guided heuristic, six established heuristics, and ten new heuristics to
construct schedules. A randomly generated set of problems with desired characteristics
was created. The scheduling methods were applied to each problem, and the NPV of the
resulting schedule was then calculated. The amount of (planned) NPV was then used as
the criterion for success for comparing the scheduling methods.

Each of the scheduling methods employed a parallel, multi-pass algorithm to assign
start times to activities based on priority rules. The optimization guided heuristic was
used as a benchmark for NPV performance for the remaining scheduling techniques. It
performed consistently best on all problems. This method formulates and solves the dual
to the relaxed (resource unconstrained) NPV maximization LP problem using the
procedure of Padman and Smith-Daniels (1993). The marginal costs (NPV reductions) of
delaying each activity are then used to prioritize activities on the eligibles (technically
feasible) list. The established heuristics used were the MINSLK, EDD, SPT, and GRD
rules described earlier. Also used were the greatest number of successors (GNS) and
greatest succeeding processing time (GSPT) rules. GNS assigns priority to those
activities with the greatest number of following activities. GSPT schedules first those
activities with the largest total of processing time for all following activities.

Ten new heuristics (five pairs) were developed, each based on some form of
discounted cash flow weights. Each heuristic used a different weighting factor w; (based

on the cash flow, discount rate, and duration) to calculate the scheduling priority of the
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activities. There are five weighting schemes for calculating w; as indicated in Table 2.1,
Weighting Rules. Each weighting scheme includes two basic variations of w;,
comprising a pair. The first case of the pair simply assigns priority based on min[1/w;].
The second case of the pair assigns priority based on min[dj/w;], where d| is the duration

of the activity being considered.

Table 2. 1: Weighting Rules

Acronym Weight w; Prioritization Statistic
DCFD, DCFDW CFiexp(-adi) 1/ w; d,/ W;
DCFEF, DCFEFW | CF.exp(-oEF) w, d/w,
DCFLF, DCFLFW CF.exp(-aLF)) 1/w; di/w;
IDCFEF, DCFEFW | (Z,c, CFexp(-aEF) | l/w; d/w,
IDCFLF, IDCFLFW | (Z,c, CF)exp(-aLF) | I/'w; d/w,

where CF, = Cash Flow as a result of activity i
o« = Discount Rate
LF;, = Late Finish time of activity i

EF, = Early Finish time of activity i
kes= The set of activity i and all of it's successors

The most successful of all methods tested was the optimization guided heuristic. The
EDCFLF heuristic consistently performed next best. The performance of the remaining
hew and traditional heuristics was mixed. Generally, the EDCFEF (new) and GSRR,
GSPT (traditional) prioritization rules performed well also. The SPT, ZDCFEFW, and
IZDCFLFW rules consistently returned the poorest performance.

In a similar study, Yang, Tay, and Sum (1995; based on the 1989 work by Pinder and
Mamcheck) added a random prioritization of activities to the set of traditional heuristics,
and substijtyted simulated annealing for the optimization guided approach used by Pinder

and Marucheck. The results were similar. The simulated annealing method consistently
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provided the best performance. Out of the new and traditional rule based heuristics, they

found that the ZDCFLF rule worked almost as well as the simulated annealing method,
and better than the remaining heuristics. These results are completely consistent with

those found by Pinder and Marucheck in 1989 and 1996.

2.3 Execution Approaches

While extensive research has been performed on the development of schedules or
plans for the RCPSP, very little work has been done on the use of decision rules or
techniques for the execution of the schedule once the project has actually begun. The
schedule represents a series of predictions about the behavior of the resources and
activities involved in the project. The degree to which these predictions come true in
reality (or don't) may affect the degree to which this schedule remains valid over the
lifetime of the project. Variability which is not taken into account, and disruptions to
resources which are not planned for, will each contribute to deviations from the schedule
during project execution.

An execution approach represents a mechanism for coping with the real-world
deviations from the model-world schedule predictions. The effectiveness of the
execution approach may determine the outcome of the project to a greater degree than the
planning approach used. As the conditions (in reality) depart from what was planned for,
the issue of how these departures and uncertainties are handled becomes increasingly

important.
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An early work recognizing the problems inherent in the execution of schedules is
"Planning and Dynamic Control of Projects Under Uncertainty" (Burt, 1977). Burt first
notes the absence of network optimization techniques in the management of projects in
practice; he attributes this to uncertainty in task durations, the variability in the
availability of resources, and the dynamism inherent in managers intervening to reallocate
priorities and resources. These factors conspire to make even the best "optimal" schedule
utterly useless from a practical standpoint.

Burt proposed four dispatching or execution rules to assist in the management of
projects under conditions of dynamic uncertainty. First, the static approach represents a
baseline attempt to adhere to the original schedule. Next, dynamic rules behave in the
same manner as static, but the project is rescheduled using the original algorithm every
time an activity is completed. Third, lag first uses dynamic scheduling, but allocates
higher levels of resources at the end of the project (the withholding of resources at the
beginning of the project with a sudden increase in the middle). Finally, seq lag is similar
to the lag first approach, but smoothly increases resources applied to tasks from the
beginning to the end.

These approaches were tested using a discrete event, dynamic simulation. General
results from this investigation demonstrated that dynamic updating (of all types) did
indeed improve the performance of the projects. Larger projects benefited the most from
this effect. Also, the backloading of resources (lag first and seq lag) improved the

duration of many of the projects tested. This improvement was most pronounced in
projects with a higher degree of variability in individual task durations. This could be the

result of the increased resources having a smoothing effect on the negative roll-up of
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residual activity delays toward the end of the project (some delays early on would be
smoothed by the effect of shorter activities following them).

A more recent work by Partovi and Burton (1993) focused on rescheduling intervals.
Using concepts developed in the production scheduling literature, Partovi and Burton
used simulation to investigate various monitoring and control techniques for project
scheduling. They simulated five different project networks, with 25 to 48 activities,
managed using five rescheduling intervals. The frequencies for rescheduling were: no
rescheduling, five equal intervals, front-loaded intervals, end-loaded intervals, and
random intervals.

Some general conclusions were reached. First, all of the rescheduling schemes were
better than the baseline no rescheduling case. Second, while all of the techniques
improved the performance of the projects, there was no clear always best method. A
related result was that rescheduling seemed to be more helpful for some problems than
for others. While shorter projects with fewer activities seemd to benefit more than longer
projects with more activities, no specific analysis was performed in order to determine the
key characteristics of projects which would benefit the most or least from the different
rescheduling methods. More general results indicated that if you can only reschedule
occasionally, rescheduling later is better than rescheduling earlier in the project life.
Also, more frequent rescheduling is better than less frequent rescheduling.

The application of production scheduling and rescheduling concepts to the project
management environment seems to be a promising approach. An interesting recent work
(Yang, 1996) uses the concepts of scheduling and dispatching from the production

scheduling literature to investigate the effect of variance from predicted activity times
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(used during scheduling) on project performance during execution. Yang also used a
dynamic simulation to evaluate the performance of deterministic scheduling and
dispatching rules in the execution of resource constrained projects in stochastic
environments.

Simulated annealing was used to build near optimal schedules, by searching the tree
of potential scheduling decisions for improvement in the total project time. Three other
dispatching rules were used to build schedules. Once the initial schedule was found,
activities were assigned priorities based on their scheduled start times. These priorities
were then used to order activities on the precedence feasible list as the project was
executed. The dispatching heuristics tested were the cumulative resource requirement
(CRR), MINSLK, and first come, first served (FCFS). The CRR method is a resource-
weighted variation of the cumulative cash flow NPV maximizing rule discussed earlier.
Once the schedules were built using the four methods (SA and the heuristics), the projects
were simulated and execution rules were applied to the updated priority-eligibles list in
order to make the actual resource assignment decisions.

Two execution rules were examined: full reservation (FR) and no reservation (NR).
FR attempts to execute activities strictly according to their priority ranking on the
eligibles list. If the highest priority activity on the list cannot be executed (due to the
unavailability of a needed resource), then those resources which are needed and available
are reserved by the high priority activity until all resources needed become available. The
NR rule, conversely, does not reserve resources. If the highest priority activity cannot be
executed, the next lower priority activity is evaluated and executed if resources are

available. While the FR rule tends to ensure that the activities are executed in roughly the
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same order as the updated priority list, the NR rule tends to ensure that resources are
more fully utilized.

Some general conclusions were reached. First, the author noted that the SA
technique produced results superior to CRR, MINSLK, and FCFS. Specific results were
affected by interaction with the type of execution rule used. When FR was used,
MINSLK and CRR produced results only slightly better than FCFS (with SA much
better). Under NR execution rules, MINSLK and CRR produced results much better than
FCFS, almost as short as SA. Also, the NR rule produced better project results than FR
in all but a few cases. In addition, the author explored several rescheduling frequencies
and timing schemes using the SA scheduling approach. The results generally matched
the earlier conclusions of Partovi and Burton (1993). Project completion times are helped
by rescheduling, with more frequent rescheduling producing more improvement. The FR
rule is helped by rescheduling more than NR. One interesting general finding was that
highly constrained (in resources and precedence relationships) and loosely constrained
projects did not seem to benefit much from rescheduling, while moderately constrained

projects benefited greatly.

2.4 Measures of Stability

Scheduling stability (the particular concept of stability being studied here) refers to
the ability of the schedule to resist or absorb unplanned variance or events. Stability will
represent the degree of deviation from schedule for the resources and activities in the

project. A project that is executed very closely to the schedule will be considered to be
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more stable. A project that is executed with numerous (and/or large) deviations from the
schedule will be considered to have been (relatively) less stable.

Stability is an important issue in scheduling when resources are limited and must be
carefully managed. The schedule represents a plan for how to best use the resources
available in order to achieve some set of objectives within the constraints imposed upon
the project. When the schedule or plan cannot be met, several direct and indirect
undesirable consequences may result. First, the desired objectives toward which the
schedule is optimized may not be achieved. If the schedule is unable to res<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>