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(ABSTRACT)

Research and Development (R&D) project selection has been the focus of much
research attention and the literature on this subject is extensive. Numerous models
have been proposed to facilitate the selection of R&D projects, and these models
have been both qualitative and quantitative in nature. Various project goals are typi-
cally included in the selection process. For goals that can be developed as math-
ematical functions, models have been developed that determine optimal solutions
efficiently. However, when project goals cannot be structured as linear or nonlinear
functions, or to do so would make the solution of the model complex or even impos-
sible, the models presented in the literature either make simplifying assumptions

about these goals, or do not include them in the model.

One goal that cannot be structured in an optimization format, is scheduling of
projects through the R&D process. The nature of scheduling is such that it is difficult
to include in any of the existing quantitative selection models, and the result is that
scheduling goals are either considered after the projects have been selected, or they

are not included at all.

In this research an R&D selection model is developed that incorporates the

scheduling of individual projects as one of several goals. The model is designed to



reflect a realistic R&D situation, in terms of problem size, goals, objectives, and,
constraints. In order to incorporate a scheduling goal, the model uses a heuristic
approach to determine a solution. The validity of the solutions, as well as the com-

putational complexity of the model are explored.
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Chapter 1: Introduction

The selection of research and development (R&D) projects is a problem that
has garnered considerable attention from researchers for several decades. The lit-
erature on R&D selection models is extensive; however much of the research on the
project selection process focuses on R&D budgeting and management (Liberatore
and Titus 1983). Although numerous models have been presented in the literature to
help companies make project selection decisions (Baker and Pound 1964, Baker and
Freeland 1974, Baker 1974), researchers have found that in practice very few of these
models have gained acceptance (Liberatore and Titus 1983, Danila 1989). Practition-
ers favor evaluation methods that consider projects one at a time, instead of consid-
ering the projects as a group and selecting a portfolio that optimizes an objective or

set of objectives relevant to the R&D process.

In the late 1970’s and early 1980’s a number of new techniques were devel-
oped that considered the multiple objectives inherent in the R&D project selection
process. Multi-criteria modelling techniques such as goal programming allowed re-

searchers to address project selection from a more realistic perspective. However,
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one aspect of the project selection process that still has not been addressed by these
and other models is project scheduling. Practitioners generally select projects based
on all relevant goals except scheduling, and then schedule a project set according to

general scheduling models, such as PERT/CPM.

Importance of scheduling in R&D project selection

Scheduling would seem to be an important part of the R&D project selection
process that should be included in any project selection model. Scheduling is a re-
alistic constraint on management’s decision-making process when selecting R&D
projects. The time available to complete a set of projects is normally limited, R&D
project completion time is usually subject to important due dates, and research per-
sonnel, resources and/or facilities can overlap if projects are not scheduled effi-

ciently.

If a time constraint is placed on the R&D department to start and complete a
set of projects within a specified time horizon, management should realistically select
projects that meet not only economic goals, but also the scheduling goals. However,
a situation might exist where, for example, projects, A, B, and C, would represent the
best selection in terms of the economic goals and resource constraints for the R&D
selection process, but it would not be possible to complete all three projects within
a specified time horizon. This time horizon could be imposed internally by the R&D
department, externally by market forces or by other organizational departments, or

most likely, by senior management, possibly through the strategic planning process.
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Traditionally, this problem has been addressed by first selecting a set of
projects that meet economic goals and resource constraints, and then subsequently
attempting to schedule this set of projects using scheduling rules or procedures.
When a conflict results and it is not possible to schedule the projects within the de-
sired or required time frame projects may be deleted, alternative projects or sets of
projects may be considered, resources may be increased, economic goals reduced,
or the desired schedule may be relaxed. None of these alternatives represent a
logical or structured solution approach that is likely to provide the best, or even a

good selection of R&D projects.

R&D projects frequently must be sequenced through a common set of facilities
and/or equipment. These facilities may not be able to handle all the selected R&D
projects at the same time. There could be many different sequences of projects
through the facilities, however if due dates or time requirements are rigid and bind-
ing, the particular sequence selected may not be feasible. In fact, a satisfactory se-
quence for the projects selected by a traditional project selection model may not
even exist if scheduling constraints are imposed. Facilities should be treated as a
dynamic resource constraint that is a function of the demands of a project and the
time during which a project (or projects) makes use of the facilities. Alternatively,
traditional selection models, if they include a facilities constraint at all, consider it
only for a fixed point in time, or consider facilities scheduling after the scheduling

process.

A conflict between scheduling and R&D personnel can also occur. In this
case, the research personnel might be assigned to an R&D project, and would not

be available to work on any other R&D projects until the R&D project is completed,
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or their task is completed. This overlap would affect the completion dates and/or the
due dates of those R&D project(s) requiring the research personnel. Scarce or

shared resources would affect the R&D process in a similar manner.

Thus, scheduling would seem to be an important goal in the R&D project se-
lection process, and project selection models should logically reflect this importance.
However, when investigated closer, the reason for the exclusion of scheduling as part

of R&D project selection models presented in the literature is clear.

Difficulties presented by project scheduling

R&D project scheduling belongs to a larger family of scheduling and se-
quencing problems identified in the literature as being “hard” problems to solve.
These scheduling problems are classified as NP-Complete problems. NP-Complete
problems are problems for which solution algorithms take an extraordinarily long
time to complete. Specifically, if the computational complexity of the “fastest known”
algorithm increases non-polynomially as the problem size increases, then the prob-
lem is considered NP-Complete. Polynomial expressions are those expressions that
can be expressed in the form x", where n is the problem size, and any other form is
considered non-polynomial. A more complete guide to NP-Complete problems is

given in Garey and Johnson (1979).

The implication of this difficulty for scheduling problems is straightforward: the
problem can be solved optimally or near optimally for only the smaliest problems.
As the problem size increases, the time required to solve the solution algorithm be-

comes too long for even the fastest computers available today. The result is that all
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practical scheduling problems are solved using heuristic algorithms. Unfortunately,
the most effective and robust quantitative R&D project selection models, especially
multi-criteria models, cannot incorporate a scheduling heuristic within their frame-
work. These models require exact mathematical relationships between the model
objectives and constraints in the model formulation. Put directly, the scheduling
heuristics are incompatible with methods such as linear, nonlinear, or integer pro-

gramming.

The elegance of exact methods for project selection, and the comparative
simplicity of solutions obtained from these methods, makes them popular among re-
searchers. Because of the difficulty of including scheduling goals in the multi-criteria
models developed for R&D project selection problems, scheduling has been releg-
ated to being performed after the selection process. However, scheduling is a real-
istic and important consideration for R&D managers, and its inclusion in the selection

process would logically result in a better, more realistic solution.

The objectives of this dissertation are to: (1) develop a modelling approach
that will allow the addition of project scheduling as a goal within a multi-criteria R&D
project selection process, (2) determine how close to optimal the model solutions
are, and (3) determine if the model can solve realistic problems, in terms of project

selection goals, constraints and problem size.

Statement of the problem

The current portfolio of quantitative R&D project selection models is extensive,

and includes mathematical programming models, economic models, index models,
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decision theory models, risk analysis models, frontier models, and scoring models.
These models attempt to address the various objectives and constraints that are rel-
evant to the R&D project selection problem. Some of thé quantitative models con-
sider one objective at a time, such as expected profit of the selected portfolio of R&D
projects, while others are multi-criteria models. These models address multiple
goals, such as profit maximization, maximizing the probabilities of success of se-
lected projects, and scheduling goals such as minimizing lateness of selected
projects, and meeting target project due dates. Some of these goals, such as profit
maximization and probability of individual project success, lend themselves to more
exact methods such as math programming, while other goals, such as the scheduling
goalis, are more difficult to include in exact solution methods. The primary objective
of this research is to develop a modelling approach that can incorporate project

scheduling as a primary goal in a multi-criteria R&D project selection process.

Scheduling is virtually impossible to include in strict optimization models that
have previously been used for R&D project selection and scheduling, such as math
programming models. Math programming models have been presented in the liter-
ature to solve resource constrained project scheduling problems (Pritsker et al. 1969),
but do not consider project selection. However, these math programming models for
project scheduling can only handle very small problem sizes, because of the
NP-Complete nature of scheduling problems. As a result, exact methods for R&D
project scheduling are usually very complex, and after an extensive literature review,
no exact mathematical models were found that included both project scheduling and
project selection as goals. Some mathematical models have included a scheduling
goal by simplifying project scheduling as project completion time, and considering

the projects independently (Taylor et al. 1982). If the project completion times are
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truly independent of each other, and can be easily estimated then this model will
work well. However, it is more realistic to consider the scheduling of R&D projects
as a inter-dependent process. The selected projects will share R&D facilities, per-
sonnel and other resources, and the timing of the use of these resources will affect
the individual project completion times. An R&D project selection model that in-
cludes scheduling as a goal should reflect this project inter-dependence to provide

a more realistic solution.

This dissertation will address this issue of including project scheduling as a
primary goal of the R&D project selection process by developing a modelling ap-
proach that can accommodate the NP-Complete nature of project scheduling. This
model will also be able to handle realistic R&D project selection problems, partic-

ularly in terms of problem size.

Purpose and justification

The purpose of this research is to develop a modelling framework that can be
used in the selection and scheduling of R&D projects, with the scheduling of the
projects as a primary objective, or goal. Project scheduling has not been extensively
explored in the research literature on R&D project selection to date, primarily due to
the limitations inherent in trying to use exact methods to solve R&D project schedul-

ing problems,

This research has the following objectives: (1) to investigate different methods
for solving R&D project selection problems to determine if it is possible to include

project scheduling as a goal; (2) to develop a modelling approach that can accom-
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modate the scheduling requirements of the problem, and, is efficient in terms of
quality of the solution obtained, and, in the computational time required to arrive at
the solution; and, (3) to demonstrate useful and practical implementation of such a

modelling approach.

The investigation of different models that have been used previously to solve
R&D project selection problems will require an extensive literature search. These
methodologies have strengths and limitations regarding the various input and output
requirements of the R&D selection problem. Models that include scheduling as part

of the selection process are virtually nonexistent in the literature.

Background and significance

An R&D project is a potential product, process or service that has the potential
for providing benefits to a company, or organization. Depending on the organization,
the benefits from R&D projects can take different forms. Business R&D would pri-
marily focus on increasing future cash flows or profits to the company. However,
R&D can also be performed for military organizations, medical organizations, natural
and physical sciences, etc. In these cases, the benefits are not necessarily future
profits for the organizations, but instead, advances in technology and knowledge. For
example, research may be performed to find a cure for a rare disease, in which case
the objective is to find the cure as soon as possible, rather than trying to make the
cure profitable for the organization. Thus, objectives for business R&D are often dif-
ferent than for other types of organizations, and as a result, many different techniques

and models exist for R&D project selection. This research will emphasize business
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R&D, and the focus will be on business R&D project selection, subject to goals and
constraints appropriate for business organizations (i.e. economic goals and con-

straints).

Business R&D projects can be separated into several categories: process
improvement R&D, product improvement R&D, new process R&D, new product R&D,

and new process/new product R&D.

Process improvement R&D focuses on improving existing manufacturing or
service processes. The process improvement can be the result of new technologies,
materials or equipment, and the goal is to improve the efficiency or profitability of the

operations.

Product improvement R&D relates to updating a product’s specifications or
performance, or perhaps extending a product line, but not enough to consider the
resulting product as a new product. The improvements are intended to increase

sales, increase market share, and/or increase profits from the product or product line.

New process R&D is aimed at providing an entirely new method for manufac-
turing a product or service. The new process may be the result of new technologies,
materials, equipment, or manufacturing ideas. Like process improvement, the goal
of new process R&D is to improve the efficiency or profitability of the manufacturing

process.

New product R&D is aimed at generating new products for market. These new
product ideas are designed to be produced with existing or conventional manufac-

turing processes. This type of R&D is inherently risky because the likelihood of
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commercial success is more difficult to assess than technical success. Also, the
profitability of the manufacturing process is more difficult to determine for new pro-

ducts, making it difficult to accurately estimate profits for the new products.

A combination of new process / new product R&D is aimed at producing a new
process or processes to produce a new product. This type of R&D is rare, as the
risks to the company are greater. In order for the R&D project to be successful, both

the new process and the new product must be successful.

An R&D project typically has a budget requirement, which is the maximum
amount of cash that the company expects to, or is willing to spend on the project.
An R&D project also has an anticipated future cash flow to the company, and this is
called the return. The likelihood of the R&D project of being successful is called the
probability of success. An R&D project can consume other resources besides cash,
such as manpower, materials, time, equipment and computer resources. The limit
on the availability of each resource is called a constraint. A company will typically
have multiple R&D projects to consider, and usually will not be able to undertake all
projects, because of the constraints. The problem becomes one of how to select the
best set of R&D projects that will ultimately benefit the company, or organization the
most. The selection process should meet the needs of the company, in terms of fu-
ture benefits, while meeting the system constraints that exist because of limited re-

sources.

The R&D department has the responsibility to develop models for project se-
lection that achieve the company’s goals as established by top management. The
goals that the R&D department uses for the project selection process and models are

designed to be consistent with the established goals and objectives as outlined by

Chapter 1: Introduction 10



top management. The actual goals used depend on a variety of inputs from other
levels of management and other departments. The manufacturing, marketing, fi-
nance, sales, and accounting departments all provide input to the R&D department
concerning the potential R&D projects, helping determine costs, future profit poten-
tial, possibilities of both technical and commercial success, and how the R&D project

might fit in with other corporate strategies in terms of product mix, etc.

Typical goals used in the R&D selection process include maximization of the
expected return from the R&D projects, which is a function of projected cash inflows
from the R&D project, and, the probability that the project will be successful. An R&D
project can be defined as a technical success if the R&D project is feasible in terms
of function and cost, or a commercial success if a demand for the product or service
exists and it is profitable to provide it. For business R&D, eventually all R&D projects
must result in commercial success. In each case, the R&D project can generate cash

flows for the organization.

A related goal used by R&D management for R&D project selection is to
maximize the expected profit for the R&D projects selected. This is slightly different
from expected return as it takes into account the budgetary cost of the individual
projects; the expected profit of the R&D project is the difference between the ex-
pected return and the expected cost for the R&D project. In certain cases, top man-
agement is interested in generating high cash flows, i.e. sales, and the expected
return goal would seek to ensure that R&D projects would be selected that would
help meet this overall goal. In this case, the profits generated by the projects se-
lected may not be maximized, since the costs of the projects are not considered in

the goal. If top management was interested in maximizing the profits generated by
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the R&D projects, then maximizing the expected profit would be the appropriate goal

to use.

If top management is also interested in maximizing the use of the manufac-
turing resources and equipment, then maximizing resource utilization would logically
be a secondary goal used in the R&D project selection process. This would involve
selecting projects with an objective of utilizing the various resources of the R&D de-
partment as fully as possible. The R&D department or function might want to include
this goal, especially if it has some degree of autonomy within the organization, as a

means for self preservation,

Top management might be concerned with generating a stream of successful
products or services. If this is the case, then another goal the R&D management
could use for R&D project selection would be to maximize the joint probability of
success of the projects selected. This would lead to projects being selected that

have the best chance of being successful.

The scheduling of the selected projects is also important to R&D management,
as the timing of the R&D projects impact the company or organization as a whole. If
scheduling of projects is considered during the project selection process, then the
R&D department can make estimates of the projects’ durations, as well as the time
spent in various stages of the R&D process. In addition to the goals outlined above,
the inclusion of scheduling in the R&D project selection process can improve the
quality of the solutions obtained. The manager can use scheduling goals such as
minimum total throughput of the selected projects, or minimize the makespan of the
selected projects. If the organization imposes due dates on the R&D projects, the

manager could also have as a goal the minimization of the total tardiness, or lateness
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of the selected projects. Such due dates might result from market requirements, or
contract requirements. In any case, by considering these scheduling goals a priori,
the company or organization can use the R&D project selection model knowing that
the resulting set of selected projects will not only meet the economic and strategic

goals, but will also be feasible in terms of scheduling the projects.

R&D project scheduling can also cause a conflict of resources, resulting in
unnecessary delays. Consider the case where two or more R&D projects require the
same resource. Although there may be enough resource capacity to handle the
projects, the resource can only be utilized by one project at a time. The R&D de-
partment must now decide the proper sequence of R&D projects for the resource.
Sequencing is a typical scheduling problem, and by taking this into account during
the project selection process in the form of a goal, conflicts like this can be minimized

or avoided.

Previous research on R&D project selection

There presently exists a plethora of models desighed to handie R&D project
selection. The literature on R&D project selection includes over two hundred quan-
titative and qualitative models (Danila 1989), each attempting to deal with R&D goals
and constraints in order to find the “best” method for selecting a project portfolio.
Reviews of the research on R&D project selection can be found in Baker and Pound
(1964), Cetron, Martino and Roepcke (1967), Gear, Lockett and Pearson (1971), Baker
(1974), Baker and Freeland (1975), Souder (1972), Liberatore and Titus (1983), and

Danila (1989).
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These reviews of R&D project selection models evaluate nearly every different
model type proposed for R&D project selection. This includes scoring models, fi-
nancial models, portfolio models, math programming models, decision theory mod-
els, and consensus models. Each model type addresses different issues and
characteristics of the R&D project selection problem. The purpose of this research
is to develop a model that incorporates one important issue in R&D project selection
that has not been addressed by traditional R&D project selection models: project

scheduling.

Some R&D project selection models consider the projects individually during
the selection process. These models evaluate each project in terms of the goals
defined by management, and then rank these projects. The selection process is
completed by selecting the projects in rank order until the budget is exhausted.
Scoring models, financial models, checklist models, decision theory models, and
consensus models all typically evaluate the projects individually in this manner. This
is primarily why project scheduling has not been incorporated into these models.
Project scheduling requires consideration of the projects’ interaction and/or interde-
pendence. The projects compete for resources and/or facilities during the R&D
process, and the sequencing of the projects through these resources and facilities
can affect the timing of the project benefits. By considering the projects individually,
these models make the assumption that project scheduling and sequencing through
the R&D facilities is an insignificant concern for R&D management, and this is not the

case.

In order to incorporate scheduling of the R&D projects into these models, all

possible project combinations would have to be considered and evaluated. For small
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problem sizes, this would be possible, although not very practical. As the number
of projects increases, the number of different combinations of projects explodes ex-
ponentially. The number of different combinations is 2", where n is the number of
projects under consideration. For realistic problem sizes, it would be difficult to in-

corporate scheduling into these model types.

Another process is to consider the projects concurrently, rather than inde-
pendent of each other. By doing this, the projects’ utilization of resources is consid-
ered with respect to optimizing the R&D project selection goals. Math programming
and multi-criteria models use this approach for selecting R&D projects, and generally
give superior results to the simpler ranking approach. However, the solution meth-

odology is much more complex as well.

Portfolio selection models, including math programming techniques such as
linear programming, dynamic programming, integer programming, and nonlinear
programming consider the project selection process as the creation of an optimal
portfolio, or group, of R&D projects, subject to certain objectives and constraints in
the R&D process. These models require the R&D manager to formulate the R&D
objectives and constraints into exact mathematical equations relating the objectives
and constraints to each other. For goals such as profit maximization, resource utili-
zation and probabilities of success for the individual projects, efficient algorithms
have been developed for solving the R&D project selection problem. However, even
some of these methods have their limitations. For instance, linear programming and
integer programming problems are solved using algorithms that have been shown to
have exponential time complexity (Garey and Johnson 1979). The simplex algorithm

is an exponential time algorithm, but in practice has a record of running quickly. In-
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cluding project scheduling into these models would only compound the problem of
complexity, and as a result no formulations for including project scheduling into the
R&D project selection problem exist in the literature. Some models in the literature
use simplifying assumptions about project scheduling in the project selection model,
for example by creating mathematical equations for computing project completion
times as a function of the number of researchers assigned to the individual projects
(Taylor et al. 1982). This works well if project interdependence is minimal, but if
project interdependence is not insignificant the solutions obtained may not be opti-

mal, in terms of scheduling requirements.

In summary, the research on R&D project selection does not realistically
consider scheduling during the R&D project selection process. Some models do take
into account scheduling in a simplified manner, but in general the effect of project
scheduling on project selection is not taken into account. The impact of project
scheduling on project selection has not been explored by the models, and these

models will be discussed in greater detail in Chapter 2.

Project scheduling

Liberatore and Titus have developed a relatively complete review of the
methods used for R&D project scheduling and control. The most popular techniques
are Gantt charts, PERT/CPM, and GERT. These techniques are implemented after the
R&D projects have been selected, and several companies expressed an interest in
“interactive systems for resource allocation and multiproject tracking and control”

(Liberatore and Titus 1983).
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Multiproject scheduling with limited resources, or resource constrained
scheduling has received some attention in the literature. Pritsker, Watters and Wolfe
(1969) developed a a zero-one (0-1) linear programming formulation for a multiproject
resource constrained scheduling problem, and show that for small cases optimal
solutions were obtainable. Because attempts at using integer programming to solve
realistic problems of this type were not very successful (Patterson 1984), enumerative
approaches were developed to solve different versions of this type of problem.
Patterson (1984) compares several enumerative based approaches for solving a
multiple constrained resource, project scheduling problem. Each procedure limits
the search for optimal solutions by “searching the set of possible solutions in such a

way that not all possibilities need be considered individually.”

The project scheduling problem, when combined with resource constraints
like those in R&D project selection, is very difficult to model, and algorithms that

provide optimal solutions are nonexistent.

Significance

Although R&D project selection has been a subject of intense academic re-
search, the research has mostly ignored the impact of project scheduling on project
selection. The inclusion of project scheduling represents a more realistic problem,

albeit a much more difficult problem to solve.

This research will represent an extension of the existing research on R&D
project selection by: (1) developing a methodology for including project scheduling

in the project selection process, and, (2) designing a heuristic algorithm that will se-
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lect and schedule R&D projects within the system constraints and according to goals

relevant to the R&D process.

Scope and limitations

This dissertation will incorporate research project scheduling as a goal (or
objective) of the R&D project selection process. The scheduling of projects will con-
sist of directing the individual research projects through the various stages of the
R&D process. Projects will require different routings through the stages of the R&D
process, and projects will likely have to wait for other projects’ completion before

continuing.

The filtered beam search approach

This research will require the development of a heuristic algorithm to perform
the selection and scheduling of R&D projects. A heuristic algorithm is considered the
only viable alternative to enumerative methods for scheduling problems, because of
the NP-Complete nature of scheduling problems. Exact methods are efficient for very
small problem sizes, whereas realistic R&D project selection problems can encom-
pass large problem sets. The methodology selected for this dissertation is a heuristic
algorithm based on the “Filtered Beam Search”, a search technique developed in re-
search on Artificial Intelligence (Al). The filtered beam search belongs to the class

of search techniques called beam search techniques, which have been successfully
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Figure 1.1. Example of a search tree
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