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Abstract

ON OPTIMIZING THE ALLOCATION OF RESOURCES IN A

MULTIPLE-PROJECT ENVIRONMENT: A PUBLIC-SECTOR CASE STUDY

One of the key challenges encountered by program managers in managing multiple
projects within project- and program-based organizations is resource allocation. Although
project managers typically work diligently to optimize the allocation of resources within
the individual projects, using what are considered to be the best practices in project
management, and thus leading to adequate and even excellent utilization of resources at
the project level, such an approach may result in poor resource optimization at the
program level. The unfortunate result is good intra-project resource optimization and
poor inter-project resource allocation. In the long term, this can be very costly to the
organization.

In this study, a mixed integer optimization model (MIOM) was developed for the
allocation of resources in multiple-project programs. Managers in a Department of
Defense organization were introduced to the MIOM as a decision support tool for inter-
project resource allocation. The efficiency of the MIOM for resource allocation was
measured by collecting and analyzing data on four key performance metrics for a
multiple-project public-sector program: cost performance index (CPI), schedule
performance index (SPI), and mean square error of cost (MSEC) and mean square error
of schedule (MSES) performance indices.

The MIOM was implemented in a multiple-project environment as a decision support

tool for the allocation of resources. The data collected were used to answer the

Vi



overarching research question: What, if any, difference exists between the efficiency of
project resource allocation prior to implementation of the MIOM resource allocation
model and said efficiency after its implementation?

Four hypotheses were tested to address the measures of resource allocation efficiency.
The results of the analysis showed statistically significant improvements in each of those
four measures after the implementation of the MIOM. Thus, the study provided strong
evidence to support the conclusion that, on average, implementation of the MIOM

resulted in improved project cost and schedule performance.
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Chapter 1 — Introduction

1.1 Background

Resource allocation in multiple-project scenarios is a major challenge faced by
project managers in project- and program-based organizations. Project managers typically
work diligently to optimize the allocation of resources within individual projects, using
what are considered to be the best practices in project management. Although this may
lead to adequate and even excellent utilization of resources at the project level, such an
approach may result in poor resource optimization at the program level. The unfortunate
result is good intra-project resource optimization and poor inter-project resource
allocation. Stated differently, the result is good project-level local optimization and poor
program-level optimization.

Public-sector programs are generally long term: multi-year or, in certain cases, multi-
decade. As such, they require frequent inter-project resource allocation to rebalance the
program portfolio. This means that program managers may be required to reallocate
inter-project resources regularly in order to best employ program-level resources. Many
programs accomplish this by ad hoc methods, that is, without the use of decision analysis
models, because of the difficulty involved in interpreting the results to managers who are
not interested in complex mathematical formulae. In addition, when decision analysis
models are used, the parameters included are not necessarily important to project and
program managers, nor are they useful for day-to-day decision making in the public

sector.



The objective of this study was the evaluation of the efficiency of resource allocation
resulting from the use of an optimization model for inter-project resource allocation in a
multiple-project program. The study utilized archived data from a major U.S. Department
of Defense (DoD) program to study the impact of a resource allocation model on major
earned value management (EVM) indices, which is a class of metrics frequently used in

the public sector.

1.2 Problem Statement

The resources available within a multi-project environment often are reallocated to
projects with earlier due dates or to projects with a higher profit potential in order to
satisty the requirements of long-term (multi-year or multi-decade) public-sector projects.
The difficulty lies in adequately distributing resources throughout the entire multi-project
program organization over a long time span. A detailed study of the available literature
showed that although mathematical models are developed and frequently implemented in
private-sector programs, their successful use in the public sector is scarce indeed. This
limited usage is due to the fact that commercial off-the-shelf (COTS) optimization
software is designed for for-profit organizations, and its usage in the public sector is
limited by the assumptions made in regard to the decision variables in the private-sector
problem space.

An extensive study of the literature confirmed that when optimization models are
used for program management, they often emphasize generic parameters and incorporate
the most commonly used metrics. However, these metrics tend to be less important to
public-sector managers and fail to incorporate the variables that are most relevant to

public-sector programs. One such example is the use of earned value management



(EVM) metrics in the public sector for assessing project and program progress. EVM is a
comprehensive management program that tracks work scope, schedule, and cost goals
and evaluates their progress. Although EVM has met with great success in these aspects
of management, there is no evidence of the use of EVM for resource allocation and
program-level resource optimization. A gap therefore exists in the use of metrics such as
EVM for the inter-project allocation of resources for optimal program performance. The
specific question examined in this study is whether a resource allocation model, such as
the mixed integer optimization model (MIOM), will result in more efficient allocation of
resources as measured by EVM metrics. Unless the answer to this question is known,
stakeholders such as organization program managers and project managers are not likely

to have all the necessary information for the efficient allocation of their resources.

1.3 Purpose of the Study

The intent of this study is to investigate the relationship, if any, between utilizing the
MIOM and the efficiency of project resource allocation within a multiple-project public-
sector program as measured by the cost performance index (CPI), the schedule
performance index (SPI), and the mean square error of cost (MSEC) and mean square

error of schedule performance (MSES) indices.

1.4 Multiple-Project Decision Support System

This study utilized data from a decision support system (DSS) whose implementation
was based on the MIOM, details of which are provided in Chapter 3. The study data were
obtained from a database for a DoD program that has been in place since 2004 and

consists of 42 individual projects managed by 53 project managers. From 2004 to 2006,



the program did not employ the MIOM as a decision tool, but it has used the MIOM as a
basis for resource allocation since 2007. Since the inception of the DoD program, the
project managers have entered the values of key EVM metrics for their project, such as
the CPI and SPI, into the database on a weekly basis.

The present study was intended to assess whether there has been any change in the
efficiency of program resource allocation which is primarily due to the usage of MIOM
for resource allocation Thus, the unit of observation for the study was a project, and the
study data consisted of a sample of 42 projects. Resource allocation efficiency was
measured by the CPI, SPI, MSEC, and MSES. The pre-MIOM CPI was obtained by
computing, separately for each project, the average CPI over all weekly entries from
2004 through 2006. The pre-MIOM SPI, MSEC, and MSES were obtained in a similar
way. The post-MIOM CPI was obtained by computing, separately for each project, the
average CPI over all weekly entries from 2007 to the present. The post-MIOM SPI,
MSEC, and MSES were obtained in a similar way.

The quantitative study was used to develop statistical inferences regarding multi-
project programs. This means that other projects that are part of large multi-project
programs similar to the program and projects included in this study may be able to draw
on lessons learned from this study to deal with their resource allocation challenges.

The information collected for the quantitative study was analyzed statistically
(Yaremko et al., 1986). These statistical analyses include descriptive statistics as well as
the paired t-test. That test was used to compare the average resource allocation

performance indices (CPI, SPI, MSEC, MSES) prior to the implementation of the MIOM



and after the implementation of the MIOM, in order to identify changes, if any, in the

efficiency of resource allocation after the implementation of the MIOM.

1.5 Research Questions

The overarching question asked in this study was the following: What, if any,
difference is there between the efficiency of project resource allocation prior to the
implementation of the MIOM resource allocation model and said efficiency after its
implementation? To answer this question, four separate research questions were
addressed, one for each of the four performance indices (CPI, SPI, MSEC, and MSES).
For each index, the following question was asked: How did the pre-MIOM efficiency of
resource allocation (as measured by that index) compare to the corresponding post-
MIOM efficiency?

If these performance indices were found to improve after the implementation of the
MIOM, this would support the conclusion that the utilization of the MIOM by project
managers resulted in improved program resource allocation.

The dissertation is organized as follows: Chapter 2 is devoted to a literature review
that focuses on multiple-project management as a major challenge faced by project
managers in project- and program-based organizations, as well as on the allocation of
resources among projects in multiple-project programs. The methodology used to address
the research questions is described in Chapter 3, and the results of the analyses conducted
for this study are presented in Chapter 4. The main findings and conclusions are

summarized in Chapter 5, which also includes suggestions for future research in this area.



Chapter 2 — Literature Review

Project management within an organization is a process that requires detailed
planning and the application of systematic procedures. In order to achieve high-level
objectives, individual projects are often grouped together and executed simultaneously.
The simultaneous management of multiple projects injects an even greater degree of
complexity into the process, and is therefore regarded as a major challenge faced by
program and project managers in multiple-project programs.

A review of the literature reveals that effective project and program management,
efficient resource allocation, performance measurement of projects, and decision analysis
based on value-focused thinking are key factors that help organizations attain project
success. In what follows, various program- and project-related components are described,
and strategies available for managing multi-project programs are examined.

Effective resource allocation, which requires a clear understanding of the available
labor strength and skill set, contributes more than perhaps any other factor to project
success. At times, however, current management practices in private- and public-sector
organizations do not adequately take the importance of resource allocation into account.
In today’s highly advanced business world, most programs are planned for the long term
and require frequent inter-project resource allocation. The difficulty lies in distributing
resources adequately and efficiently to individual projects throughout the entire duration
of the program.

The criteria for success of any program are determined by the program objectives,
which then roll down to the objectives of the individual projects. Performance
measurement thus plays an integral role in assessing project performance.

6



Project management also involves making and implementing the right decisions.
Therefore, decision analysis is another factor that contributes significantly to project
success. The skillful use of decision analysis tools, combined with strategic planning by
program and project managers, coordination among team members, and support from

management, is critical to project success.

2.1 Management Challenges in Multiple-Project Environments

Programs with multiple projects have now essentially become the norm in the field of
project management. Turner and Speiser (1992) remarked that in the current business
world, about 90% of projects are executed in multiple-project scenarios. The
effectiveness of management of a multi-project program depends to a considerable
degree on factors such as capacity, conflict, complexity, context, and commitment.

Capacity is an organization’s capability to provide adequate and appropriate resources
for working on different projects in a program simultaneously. Organizations never let
excess resources go idle, so if there is overcapacity, the organization’s goal is to cut down
on the number of underused staff. At the same time, management personnel, eager to
increase revenue, have a tendency to take on additional work—a practice that often
results in periods of under-capacity. In this context, Spiihler and Biagini (1990) indicated
that many companies attempt to execute more projects than they can successfully handle.

Conflict can be rooted in people, systems, or organizations. According to Payne
(1995), a common source of people conflict is the “peer rivalry between various
functional specialists” (165), whereas Karaa et al. (1991) asserted that “the most common
sources of systems conflict are the priority structure and the work-scheduling process”

(93). Conlflicts within organizations stem from situations where the goals of different



organizations are diametrically opposed, leading to a zero-sum mentality. That is, if
organization A succeeds, then organization B fails, and vice versa.

Complexity can arise from relationships among different projects, between the
projects and the involved organization, between the involved parties, and so on. Payne
(1995) suggested that complexity “is also concerned with the controls used by
management, and the choice of how much integration of the multiple projects is either
desirable or practical” (165). Multiple projects are more prone to error due to the
complexities arising from interrelated and constantly changing tasks, so they require use
of better monitoring and control systems. According to Weigand (1990), the allocation of
project control resources is not likely to be spelled out as precisely on multiple small
projects.

Context can be traced to the background settings of projects, which include the
culture and codes of behavior of the involved groups or societies. Context is often based
on the historical circumstances under which a single project or multiple projects are being
carried out. At this time in history, for example, it is not uncommon for multiple projects
to be partially managed by different groups in different countries or continents and/or in
different time zones. In such a case, it is important for the project leadership not only to
be aware of the limitations and challenges inherent in managing in such an environment
but also to understand the contexts well enough to harvest the positive synergies that may
result from operating in a multicultural and/or multilingual context.

Commitment comprises the sincere efforts by different stakeholders to attain project
success. Commitment does not necessarily mean working longer, but rather working

more effectively and aiming for results of high quality.



2.2 Project Management

The Project Management Institute (2004) defined project management as “the
application of knowledge, skills, tools and techniques to project activities to meet project
requirements” (34). Having all of these elements in place, together with vision and proper
planning, substantially improves the chances for project success. Conversely, the absence
of one or more of them can result in an inferior outcome or outright failure.

Organizations are tasked with ensuring project success. Hunte (2009) indicated that
only 34% of projects ultimately meet all of the intended goals, even after making suitable
improvements in their management. He indicated that “without proper visibility,
organizations are unable to see what is needed six months, three months, or even two
months down the road, resulting in poorly constructed project plans that do not capture
critical dependencies, including assigning project resources and key milestones™ (1).

Considering the innumerable challenges posed in the multiple-project setting,
management strategies to address these challenges have to be seriously considered. Payne
(1995) remarked that “up to 90%, by value, of all projects are carried out in the multi-
project context, and thus the impact of even a small improvement in their management on
the project-management field could be enormous” (163). In conclusion, Partington et al.
(2005) noted that the majority of organizations have started making use of some kind of
explicit project management methodologies for addressing different challenges at various
stages of a project. The increasing use of explicit project management methods is
particularly notable in the case of initiatives, internal or external, that have a

technological dimension or are characterized by a certain project life cycle.



The term project life cycle refers to how projects are managed as they go from
inception to close-out. Different life cycles are typically very similar in approach,
irrespective of the industry or organizational nuances. According to the Project
Management Institute (PMI 2004), even though no two projects can be exactly the same,
“all projects must pass through the same five project management phases: origination,
initiation, planning, execution, and close-out” (45).

In the project origination phase, a proposal is created to develop a product or provide
a service. It is then submitted for a selection process. If the proposal is accepted, the
project begins to take shape. The PMI (2004) has reported that a time delay may occur
between proposal creation and selection, or between selection and actual initiation of a
project, based on the specific practices in the organization.

During the project initiation stage, the project’s needs, major deliverables, and
required resources, such as work groups, are identified. Then data on the main
parameters, such as cost, schedule, and quality, are collected. In the final stages of project
initiation, it is decided whether to proceed.

During the project planning phase, which follows project initiation, the required tasks
and optimum work schedule are figured out. The optimal allocation of resources is
decided on, and resources are added or removed accordingly. In the final stages of
planning, the documents are reevaluated, and it is ultimately decided whether to proceed
with project execution or to terminate the project.

As the name itself suggests, in the project execution stage the actual work is executed
under the supervision of project managers. Most of the project resources are utilized in

this phase.
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In the project close-out phase, a majority of the work involves determining whether
the project has met all of the original requirements (Martinelli and Waddell, 2004).
Assessments are carried out regarding the project results and the project team’s

performance, and findings that could be useful for future projects are recorded.

2.3 Program Management

The term program management refers to principles that are implemented to ensure
that the managers of individual projects work together through strategic planning,
categorizing, and supervising to meet the business requirements. According to Ferns
(1991), program management may be implemented successfully in three phases. In the
preparatory phase, senior management personnel accept the program concept, and an
effective idea is formed along with potential program benefits. During the second phase,
program establishment, the projects that constitute the program are finalized by
prioritizing projects and gaining the commitment of the sponsors. Program management
activity, the final phase of implementation, involves planning, logistics, control functions,
and resource allocation. The management of scarce human resources is a challenging
aspect of the process, because it calls for excellent interpersonal communication and the
skills necessary for the resolution of conflicts among project managers and directors.

Ferns (1991) identified a plethora of reasons for project failure. These include (1) lack
of understanding of the projects on the part of management, (2) inadequate reporting of
procedures, (3) paucity of prioritization among and within projects, (4) inefficiency in
resource utilization, (5) placing of more emphasis on technology than on user needs,
(6) development of work backlogs, (7) failure to understand the dependencies between

projects, and (8) re-engineering emanating from insufficient attention to the linkages with
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other systems, strategies, and procedures. Because of these barriers, projects may lag
behind schedule or go over budget; therefore, they may not provide the expected benefits.
In many cases, the actual causes of failure go unnoticed. That is where good program
management can make a significant difference.

Program management is an effective tool that provides a framework to help project
managers address problems that arise and solve them so that the overall framework for
the preplanned business strategy may be followed. According to Turner and Speiser
(1992), the concept of program management highlights “the need to set priorities between
projects to enable the chosen projects to make smooth and continuous progress toward a
successful completion, and the desire to obtain additional benefits not obtainable through
the individual projects” (48).

Thiry (2004) opined that “the rationale for program management lies in strategic
management rather than the technical level” (246). Because programs have a longer life
span than projects, programs are subject to changes in the needs of sponsors, intermediate
results affect the final product, and interrelationships between projects complicate matters
at times.

Public-sector projects are usually long-term projects that require frequent inter-
project resource allocation. As such, the efficient planning and management of such
projects is very important for their successful completion. This has always been, and
continues to be, a major challenge for most organizations. When compared to individual
projects, programs have a broader scope, a greater array of complexities, a more strategic

nature, and a longer time span.
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As discussed earlier, program management is an effective and prominent contributing
factor in any successfully completed project. However, in spite of having applied good
program management practices, many projects fail. Analyses of these failures have
revealed that the causes are primarily personnel-related.

The complexities of programs and program management have contributed to the
framing of innovative changes within organizations. For the successful implementation of
programs, program managers have to play the role of moderators, mediators, and
manipulators. Program directors and managers can enable purposeful and effective action
by sheltering and moderating the pressures on individual projects while incorporating
change, varying the pace of development, and recreating boundaries at the overall

program level (Pellegrinelli, 1997).

2.4 Project Management versus Program Management

Despite the tendency to use the terms project management and program management
interchangeably, significant differences exist between them. In what follows, the major
differences in the two concepts are described.

Project management is the process of developing strategies to manage available
resources and complete an individual project. Program management is the process of
designing and managing a set of related projects with related goals. Project management
has specific time constraints and spans only a short period, because most individual
projects have definite initiation dates and completion dates.

The project manager’s job requires working only on specific projects that have clear
objectives, whereas the program manager’s job consists of more strategic and technical

planning. The project team members’ responsibility is to identify the constraints of time
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and cost on a project. After that, they focus their attention on implementing the project.
The program management team members provide support for the project requirements,
monitor the program schedule, and keep track of the changing needs.

Project management is primarily a tactical process, whereas program management is
strategic. Martinelli and Wadell (2004), employed by Intel Corporation and Tektronix,
Inc., respectively, remarked that within their companies “project management focuses on
the tactics of planning and execution of the work output, [and] program management
focuses on achievement of the intended strategic business results through the
coordination of multiple projects” (216). Project managers usually control a team
assigned to one of the projects in the program, whereas program managers manage

different sections of an organization, such as engineering or marketing.

2.5 Project Portfolio Management (PPM)

Project portfolio management (PPM) is the organization of information on all projects
at the enterprise level so that it is easier to prioritize each project by certain
predetermined criteria. In simpler terms, PPM describes how a set of projects is analyzed
and managed to meet enterprise-level goals. Primarily, PPM is concerned with the most
cost-effective methods of working simultaneously on the projects for optimum results.
The results often are measured in terms of cost effectiveness, business goals, technical
strategy objectives, and similar forms of assessment.

The demand for resources will always exceed supply, and this also applies to the
resource allocation process. This fact has given rise to a basic principle of PPM: By

identifying the relative priorities of projects and applying resource leveling and skill set
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capacity constraints, it is possible to formulate a method that allocates resources in a
manner that optimizes their enterprise utilization.

PPM analyzes project attributes such as the total expected cost of individual projects,
resource consumption, the expected date of completion, and the relationship of the
individual projects to other projects in the portfolio. Usually, PPM takes place in three
steps: listing, prioritizing, and reevaluation. It starts with managers of the organization
listing all of the projects in the organization’s portfolio. The attributes of each project are
noted and analyzed, and then compared with those of other projects. Once the project
attributes are analyzed, the projects are categorized and then prioritized according to
predetermined criteria. The entire set of projects is analyzed carefully to create a list of
supporting projects. Some of the projects are given very high priority, others are given
moderate priority, still others are put on hold, and some are removed from the list.

Finally, a team of experts evaluates the portfolio at regular intervals, such as monthly
or quarterly. The purpose of reevaluation is to analyze the whole portfolio to determine
which projects are being executed according to schedule, which projects require
intervention or contingency funds, and which projects need to be terminated. Under such
circumstances, PPM is perhaps the most effective tool for project management to use in

dealing with constantly changing market conditions.

2.5.1 Benefits of PPM
The benefits of PPM are manifold. Turbit (2009) observed that “PPM is about
ensuring you have a group of projects focused on taking the business somewhere they

want to go. It is about being able to respond quickly to changes in the environment. It is
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about short projects that give quick wins. It is about the business setting direction and
then creating a series of steps to get there” (2).

Applying project management principles helps an organization to choose projects that
suit the organization’s objectives, allocate the available resources among the projects
according to priority, monitor the performance of projects, and understand which projects
need more support for timely completion. As Turbit (2009) stated, the benefits of PPM
include, but are not limited to, a more timely response to changes, earlier wins, and a

greater likelihood that minor projects will not become major undertakings.

2.5.2 PPM Life Cycle

Like all other business and management processes, PPM has a certain life cycle
(Ciliberti, 2009). Ciliberti indicated that a comprehensive PPM approach includes
identifying projects, prioritizing resources, analyzing project performance, earmarking
poor-performing projects for elimination, and evaluating portfolios for systemic

performance.

2.6 Resource Allocation Challenges in Multiple-Project Enterprises

In the current business environment, organizations are faced with such issues as
scarce resources, narrowing opportunities, and frequent changes in customer demands.
Resource allocation is the most critical and time-consuming aspect of PPM. The success
of any project is dependent on good utilization of resources. From the initial stages of
project development to the last stages of project delivery, project managers are faced with
the complexities of resource allocation and the negative impact they have on performance

results.
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In some organizations, projects are constantly being added, removed, and altered
because of changing market conditions and customer preferences. The traditional process
of resource allocation—distribution of resources evenly over all projects, which to this
day is followed by many organizations—Ilacks the ability to determine the real enterprise
demand or to identify the key resource conflicts at the project level. Most projects
demand resources exceeding management’s ability to provide them, necessitating
frequent changes in project priorities (Dyer, 1990). The rate of unexpected changes in the
business ecosystem, the need to reduce the time spent in bringing projects to completion,
the increasing demands of the market, and the increase in international competition have
increasingly pointed to the need for consistent and effective project management and
resource allocation.

Very often, resources are spread evenly throughout an entire organization without
first properly considering the specific requirements of individual projects. Consequently,
the resource allotment may be inadequate for some projects and in excess for others,
resulting in production delays and increased costs for the organization. Turner and
Speiser (1992) observed that “if projects are to be completed successfully, and if they are
to meet the requirements of the interfaces with other projects and operations, they must
be guaranteed a regular supply of resources” (197) accompanied by optimal resource
usage.

It is of paramount importance that resources be allocated in such a way as to provide
a good match between project needs and the organization’s available labor strength and
skill set. It is always better to invest only in projects in which the necessary resources will

definitely be available during the period of time specified for the project. Resources can
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be subject to physical constraints, such as the lack of availability of certain IT hardware
within the timeframe of a specific project, that could delay project implementation or
render its execution impossible. As such, a thorough assessment of the availability of all
project resources should accompany investment decisions. Otherwise, the organization
could run the risk of one or more of its projects generating cost overruns, failing to meet
the planned delivery schedule, or being terminated. Dyer (1990) pointed out that project
managers must regularly ask themselves critical questions to identify the optimal
resources for staffing a project—subject to utilization constraints—to achieve the desired
cost, time, and quality goals.

In multi-project programs, there are usually several projects of different sizes, time
spans, and budgets that need to be undertaken sequentially or in a networked fashion.
Such an environment calls for the sophisticated use of methods and tools that ensure the
adequate distribution of resources to all of the projects, regardless of their configuration.

Engwall (2003) identified the “resource allocation syndrome” in organizations with
multi-project environments. His study highlighted issues concerning the distribution of
team members among different projects and the non-availability of resources. In Dyer’s
(1990) words, “the more projects that are involved and the more specific the skills and
knowledge required for each project, the more important, but also the more difficult, is
the allocation process” (201). In addition, there is always the possibility of frequent
conflicts between projects, a situation that can cause a drastic reduction in overall
performance.

From a conceptual standpoint, most organizations use similar processes to allocate

resources across multiple projects. The types of tools used for this purpose, such as
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customized software, spreadsheets, data tables, and even roundtable discussions, will
differ from one scenario to another, and yet all the organizations that make use of them
tend to start by assessing and categorizing demand and creating the proposed “book of
work.”

Occasionally, organizations face the risk of ineffective resource allocation because of
switching of resources among different projects. Allvin et al. (2007) commented that
“multi-project settings demand high levels of individual adjustment and prioritizing
ability as the organization is constantly changing due to the shifting needs” (1).
Therefore, the prioritization of projects based is crucial to effective resource allocation.

Considering that demand may exceed supply and that the pool of resources may run
dry long before the list of initiatives is exhausted, it is essential that projects be prioritized
according to some meaningful criterion such as relative importance. To be effective, the
prioritization scheme does not necessarily have to be more elaborate than an estimate of
expected benefit and initial cost. The net result of prioritization is typically either an
ordinal ranking of projects or a grouping of projects into critical, high, medium, and low
priority.

Once the initial prioritized list of projects is created, the next step is to build the
preliminary enterprise master project schedule. This master schedule establishes time
boundaries for projects that are ready to be launched and need to be staffed. It also may
create placeholders for projects that should remain in the queue until the next round of
prioritization occurs. Projects that do not make the cut are sent to the project graveyard,
where they die from lack of attention or are resurrected for another attempt at

prioritization.
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After the master project schedule is created, the next step is to undertake capacity
planning, which is normally broken down by platform and skill sets. In this step, the total
resource hours for each project are deducted from the overall capacity; hence capacity
planning is what renders the master schedule realistic and credible. Project managers are
given their projects and the staff required to complete them. They then go through their
initiation process with management’s final instructions regarding the triple constraints of
time, budget, and quality.

High-level resource assignment follows capacity planning. High-level resource
assignments typically involve a rough estimate of the amount of money or equivalent
headcount that the project management team may have without spelling out in detail the
number of people that a project manager may hire. As an illustration, suppose a project
manager has a budget of $1M (one million dollars) for personnel. This is a high-level
resource assignment because the project manager has the latitude to hire ten employees at
a salary of $100,000 each or twenty employees at $50,000 each, at his discretion.

During the resource assignment stage, the project manager provides resources to the
scheduling groups. While doing this, there are always the twin possibilities of over-
allocation and under-allocation. The result of a shortfall in a specific resource means that
some team will be asked to do more to cover the shortfall or will be forced to get by with
less.

Critical path analysis (CPA), in its most basic form, is the identification of a set of
tasks upon which the project depends to ensure on-time completion. This analysis is
carried out via mathematical algorithms that require the identification of the critical tasks

in a project, the durations of these tasks, and the task dependencies. While CPA is fairly
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simple when dealing with single projects with a limited number of tasks, applying CPA
in a multiple-project environment is a fairly challenging undertaking.

Extending the CPA concept to a set of related projects enables project managers to
gather information about potential risks. A critical path for multiple projects does not
exist without dependencies between activities or projects. Performing a critical resource
path analysis over multiple projects can provide the necessary visibility to these types of
project or program resource issues. Any resource that is assigned to more than two
critical path tasks simultaneously should be considered a project risk. Action has to be
taken to modify the critical path so that such a situation does not occur.

For enterprise capacity planning to work, the supply of available resources and the
demand for them must be known. What may not be apparent in performing this exercise
is how to account for the margins of error inherent in estimates of supply and demand.
These margins of error may or may not be factored in when performing the initial
resource assignments, but they must be accounted for while undertaking capacity
planning. By changing the way that future demand is calculated, and by using the
criticality of project tasks as an additional input, managers can perform resource
allocation more effectively and resolve these conflicts before they become full-blown
project or program risks. Thiry (2004), commenting on the human resource issues in
programs, contended that the “team must take into account the responsiveness to change
of the organization in which the program is implemented; the demonstration of benefits
for the users; the assessment of expectations of those affected by the change; and the
measures put in place to support [a] smooth transition from the original situation to the

target situation” (249).
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2.7 Integrated Performance Measurement of Projects in Multiple-

Project Environments

To achieve higher-level objectives, the individual projects in a multiple-project
environment are usually grouped together and executed simultaneously. It has been well
established that good program management is the key to total project success, but
program management is not an easy task. The criteria for success are usually determined
by the objectives of the individual projects. Therefore, good program management
requires coordination of the individual projects by careful strategic planning, together
with monitoring of the projects to ensure that the organization’s business requirements

are met.

2.7.1 The Importance of Performance Measurement

Performance measurement is simply a process used to determine how well a project is
performing against pre-established goals. Performance measurement is widely considered
as a prerequisite to project success. Kaplan and Norton (1996) asserted that if one can
measure what is being analyzed and express it in numbers, then it can be better
understood. They make an emphatic argument that one cannot manage something unless
one can measure it.

It is essential for any organization to identify both its strong and weak areas. The U.S.
Foreign Affairs Manual (2009) states that “performance measures are benchmarks for
evaluating how investments can be more efficient, effective, and obtain better results to
support an organization’s mission, goals, and objectives” (1). It naturally follows that

measurement is essential to verify whether a particular project is feasible.
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2.7.2 Project Performance Life Cycle (PPLC)

The project performance life cycle is an outline of the performance measurements
required by project and program managers as they traverse the project management
process. The PPLC usually has three phases: selection, execution, and implementation.

Each of these phases is explained in what follows.

2.7.2.1 Project Selection Phase

This involves the screening and evaluation of a project with the goal of ascertaining
its merits prior to commencement of the actual work. Questions normally addressed in
the project selection phase are centered on whether the project provides any value to the
bottom line of the organization. Project proposals typically begin with a fairly detailed
outline of customer requirements. The proposals then undergo a screening and evaluation
process before the selection of proposals is made. The selected projects then enter the
execution phase, where the required technologies and products are developed and the
product performance is demonstrated. In the final phase, project implementation, the
focus is on marketing and sales to recover the investment made.

Selection-phase metrics are metrics used primarily for the evaluation of a project with
the sole purpose of deciding whether it is worth the investment of an organization’s
resources. They are typically used by executive-level decision makers in order to answer
questions that may affect the long-term viability of an organization. The most common
kinds of selection-phase metrics are economic scoring models, risk models, and the

analytic hierarchy process.
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2.7.2.1.1 Economic Scoring Models

There are several economic scoring models, including net present value (NPV),
internal rate of return (IRR), and benefit—cost ratio (BCR). These three scoring models
are commonly used to evaluate performance when project proposals within a multi-
project or program scenario are considered individually.

The grand total of the present values of a time series of money flows is termed the net
present value. The NPV metric is used to measure the cash flow rate in present value
terms when considering long-term projects. NPV is fairly straightforward and easy to
calculate. Under normal conditions, projects with a positive NPV are recommended for
acceptance. In fact, Taylor (1988) asserts that “the most reliable technique is using the
criterion of NPV, where the best of the alternative projects is the one with the highest
positive NPV, and where the relative merits of alternative projects can be assessed by
simply comparing the NPV figures” (6).

Milis and Mercken (2004) noted that implementing NPV allows different rates to be
used for different projects, reflecting the risk levels of mutually exclusive risks in the
investment pool and allowing the NPV technique to be considered theoretically superior
to other techniques, including frequently used techniques such as rate of return. Generally
speaking, where there are no budget constraints, the best projects are those with the
highest NPV.

The NPV method also has some drawbacks. NPV is suitable when each of the
projects is required only once, for example, building a bridge across a river or
constructing a railway track, both of which are one-time projects. However, this method

is not suitable when the budget is fixed or the funds are to be spent on completing a

24



single project. In addition, NPV is not a reliable measure for projects with high
uncertainty.

In spite of these drawbacks, NPV is still widely used for assessing the desirability of
projects. Taylor (1988) praised the NPV method, commenting that “future analyses
should use the more straightforward criterion of NPV by itself, possibly using several
discount rates, as, although it may not be so intuitively appealing, it leads to correct
decisions when other methods like IRR fail, while the reverse is never true” (89).

Internal rate of return is used to compare the profitability of project investments. The
IRR method “determines the discount rate necessary for the present value of the
discounted cash flows to be equal to the investment” (Eldenburg, 2004, 537). The IRR is
different from the NPV in that the former indicates the efficiency or output of an
investment. The term internal is used for this measure because the calculation of IRR
does not consider external factors such as inflation and interest rates.

The IRR, however, has a major pitfall in that it does not permit one to select risk
levels. This is felt to be a major disadvantage, especially when used in an information and
communications technologies (ICT) environment.

The benefit—cost ratio (BCR) compares the total monetary value of a project to its
cost. It is computed by assessing the ratio of the project’s benefits relative to its costs,
both of which are expressed in monetary terms. The terms benefits and costs refer to a
variety of attributes that vary with the funding organization. An often-cited criticism of
the BCR is that it permits liberal definitions of benefits and costs, thus opening the ratio

to significant errors.
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2.7.2.1.2 Risk Models

Risk models take the form of an analysis of input data to assess the best- and worst-
case scenarios in project outcomes. Such models are used to perform scenario planning
with the goal of helping managers to understand and plan for unforeseen circumstances
and manage risks. Almost all organizations practice risk management in their business
dealings, and risk management has become a major business issue of this century. The
management of risks in a multiple-project scenario comprises four processes: assessment,
reduction, monitoring, and reporting. Assessment involves exploring various scenarios
and identifying the risk that a task will not be completed or a goal will not be
accomplished. Reduction involves taking the necessary actions to reduce the risks and
also implementing techniques and strategies to mitigate the potential impact of failure.
Risk monitoring involves the identification of new risk factors that emerge while
proceeding with the project. Risk reporting is the process of reporting on the status events

of risks and the effectiveness of containment strategies.
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Figure 2-1: The risk management process (Thomsett, 2004)
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Thomsett (2004) suggested that the understanding and implementation of formal risk
management varies widely in the project management community. Whereas risk
management is well understood in high-risk industries such as chemical plants and

nuclear industries, its application in software and technology projects is sparse at best.

2.7.2.1.3 The Analytic Hierarchy Process (AHP)

AHP is a decision-making method in which a task is broken down into a hierarchy of
more easily comprehensible components that are manageable and can readily be
analyzed. The components of the hierarchies, which are related to the decision-making
problem, can be accurately measured, roughly calculated, and clearly understood or
analyzed to ensure that the problem is better understood. After building the hierarchy, it
is possible to systematically evaluate the different components by comparing them with
one another. Either concrete data about the components or the users’ judgments of their
importance may be used to make comparisons. With the help of AHP, numerical values
are modeled and compared. Weights are assigned to each component of the hierarchy,
which can facilitate the comparison process. This is the most important advantage of
AHP over other decision-making techniques. Finally, numerical values are assigned to
the different decision alternatives.

AHP is the most useful technique for decision making on complex projects that
involve high stakes and are strongly dependent on human perceptions and judgments. It is
also used in situations where the different components of a decision cannot easily be

compared or a single project has “different perspectives and specializations.”
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2.7.2.2 Project Execution Phase
Having cleared the project selection hurdle and dived into the actual implementation
of the project, the organization is interested in assessing progress on the technological
developments and their integration into existing products, as well as the readiness of the
end users of the technologies in regard to acceptance of the new product. At this stage,
the questions being asked are operational in that they address medium-term questions
such as how costs are being managed and what degree of progress is being achieved in

scheduled tasks.

The most critical metric used in the project execution phase is earned value
management, which is a simple, effective tool for the facilitation and early detection of
performance problems in project management. According to Vandevoorde and
Vanhoucke (2006), “earned value management (EVM) is a methodology used to measure
and communicate the real physical progress of a project and to integrate the three critical

elements of project management: scope, time, and cost management” (289).

According to the PMI (2004), the main building blocks of EVM are the cost
performance index (CPI), the schedule performance index (SPI), and the estimate at

completion (EAC).

2.7.2.2.1 Cost Performance Index (CPI)
The importance of the CPI is that it quantifies how well a project is performing
against its pre-planned budget (Ahuja et al., 2009). It allows individuals to make a
determination of the status of project progress so as to enable adequate modifications as

needed. For example, if a CPI indicates that a project is halfway complete but 15% over
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budget, then the stakeholders can create modifications as necessary to bring CPI closer to
1 as the project nears completion. In addition, it allows stakeholders to make predictions

regarding the financial costs of a project.

2.7.2.2.2 Schedule Performance Index (SPI)
The SPI as used in the context of EVM is a performance measure for comparing the
magnitude of work completed relative to the amount of work planned. Project managers
strive for an SPI index equal to 1, which indicates that the reported work and the

scheduled work are equal (Cooper and Farhangian, 1985).

2.7.2.2.3 Estimate at Completion (EAC)
The EAC is an index for estimating the cost of work after it is completed. If the
project is progressing exactly as planned, with no variance, the basic EAC formula may
be used. Conversely, if the project is off target, or if there are flaws in the planned

estimates, a new estimate is necessary. In such cases,
EAC = AC + ETC, (2.1

where ETC represents the new estimated amount to complete the work.

2.7.2.3 Project Implementation Phase
In manufacturing-based projects, some metrics other than those typically used in
service-based projects may be required in order to adequately assess performance. In
particular, a mix of operational and tactical metrics may be needed. These metrics are
typically used in short-term decision making, such as how many units of a specified

product are to be produced per day, how the quality of products is to be measured and
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improved, and how well the rigor of the processes used by the organization in question
compares to that of other organizations. Three of the commonly used approaches to
addressing these questions are production rate, Six Sigma, and capability maturity model

integration (CMMI).

2.7.2.3.1 Production Rate
The production rate is simply the number of units produced or serviced within a
specific time. Alternatively, it can be defined as the time required for the production of a
specified number of units of a product. In project management parlance, the production

rate is the amount of work per single unit of output.

2.7.2.3.2 Six Sigma (60)

Six Sigma (60) is an analysis and process improvement approach used by an
industrial firm to improve the quality of its goods and services by helping to identify and
correct errors in business management processes. Six Sigma makes use of statistical tools
for quality management, along with a management philosophy that designates sets of
people with specialized skills within the organization. Harry and Schroeder (2000)
explained that one of the prerequisites for use of 6o is a cadre of senior executives who
buy into the vision and a rigorous system for process improvement. In addition, support
on the part of a group of statistical experts is required in order to monitor and drive

critical metrics for success.

2.7.2.3.3 Capability Maturity Model Integration (CMMI)
CMMI is a framework for benchmarking organizational processes against one

another. It is used for gauging process improvement within and between organizations in
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a way that helps to integrate different organizational functions, provide quality process
support, and set process improvement goals and objectives. CMMI can be considered to
be a collection of best practices that focus on a specific area of interest and can be used as

yardsticks for process management.

2.8 General Approaches to Resource Allocation in Multiple-Project

Environments

Most organizations have adopted fairly good processes for allocating resources in the
course of implementing their projects, but these processes can become problematic and
lose their effectiveness if the need for unforeseen changes arises once the projects are in
full swing. Multi-project programs further add to the level of complexity of the resource
management equation. In spite of all the care and concern that go into the resource
allocation process, there are many cases of project failure. The root cause of a breakdown
that stems from inadequate resource allocation tends to be one of two specific types:

(1) the inability of resource allocation managers and the systems that support them to
determine true capacity, and (2) the failure of project managers to comprehend the impact
of the resource-driven critical path across multiple projects.

Some techniques for efficient allocation of resources have been developed. Those that

have not been addressed earlier in this literature review are described in what follows.

2.8.1 Efficient Time Tracking
Assuming that the initial resource supply has been calculated correctly, the real
availability of personnel is determined by the projects that these resources are already

allocated for and the tasks that these projects entail. Organizations have deployed various
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systems and products to rigorously track hours at the project and development life cycle
levels. To achieve efficient resource allocation, managers should closely track the hours

for each resource, down to the task level.

2.8.2 Task-Level Tracking

A specific project can have many tasks at both the project and program levels. The
project manager has the ability and power to track at the task level, but others involved
with the project rarely get that opportunity. As a result, detailed task-level information is
rarely provided to the entire project team. In fact, this may not be possible until sufficient
time has passed for the requirements to be finalized and a work breakdown structure
produced. The resource managers usually are conditioned to report on resource pools at
the summary level and do not normally request information about them on the task level.
Therefore, the resource managers cannot really say that they have a good grasp of the
overall demand for their resources. The project managers and the resource managers
should be equally aware of the task requirements, and tracking has to be undertaken

down to the task level to avoid unnecessary confusion and time lags.

2.8.3 Estimating Resource Utilization

For capacity planning to be effective, details must be available regarding human
resources, including the skills of individual personnel, their departments, and which
platform/skill set they are aligned with. Enterprise planning tools can provide some
assistance, although keeping these systems up to date with regard to resource status,
function, and even departments can present challenges, especially in larger organizations.

Thus the ability to summarize the estimated resource utilization must also be present,
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along with the ability to report this information back to the resource allocation system.

Moreover, the information being reported should be verified for authenticity.

2.9 Quantitative Methods for Resource Allocation in Multiple-Project

Environments

As the choices project managers need to make in the allocation of resources become
more complex, so do the benefits of using quantitative methods, including mathematical
programming models, to assist in their decision-making processes. Such models help to
determine the optimal solution without explicitly evaluating all feasible combinations.
Many mathematical programming models of this type are available, but the three most
commonly used models are linear programming, goal programming, and mixed integer
optimization models.

In a multiple-project environment, an organization is concerned with selecting those
projects that are most likely to be successful as well as distributing the available
resources effectively among them (Anderson and Anderson, 1995), with the ultimate
objective of maximizing the utility of projects and generating profits that exceed those of
the organization’s competitors.

In view of the competitive conditions under which organizations operate nowadays, it
is important that project and program managers apply the best decision-making methods
for project selection and resource allocation. Thus, organizations are constantly in search
of ways to determine whether a project should be stopped or continued, as well as
optimally allocating resources between and within projects.

Researchers who study these aspects of project management have focused on
mathematical techniques for estimating costs and optimization methods for modeling of
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resource allocation. Mixed integer optimization models (MIOMs) are often employed
when making complex decisions that require the optimal combination of numerous
dynamical variables, so as not only to track the number of variables but also to enable the
modification of inputs when condition change. MIOMs are capable of handling “real
variables” (variables that can assume fractional or integer values), and as such are
particularly useful for solving resource allocation problems. Research in this area has
demonstrated the benefits of employing MIOMs in project management, including their
use in answering questions regarding optimal intra-project and inter-project allocation of
resources. Brick and Uchoa (2009) applied mixed integer optimization to resource
modeling and found that it led to significant improvements in project resource allocation.
Also, Li and Womer (2009) implemented a mixed integer linear program (MILP) for

inter-project resource allocation that met with success.

2.9.1 Decision Making

Project management involves making the right decisions and implementing them. The
complexities of project management problems that require rational decision making are
rapidly increasing. Although decision making in the contemporary multiple-project
environment is becoming more and more complicated, it should be noted that various
methodologies and tools are now available to help in the process of better decision

making.

2.9.2 Decision Analysis
Decision analysis is the process by which important decisions are made with the help

of mathematical theories, algorithms, methodologies, and the professional experience of
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the decision makers. Arsham (2009) asserted that decision making is often surrounded by
conditions of uncertainty; therefore, the possible outcomes and their probabilities must be
thoroughly analyzed in order to adequately test scenarios before making choices. He also
identified the steps in one particular strategy that can be employed for making good

decisions; that strategy is illustrated in Figure 2-2.

Identify the decision situation and understand objectives 4

v

|dentify alternatives

v

Decompose and model the problem

v

Choose the best alternative

&

v

Sensitivity Analysis

|5 further analysis Yes

needed?

Implement the chosen alternative

Figure 2-2: Decision-making strategy (Arsham, 2009)

2.10 Decision Support Methods

The decision analysis process begins by structuring the decision and then determining
the probabilities, utility functions, and preferences of the decision makers. A number of
methods have been developed for this purpose, each of which involves the enumeration
of options, quantitatively or qualitatively assigning values to objectives of the decision

variables, ranking the variables against a known set of conditions, and making an
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informed decision. Irrespective of the approach used, the most important aspect of
decision support is to employ resources in such a manner as to effectively improve the

final outcome of a project or program.

2.11 Value-Focused Thinking (VFT)

Principles used for evaluation are called values. Values, which are very important in
modeling a decision-making problem, are “principles used for evaluation of the actual or
potential consequences of action and inaction, of proposed alternatives, and of decisions”
(Keeney 1992, 6).

Value-focused thinking (VFT) is the process of identifying objectives that produce
tangible benefits to an organization. The values of decision makers are made clear by
defining the objectives. The framing of objectives helps in the understanding and
specification of a decision problem, which in turn forms the basis for quantitative
modeling and analysis.

VFT studies a decision-making problem on the basis of values versus alternatives.
Kirkwood (1997) defined an attribute as a scale used to measure how well an objective
has been achieved. According to Keeney (1992), “alternatives serve as the means to
achieve the basic values in a decision making problem” (4). Kobayashi et al. (2009)
argued that VFT can be effectively used “as an interpretive tool to assist the decision
makers to construct an adequate interface between decision analytic models and the real
world” (4). Duke (2004) recommended that the VFT model start by identifying the

decision makers, because they decide the necessary measures and weights for generating

the alternatives.
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VFT consists of six activities: identification of the decision problem, specification of
the values for the decision makers, qualitative and quantitative analysis of the values, use
of the values to identify alternatives for the decision problem, evaluation of the

alternatives, and selection of the best alternative.

2.11.1 Multiple-Objective Decision Analysis (MODA)

Multiple-objective decision analysis (MODA) is a mathematical technique used in
VFT. This technique is also known as multiple-attribute utility theory, multiple-attribute
value theory, and multiple-attribute preference theory. MODA, in its simplest form, is a
systematic way of making decisions by quantitatively weighing all the attributes that go
into a decision process.

A decision process may be used for a single-decision or a portfolio-decision problem.
In a single-decision scenario, there is a group of potential alternatives from which the
best alternative is selected. In portfolio decision making, the best set of decisions is
selected. According to Parnell (2009), MODA is the best operations research technique to
analyze uncertain alternatives when trying to manage conflicting objectives.

Several researchers have used MODA, and the set of scenarios to which they have
applied it spans a variety of industries. Parnell (2009) identified a number of important
military applications for MODA. Phillips (1994) used MODA for resource allocation and
achieved improvements in several multi-project programs. Kirkwood (1997) combined
MODA with optimization to develop appropriate resource allocation plans based on

various cost and program limitations.
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2.11.2 Deterministic Approaches to Decision Making

One approach to MODA is deterministic analysis, which is the modeling of a
mathematical problem without taking into account the probabilities of various sequences
of events. In Parnell’s (2009) view, the term deterministic means that one can determine
the dominant alternatives and their values without assigning probabilities (except 0 or 1)
to them, and predict their values without uncertainty if all of the relevant conditions are

known.

2.11.3 Uses and Benefits of VFT

Keeney (1992) explained the method of quantifying objectives by analyzing values
and their relationships with alternatives. He asserted that such value analysis yields a full
range of alternatives that help to convert decision problems into opportunities. Keeney
(1992) identified nine benefits of VFT: revealing concealed objectives, facilitating
information collection, improving communication, enabling involvement in multiple-
stakeholder decisions, interconnecting decisions, assessing alternatives, giving rise to
alternatives, seeking decision opportunities, and monitoring strategic thinking.

Keeney (1992) showed the merits of using a value-focused approach in various
environments. Examples include the following: in business, creating an integrated circuit
tester or running a multibillion-dollar utility company; in government, planning future
NASA missions or deciding the mode of transporting nuclear waste to distant storage
sites; and in a personal context, deciding on career options or making health decisions.

Parnell (2009) discussed three important lessons that he learned while conducting
studies using VFT and MODA. First, both VFT and MODA benefit decision makers. By

using VFT to define customer value, it is possible to create high-value projects that
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support strategic objectives. MODA provides a credible, objective, and traceable process
for allocating resources. VFT can identify value gaps and thus can help in developing
new projects to meet important needs.

Second, both qualitative and quantitative value models should be credible to decision
makers and stakeholders. If the qualitative values are not properly developed, the
decision makers will not care about the quantitative analysis, so the best rule is to
consider values determined by external individuals such as customers, and let internal
individuals such as technologists decide whether alternatives will work.

Third, various decision-support tools are available for decision-making processes.
Before starting a VFT study, it is useful to integrate problems with new techniques so that
some of the problems can be overcome. For one thing, it must be determined whether it is
appropriate to use VFT and MODA to allocate resources. In addition, the value models
must be revised or updated as the environment and decision makers change. The value
models are tailored for each decision situation because these models depend on the

stakeholders’ or decision makers’ values.

2.12 Summary of the Literature Review

Project management within organizations is a complex process that needs careful
planning and the application of systematic procedures. The simultaneous management of
multiple projects is an even more complex process.

Project management, program management, and PPM are effective tools for
addressing these problems. Project management and program management provide

frameworks to address problems that arise, and solve them so that the preplanned
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business-strategy framework can be followed. PPM determines the most cost-effective
method of working simultaneously on projects for optimum results.

For resource allocation to be effective, it needs to go through different phases,
including prioritizing projects, building the preliminary project schedule, undertaking
capacity planning, and determining high-level resource assignment. Identifying true
capacity, efficient time tracking, and task-level tracking, as well as estimating resource
utilization, are qualitative approaches that can be adopted for effective resource allocation
in multi-project environments.

All project life cycles are comprised of three phases: selection, execution, and
implementation. Different types of metrics are used to assess program performance in
different phases.

The choice of the most feasible combinations of projects becomes difficult in direct
proportion to the number of projects and tasks managed simultaneously. Under those
circumstances, it is helpful to use quantitative methods, which are mainly mathematical
programming models such as linear programming, goal programming, and mixed integer
optimization models. Mathematical programming models help to determine the optimal
solution without explicitly evaluating all feasible combinations.

Decision analysis (DA) is important to project success. DA encompasses
mathematical theories, algorithms, methodologies, and the professional experience of the
decision makers. The integration of good decision analysis techniques in project
management will ultimately lead to improved organizational performance. The decision
analysis process begins by structuring the decision and then determining the probabilities,

utility functions, and preferences of the decision makers.
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The values of decision makers are made clear by defining the objectives. When
there are two or more alternatives, a decision problem needs to be solved. VFT helps to
generate new alternatives, which can be added to those in the initial set of alternatives.

In the highly advanced contemporary business world, most projects are planned
on a long-term basis and require frequent inter-project resource allocation. As such, good
project and program management, efficient resource allocation, performance
measurement of projects, and value-focused decision analysis are integral to effective

project success.
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Chapter 3 — Methodology

3.1 Research Design for Multiple-Project Optimization Decision

Support System

For this study, data were obtained from a DoD program management database system
(PMDS). The PMDS was initially developed in 2004 for the sole purpose of tracking
program metrics. As such, it was considered a transactional system. Values of the CPI
and SPI indices were computed on a weekly basis and provided to project and program
managers, who then used them to make necessary adjustments in resource allocations to
their respective projects. As the volumes of data grew and the need for better decision
making arose, it was resolved to move beyond the transactional system to an
optimization-based decision support system so as to better optimize inter-project
resources.

In studying the impact of MIOM on resource allocation in this research effort, the
DoD organization permitted this study to augment the PMDS with a MIOM. An
OBMPDSS is a PMDS with an augmented model subsystem, the MIOM, for resource
allocation. The OBMPDSS was developed and implemented in cooperation with DoD for
that purpose.

Actual resource allocation cases were used to validate the system’s validity and
completeness. Several experienced project managers found the OBMPDSS to be
especially useful in that it incorporates additional intelligence to the resource allocation
process. A particularly useful feature of OBMPDSS is the ability to perform what-if and

trade-off analysis prior to making resource decisions. As a result of employing the
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OBMPDSS, project managers not only received project statistics but also were provided
with quantitative recommendations on resource allocation that were made by the
OBMPDSS and intended to optimize the allocation of program resources to individual
projects.

Despite the fact that the OBMPDSS has been successfully used for decision support
in 42 different projects and by 53 project managers for three years, with several anecdotal
success stories, no formal process has previously been undertaken to assess the impact of
augmenting the PMDS with the MIOM. Thus, it was not known whether the MIOM
employed in this DoD program has resulted in more efficient allocation of resources.

As part of this study, a computer-based multiple-project DSS was developed that
could serve as an analytical tool for use by project managers with a view to achieving
improved resource allocation. Although the study was not intended to focus on decision
support systems per se, the development of a prototype DSS was deemed operationally
necessary as an intermediate step toward answering the main research question.

Conceptually, the DSS is divided into three subsystems: the model, the data, and the

dialogue.

3.1.1 The Model Subsystem

This is the mathematical representation of the system, which is used in connection
with human judgment to solve the decision problem. It is the engine that provides the
mathematical and logical basis for decision support; thus the model subsystem helps the
decision maker (DM) in generating hypotheses about the system. In the OBMPDSS, the
model subsystem is a mixed integer optimization model (MIOM) designed to provide a

quantitative basis for resource allocation in multiple-project programs.
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For purposes of testing the effectiveness of the system, the program horizon was

subdivided into time periods of three months (one-quarter of a fiscal year). The variables

that entered into the computations are as follows:

Ary

B,

Cprt

L

Op.t

Number of hours for which resource r is available to the program portfolio
in time period ¢

Amount initially budgeted for the program in time period ¢

Number of hours for which resource 7 is allocated to project p in time
period ¢

Expected benefit of project p in time period ¢

Investment required for project p in time period ¢

Variable which is set to 1 if project p is selected for the program, and set
to 0 otherwise

Amount left over at end of time period ¢

Number of performance metrics whose values are collected by the
program

Variable that indexes the performance metrics whose values are collected
by the program

Number of projects in the program portfolio

Variable that indexes the projects in the program portfolio

Variable which is set to 1 if project p is selected for inclusion in the
program and started at time ¢, and set to 0 otherwise

Number of renewable program resources
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r Variable that indexes the renewable program resources

T Maximum number of time periods in the program horizon

t Variable that indexes the time periods in the program horizon
Vom Value contribution of project p to performance metric m

Wp.m Weight assigned to performance metric m for project p

The objective was to maximize the overall effectiveness of the resource allocation by

optimizing the value contributions of the individual projects. Thus the aggregate

objective function was defined as a weighted sum of those value contributions:
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where, for project p and performance metric m,
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The maximization of the objective function was subject to several constraints:

For project p,
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For resource » and time period ¢,
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There are no funds available for use in time period 0, so
Ly=0 (3.7)

and, for every time period ¢ >1,
P
Lt :Bt +Lt—l _le,t (38)
p=1

L=>0 (3.9)
Constraints (3.4) and (3.5) ensure that each project is selected at most once for
inclusion in the program portfolio. Constraint (3.6) ensures that the resources allocated in
any time period cannot exceed the resources available in that period. Constraint (3.7)
initializes the budget (for # = 0), and the funds left over at the end of each period
thereafter are tracked by Constraint (3.8): The amount left over at the end of period

t—1,L,,,1s carried over to—and included in the amount available for use in—period ¢.

Finally, Constraint (3.9) ensures that the amount left over at the end of each period is
non-negative. This implies that the project manager will have to draw on contingency

resources to fill in gaps when necessary to prevent shortages.

Because this is a multiple-period or dynamic model—that is, it involves a sequence of
decisions over multiple periods—project and portfolio costs are tallied periodically in a
sub-module. This is done by using the activity-based costing (ABC) approach. In the
ABC, a collection of operational and financial performance information is used as the
basis for assigning cost elements to activities or process steps used for product creation or
service delivery. Applying ABC to project and program portfolio costing involves
assigning costs of resource-consuming activities to the pertinent individual projects and

to the overall program portfolio, as explained in what follows.
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Consider a portfolio of / projects Py, k=1, 2, 3, ..., [. Each project may require one or
more of n activities a;, j = 1, 2, 3, ..., n, each of which may in turn use one or more of m

resources R, i=1,2,3, ..., m.

In assigning resource-consuming activities to projects, let V; and C; denote the total

number of hours and total cost, respectively, of resource R;, and let V/ ; denote the number

of hours of resource R; required by activity a;. If it is assumed that the resources are

completely utilized, that is, if

- (3.10)

4 {Zﬁ@} (3.11)

Now let W and W, denote the total amount of activity a; which is available and the

amount of activity a; required by project Py, respectively. Then the total cost of project Py

is
n W n m V ) W
TC, =>4 2~ = o |2k 3.12
k ; J VVJ = [IZ_IL f ] W; ( )
Therefore, the total cost of the program portfolio is
/
TCP =) TC, (3.13)

k=1
The MIOM was implemented in Premium Solver , a mathematical programming
system developed by Frontline. Premium Solver  was chosen among other equally

capable optimization solvers because it is compatible with Excel Solver . In addition,
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Microsoft Access 2003 was used as the database engine for data storage and retrieval,

for purposes of compatibility with Microsoft software.

3.1.2 The Data Subsystem
The data subsystem comprises the Microsoft Access  database. The data system was
developed based on inputs received from project managers and various analysts involved
in daily project decisions during which the logic, elements, and lexicon were defined.
With that information, a logical data model was designed and used to construct a
database consisting of the following tables:
e Program: represents a list of projects and associated categories.
e Project: a finite endeavor with its associated beginning and end dates.
e Work Breakdown Structure (WBS): a hierarchy of tasks broken down to the most
basic level. Each element of the WBS must have a unique task number.
e Activity: a unit of the WBS.
e Task: an activity or group of WBS activities assigned to a project.
e Lifecycle Phase: a stage in a project’s life that tells the users whether the project is
in initiation, execution, or closeout.
e [Initiative: an indicator describing the strategic initiative under which the program
or project is being sponsored.
e Plans: descriptions of the activities that go into converting high-level project
strategies into executable operational tasks in order to fulfill a project’s goal.

The conceptual data model for the decision support system is illustrated in Appendix E.
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3.1.3 The Dialogue Subsystem

The dialog subsystem is the component of the DSS that ensures accurate data entry,
information display, sequence control, user guidance, and data protection. The dialogue
subsystem was designed in such a way as to minimize data entry on the part of users,
maximize data reuse, and facilitate an understanding of the model and its application in
an operational environment.

The systems architecture of the optimization-based decision support system is as

shown in Figure 3-1.

Y
o
6 \ q N~
A Dialogue [ ,| Model |, Data
USERS I Subsystem Subsystem Subsystem
O e R (MIOM)

% ~

Figure 3-1: Systems architecture of optimization-based decision support system

3.2 Mathematical Framework for the Study

The goal of this study is to enable efficient resource allocation using the MIOM
model. Resources, in the form of people with specified skills, are input to the MIOM,
based on the mathematics described in Section 3.1. As shown in Figure 3-2, the resources
are optimally assigned to the right tasks based on feedback values of the four

performance metrics: CPI, SPI, MSEC, and MSES.
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Figure 3-2: Mathematical framework for the study

Given that the MIOM is designed to improve the allocation of project resources, the
variables (CPI, SPI, MSEC, and MSES) were measured prior to the implementation of
the MIOM model (from 2004 to 2006) and after its implementation (from 2007 until the
present), so as to compare the effectiveness of using MIOM as a resource allocation
approach. Thus the variables to be measured are the pre-MIOM and post-MIOM
performance metrics.

The CPI is an indicator of how well a project is spending its money. Fleming and
Koppelman (2005) describe the CPI as “what we have accomplished for what we have
already spent” (1). Calculating the CPI requires an understanding of some basic project
expenditures:

e Planned Value (PV): PV is the volume of work that the project has on its plate in
financial terms. Suppose a project manager looks at the project schedule and
decides that there are 25 tasks to be done at a total cost of $45,000; then,

PV = §45, 000.
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e Earned Value (EV): EV is the value of the portion of work completed. For
example, of the 25 tasks budgeted at $45,000, if $42,000 worth of work is
actually completed, then EV =$42,000.

e Actual Cost (AC): Actual cost is the amount of money spent on completing a set
of planned tasks. Continuing with the example above, if the subcontractor spends
$41,000 to complete the 25 tasks, then AC = $41,000.

e Cost Variance (CV) is the difference between the earned value and the actual
cost:

CV=EV-AC (3.14)
In the example,
CV =$42,000 — $41,000 = $1,000 (3.15)
We measure the CPI as the ratio of the earned value to the actual cost. Thus,
CPI=EV/AC (3.16)
In the example,
CPI = $42,000/$41,000 = 1.024 (3.17)
The CPI is therefore an indicator of work completed relative to costs. The fact that the
CPI is a dimensionless quantity is significant because it enables the comparison of one
project to another, a feature that is useful to program managers who are in the business of
managing multiple projects. Typically, a CPI of 1 means that for every $1 spent, the
project earns $1 in return. A CPI less than 1 implies that for every $1 spent, the project
earns less than $1 (an indication than the project’s monetary resources are not well

spent). On the contrary, a CPI greater than 1 means that for every $1 spent, the project
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earns more than $1 in return (indicating that the project’s monetary resources are

efficiently utilized), as depicted in Figure 3-3.
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Figure 3-3: Cost performance index

The SPI measures how well the project is in compliance with the pre-planned
schedule. Thus it measures the effectiveness of resource usage relative to the work being

completed. The formula for calculating the SPI is

SPI=EV/PV (3.18)

Building on the example above,
SPI=EV/PV (3.19)
SP I= $42,000/$45,000 = 0.933 (3.20)

Like the CPI, an SPI value of 1 indicates the project is progressing as scheduled, an
SPI less than 1 is an indication of an inefficient schedule, and an SPI greater than 1 tells

us that the project is ahead of schedule. SPI is very useful to project and program
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mangers because not only does it measure intra-project efficiencies, but inter-project
efficiencies can also be easily measured.

MSE (mean square error) is indicative of unexplained noise in a process. The lower
the noise, the better the MSE, and vice versa. In project management, a major challenge
faced by project managers is volatility of schedule and costs, which translates to a highly
unstable relationship of cost to schedule. Simply put, the lower the MSE, the more
predictable a project’s schedule and cost, and the easier it is for project management to
make sound decisions.

Thus the MSE of the CPI (MSEC) and the MSE of the SPI (MSES) are instrumental
in assessing the cost and schedule volatilities, respectively. Unlike the CPI and the SPI,
which are ratios, the MSE measures volatility. Therefore an increase or decrease in the
MSEC or the MSES is a signal that further investigation (and possibly corrective action)

1s needed.

3.3 Research Hypotheses
For each of the four performance metrics, two hypotheses were tested in regard to
changes in the average value of that metric for the post-MIOM period relative to the
average value for the pre-MIOM period:
1. Main (null) hypothesis, Hy: mean values of the pre-MIOM and post-MIOM
metrics are equal.
2. Alternative hypothesis, H,: mean values of the pre-MIOM and post-MIOM

metrics are not equal.
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3.4 Data Analysis

To compare the pre-MIOM and post-MIOM performance, weekly average values

(over the entire pre-MIOM period, and similarly over the entire post-MIOM period) of

each performance metric were collected for each project. Statistical analyses were then

performed, consisting of averaging each of those results over the 42 projects and

computing the standard deviations.

Next, the paired #-test was used to compare pre-MIOM versus post-MIOM data to

enable the user to decide if significant improvements have occurred as a result of using

MIOM as a basis for resource allocation. The paired #-test is a statistical method for

comparing two data sets when circumstances change over time. It is specifically suited

for situations where there has been an intervention in a process, thus enabling the pre-

and post-process effects of the intervention in question to be measured. The paired #-test

is based on the following assumptions:

1.

2.

4.

The data collected prior to the intervention were drawn from a random population.
The data collected after the intervention was drawn from a random population.
The two populations are independent.

Both populations are normally distributed.

One of the outputs of the #-test is a parameter known as #,, which is defined as

(x, —x,) —(u, —u,) (3.21)

2 2 i
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where
J ;1 and )Tz are the averages of the two data sets,
e u, and u, are the true means of the two populations

e o and o, are the variances of the two data sets

n, and n, are the sample sizes of the two data sets

The #-test also outputs a p-value, which is a measure of the probability that different
data sets are from the same population. The higher the p-value, the more likely they are
from the same population. For instance, if after a change in equipment a project manager
computes a new p-value to be 0.93, then there is a very high probability that the data
from the new and old data samples are from the same population—an indication that the
new equipment has not changed the outcome of the process. Conversely, if after a change
in equipment a p-value of 0.0017 is computed, then there is a significant chance that the
two data sets are not from the same population. Traditionally, the accepted threshold for
significance is 0.05. This implies that if the p-value is 0.0017 (which is much less than
0.05), then it is very unlikely that the two data sets are from the same population.

In applying the #-test to assess the pre-MIOM versus post-MIOM metrics, the
following steps were followed:

1. For each performance metric, hypothesize that the post-MIOM metric is better
than the pre-MIOM metric. For CPI and SPI, this implies that the value of the
post-MIOM metric is greater than that of the pre-MIOM metric. For MSEC
and MSES, it means that the post-MIOM value is less than the pre-MIOM

value.
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2. For each of the four performance metrics, test for normality by constructing
normality plots for the pre-MIOM and post-MIOM periods. A normality plot,
which is a way of graphically assessing whether a data set is roughly normally
distributed, is a plot of the data set against a theoretical normal distribution. If
the plot approximates a straight line as depicted in Figure 3-4, then it satisfies

the normality assumption; otherwise, it violates that assumption.

Hormal Probability Plot

Ordered Response
[ =] -_
I I

T T T T T T T T T T T T T
-3 2 -1 0 1 2 3
MNormal 0.1} Order Statistic Medians

NORMAL.DAT

Figure 3-4: Normal probability plot (Chambers, 1983)

3. For each performance index for which the pre-MIOM and post-MIOM data
sets are normally distributed, perform a z-test and draw inferences based on the
calculated p-values. (If some data set is not normally distributed, the paired #-
test is not valid, so non-parametric statistical techniques may be required to

more accurately draw inferences.)
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Chapter 4 — Results

4.1 Restatement of Research Question

The purpose of this study was to investigate the relationship between utilizing a
MIOM and the efficiency of project resource allocation in a multiple-project public-
sector environment, as measured by the CPI, SPI, MSEC, and MSES performance
indices. The study was conducted using multiple projects in a large DoD program, with
the objective of measuring the success of each of the projects in the program portfolio. To
this end, the unit of observation chosen for the study was a portfolio that encompassed 42

projects.

4.2 Description of Data

Resource allocation efficiency was measured by four performance metrics: CPI, SPI,
MSEC, and MSES. Those metrics had been collected by the DoD organization for each
of the 42 projects in the program portfolio on a weekly basis. For each project-metric
pair, a single result for the period prior to the implementation of the MIOM (the pre-
MIOM result) was obtained by averaging the weekly values of that metric for that project
from the years 2004—2006. The corresponding post-MIOM result was obtained by
averaging the weekly values from the years 2007-2009. Those weekly averages for the
pre- and post-MIOM periods, broken down by project and performance metric, are

presented in Table 4-1.
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Table 4-1: EVM figures of merit

Pre-MIOM Post-MIOM
Project

1D CPI | SPI | MSEC | MSES | CPI | SPI | MSEC | MSES
1 0.55711.219] 0.368 | 0.356 | 0.835 [ 1.313 | 0.304 | 0.125
2 1.163 1 1.296 | 0.384 | 0.400 | 1.235 [ 1.502 | 0.304 | 0.247
3 0.8401 0.826 | 0.391 [ 0.257 [0.814 | 1.276 | 0.298 | 0.198
4 1.21910.811 | 0.427 | 0.250 | 1.451 [ 1.482 | 0.296 | 0.161
5 0.88810.847 | 0.374 | 0.322 [ 1.021 [ 1.578 | 0.293 | 0.242
6 0.57911.035] 0.392 | 0.601 | 1.371 [ 1.226 | 0.307 | 0.166
7 0.958 1 1.544 | 0.371 [ 0.328 [ 1.154 | 1.377 | 0.296 | 0.227
8 0.630 ] 1.236 | 0.367 | 0.600 | 1.360 [ 1.386 | 0.305 | 0.323
9 1.053 10981 | 0.417 | 0.236 | 1.282 | 1.475| 0.293 | 0.273
10 0.840 |1 1.627 | 0.375 | 0.324 | 1.345 [ 1.567 | 0.298 | 0.271
11 1.037 1 1.132 ] 0.363 | 0.517 | 0.806 | 1.254 | 0.302 | 0.152
12 1.24411.072 | 0.381 | 0.256 | 1.274 [ 1.325 | 0.297 | 0.102
13 0.57011.049 | 0.414 | 0.434 | 1.305 [ 1.361 | 0.309 | 0.251
14 1.112 1 1.050 | 0.364 | 0.423 | 1.394 [ 1.266 | 0.291 | 0.107
15 0.951 ] 1.124 | 0.362 | 0.587 [ 0.839 | 1.254 | 0.293 | 0.157
16 0.71710985| 0418 | 0.323 [ 1.243 | 1.508 | 0.291 | 0.308
17 1.27310.947 | 0.362 | 0.217 | 0.833 [ 1.399 | 0.298 | 0.068
18 1.093 10984 | 0.414 | 0.249 | 1.235[1.248 | 0.299 | 0.277
19 0.896 1 1.429 | 0.391 [ 0.385 [ 1.152 | 1.368 | 0.295 | 0.368
20 1.054 1 1.471 | 0.358 | 0.381 | 1.247 [ 1.314 | 0.290 | 0.238
21 0.694 |1 1.356 | 0.377 | 0.529 | 1.365 [ 1.619 | 0.309 | 0.081
22 0.628 1 1.437 | 0.434 | 0.342 | 1.118 [ 1.586 | 0.298 | 0.183
23 0.715]11.329 | 0.438 [ 0.544 [ 0912 1.446 | 0.295 | 0.118
24 1.036 | 1.065 | 0.355 | 0.440 | 0.990 [ 1.444 | 0.305 | 0.065
25 0.902 |1 1.135| 0.362 | 0.427 | 1.354 | 1.601 | 0.308 | 0.122
26 0.808 1 1.399 | 0.415 | 0.530 | 1.188 [ 1.441 | 0.310 | 0.225
27 0.75510.999 | 0.432 | 0.283 | 1.117 [ 1.446| 0.302 | 0.304
28 1.006 | 0.883 | 0.395 | 0.211 | 1.341 | 1.434 | 0.300 | 0.190
29 0.63110.839| 0.371 | 0.317 | 1.317 [ 1.361 | 0.300 | 0.336
30 1.152 1 1.284 | 0.427 | 0.564 | 0.868 [ 1.396 | 0.305 | 0.237
31 1.19711.076 | 0.430 | 0.501 | 1.017 [ 1.274 | 0.298 | 0.364
32 1.250 | 1.329 | 0.352 | 0.602 | 1.095 [ 1.253 | 0.308 | 0.202

58




Pre-MIOM Post-MIOM

Project
ID CPI | SPI [ MSEC | MSES | CPI | SPI [ MSEC | MSES

33 1.190 ) 1.162 [ 0.380 | 0.288 [ 0.913 | 1.563 | 0.297 [ 0.070
34 1.232 { 1.333 | 0.420 | 0.277 | 0.963 | 1.355| 0.304 | 0.297
35 1.012 { 0.852 [ 0.377 | 0.235 | 0.838 | 1.569 | 0.301 | 0.335
36 1.100 [ 1.659 | 0.370 | 0.385 | 0.843 | 1.272 | 0.300 | 0.057
37 1.174 { 1.548 | 0.396 | 0.340 | 1.185] 1.302 ] 0.298 | 0.140
38 0.945 [ 0.851 [ 0.421 [ 0.452 ] 0.909 | 1.553 | 0.291 | 0.368
39 0.736 [ 1.525 0.412 | 0.329 | 1.302 ] 1.450 | 0.292 | 0.117
40 1.337 1 1.298 | 0.438 | 0.460 | 1.406 [ 1.624 | 0.295 | 0.367
41 1.287 1 1.639 | 0.368 | 0.558 | 1.286 [ 1.401 | 0.295 | 0.179
42 1.256 | 1.369 [ 0.364 | 0.346 | 1.339[1.332 ] 0.301 [ 0.299

4.3 Data Analysis and Results

For the pre-MIOM and post-MIOM periods, statistical measures (means, standard
deviations, etc.) of each of the four performance metrics were obtained by taking the
average weekly values of that metric for the individual projects and averaging them over
the 42 projects. The null and alternative hypotheses were tested using the paired #-test.

The statistical analyses were performed using Mintab for Windows. All the analyses
were two-sided with a 5% alpha level. Figure 4-1 illustrates the means and 95%
confidence intervals for the pre- and post-MIOM values of the CPI. The means and 95%
confidence intervals for SPI, MSEC, and MSES are presented in Figures 4-2, 4-3, and
4-4, respectively. The values of the statistical measures obtained from the analysis of the
CPI (including the means and standard deviations (SD)) are presented in Table 4-2, and
the results of the paired #-test are given in Table 4-3. The corresponding results for the

other three performance metrics are presented in Tables 4-4 through 4-9.
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95% CI

T T
Pre-CPI Post-CPI

Figure 4-1: Means and 95% confidence intervals for CPI

Tables 4-2 and 4-3 show that there was a significant increase in the average CPI from
pre- to post-MIOM implementation. The mean value (standard deviation (SD)) of the
pre-MIOM CPI was 0.969 (0.231), versus 1.139 (0.205) for the post-MIOM CPI; the
paired -test yielded #(41) = —3.430 and p = .001. Therefore, the null hypothesis was
rejected, and it was concluded that, on average, the implementation of the MIOM

technology resulted in improved project cost performance.
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Table 4-2: Descriptive statistics for CPI

| N Mean SD Minimum Maximum
| Valid | Missing
Pre- 42 0 0.969 0.231 0.557 1.336
CPI
Post- 42 0 1.139 0.205 0.805 1.451
CPI
Table 4-3: Paired sample test for CPI
\ \ t | Degrees of freedom \ p value
| Pair 1 | Pre-CPI—Post-CPI | -3.430 | 41 | <001

95% ClI
]

T
Pre-SPI

T
Post-SPI

Figure 4-2: Means and 95% confidence intervals for SPI
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Tables 4-4 and 4-5 show that there was an increase in the average SPI from pre-

to post-MIOM implementation. The mean value (SD) of the pre-MIOM SPI was

1.191 (0.249), versus 1.409 (0.118) for the post-MIOM SPI; the paired ¢-test yielded

#(41)=-5.036 and p < .001. Therefore, the null hypothesis was rejected, and it was

concluded that, on average, the implementation of the MIOM technology resulted in

improved project schedule performance.

Table 4-4: Descriptive statistics for SPI

’ N Mean SD Minimum | Maximum
| Valid | Missing
Pre- 42 0 1.191 0.249 0.810 1.658
SPI
Post- 42 0 1.409 0.118 1.226 1.624
SPI
Table 4-5: Paired sample test for SPI
t Degrees of p value
freedom
| Pair1 | Pre-SPI-Post-SPI | —5.036 | <.001
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Figure 4-3: Means and 95% confidence intervals for MSEC

Tables 4-6 and 4-7 indicate that there was a significant decrease in the mean MSEC
score from pre- to post-MIOM implementation. The mean value (SD) of the pre-MIOM
MSEC was 0.391 (0.027), versus 0.299 (0.005) for the post-MIOM MSEC; the paired
t-test yielded #(41) = 21.017 and p < .001. Therefore, the null hypothesis was rejected,
and it was concluded that, on average, the implementation of the MIOM technology
resulted in improved project cost performance. (MSEC is a measure of the variability in
the CPI. Smaller variability is associated with greater process control, and therefore with

better cost performance.)
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Table 4-6: Descriptive statistics for MSEC

\ N Mean SD Minimum Maximum
‘ Valid \ Missing
Pre- 42 0 0.391 0.027 0.352 0.438
MSEC
Post- 42 0 0.299 0.005 0.290 0.309
MSEC
Table 4-7: Paired sample test for MSEC
\ \ t Degrees of freedom | p value
| Pair | | Pre-MSEC — Post-MSEC | 21.017 | 41 | <.001
0.457
0.40
D
0.357 -
o
3 030
3

0.254

0.209

0137

T
Pre-MSES

T
Post-MSES

Figure 4-4: Means and 95% confidence intervals for MSES

As demonstrated in Tables 4-8 and 4-9, there was a statistically significant decrease

in the average MSES from pre- to post-MIOM implementation. The mean value (SD) of
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the pre-MIOM MSES was 0.390 (0.120), versus 0.212 (0.094) for the post-MIOM

MSES; the paired #-test yielded #41) = 7.430 and p < .001. Therefore, the null hypothesis

was rejected, and it was concluded that, on average, the implementation of the MIOM

resulted in improved project schedule performance. (MSES is a measure of schedule

variability. Smaller variability in scheduling is associated with better schedule

performance.)

Table 4-8: Descriptive statistics for MSES

‘ N Mean SD Minimum | Maximum
| Valid | Missing
Pre- 42 0 0.390 0.120 0.210 0.601
MSES
Post- 42 0 0.212 0.094 0.057 0.368
MSES
Table 4-9: Paired sample test for MSES
’ | t | Degrees of freedom | p value ‘
| Pair 1 | Pre-MSES — Post-MSES | 7.430 | 41 | <.001 |

The statistical analysis results presented in this chapter showed statistically significant

improvements in each of the four measures of resource allocation efficiency after the

implementation of the MIOM. Therefore, this study provided strong evidence to support

the conclusion that, on average, the implementation of the MIOM resulted in improved

project cost and schedule performance.
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Chapter 5 — Summary, Conclusions, Recommendations

for Future Research

5.1 Summary and Conclusions

This study was designed to investigate the relationship between utilizing the MIOM
and the efficiency of project resource allocation in a multiple-project public-sector
environment, as measured by the CPI, SPI, MSEC, and MSES performance indices. An
empirical study of a large DoD organization was performed.

First, a decision support system was developed to augment the PMDS with the
MIOM, resulting in an OBMPDSS. Thus, the OBMPDSS was a PMDS with an
augmented model subsystem—the MIOM—for resource allocation. The result was that
project managers were provided with an additional tool for decision making—one that
facilitated the determination of how to optimize the allocation of resources. The
OBMPDSS enabled project managers to observe the process of resource allocation and to
perform sensitivity analysis of the impact of potential resource allocation decisions on
project performance. With the OBMPDSS in use by managers, the DoD organization
continued to collect and report metrics as it had done prior to the implementation of
OBMPDSS.

Four hypotheses addressing the key metrics were tested, and the analysis was
performed using paired ¢-tests. The resulting statistical analysis showed significant
improvements in the four measures of resource allocation efficiency after the

implementation of the MIOM. Therefore, this study provided strong evidence to support
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the conclusion that on average, the implementation of the MIOM resulted in improved
project cost and schedule performance.

Thus, in answer to the main research question—What, if any, difference is there
between the efficiency of project resource allocation prior to the implementation of the
MIOM resource allocation model said efficiency after its implementation?—all four
measures of resource allocation efficiency were found to be statistically significantly

better after the implementation of the MIOM than before its implementation.

5.2 Recommendations for Future Research

There are several areas for future research on use of the MIOM for multiple-project
resource allocation. First, the current model is deterministic in that it uses a set of
uniquely identified parameters for model optimization. Although this approach was
sufficient to address the research question, an explicitly stochastic model would enable
the quantification of uncertainty, provide the ability to better model the error rate, and
enhance the ability to check the model nontrivially.

Second, although this study was primarily quantitative, further insights could be
gleaned by adding a qualitative component. For example, interviews could be conducted
with targeted groups of managers who participated in the quantitative study. Those
groups of managers could be asked semi-structured questions that would provide in-depth
feedback on their experiences with the MIOM. Such a technique could incorporate a
phenomenological research design that would aid in examining and exploring
experiences of the participants in close, detailed ways (Creswell, 2009). The information

obtained would be helpful in further assessing the program managers’ and project
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managers’ perceptions of the MIOM, as well as identifying whether there could be

further improvements in inter-project resource allocations.
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Appendix A — Box Plots of Measures of Resource

Allocation Efficiency
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Figure A-1: Box plot of resource allocation efficiency: pre-MIOM vs. post-MIOM CPI
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Figure A-2: Box plot of resource allocation efficiency: pre-MIOM vs. post-MIOM SPI
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Figure A-3: Box plot of resource allocation efficiency: pre-MIOM vs. post-MIOM MSEC

Pre-MIOM vs. Post-MIOM MSES

0.6 ‘

0.54

0.4+

0.3 |

Data

0.24

0.1 ‘

0.0+

Pre-MSES Post-MSES

Figure A-4: Box plot of resource allocation efficiency: pre-MIOM vs. post-MIOM MSES
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Appendix B — Descriptive Statistics for Measures of
Resource Allocation Efficiency
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Figure B-1: Descriptive statistics for resource allocation efficiency: pre-MIOM vs. post-MIOM CPI
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Figure B-2: Descriptive statistics for resource allocation efficiency: pre-MIOM vs. post-MIOM SPI
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Appendix C — Matlab Code for Portfolio Cost

Computation

%

%This Matlab script calculates the cost of the program portfolio.

%
%
% the amount of activities

W =1[10,20,30];
% the amount of resources in
V =15,6,7,8];
% the costs of the resources
C=110,12,14,16];
% the amount of resources needed by each activity
v= [11,21,21;...
21,31,11;...
22,24,36;...
25,37,32];
% the amount of activities needed by projects
w= [13,18,23,15,24,14,14;...
73,34,15,12,15,16,62;...
15,26,32,46,53,62,91];
% calculate the total costs of activities:
A = sum(diag(C)*inv(diag(V))*v);

% calculate the projects costs

Psi = sum(diag(A)*inv(diag(W))*w);
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% calculate the total portfolio cost

TC=sum(Psi);
for k = 1:length(w)
fprintf(1, '"The %d-th project cost is %2.2f\n', k, Psi(k));
end
fprintf(1,"\nThe total cost is %2.2f\n', TC);
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Appendix D — Matlab Script for Mixed Integer

Optimization Model

%This Matlab script is used for solving the mixed-integer linear %programming problem
for PPM

%
%][vector,result,exitflag]=mixedIntLP(coeff,ineq coeff,ineq vector,eq coeff,eq
%vector,lwr_bnd,upr_bnd,index,toll lim,flag)

%

%minimize coeff*vector

% subject to

% ineq_coeff*vector <= ineq_vector

% eq_coeff * vector = eq_vector

% lwr_bnd <= vector <= upr_bnd

% index is a vector of indices of variables which are integers

% toll_lim is the integrality tolerance

%

% usage: set flag=1 for maximization problems and flag=0 for minimization %problems,
% other variables are self-explanatory from the set of equations.

%

% the return variables are:

%

% vector: this indicates the solution

% the to the optimal

% solution (i.e., vector)

% set flag to 1 if solution is found

% exitflag:

% 0 if the maximum threshold is reached in the (inbuilt)
% linprog function

% -1 ifno solution exists

%For example, if we want solve the following problem,
% maximize 45* x*1 +19* x"2

% subject to

% 14*x1 + 6*x2 <=75

% 15%x1-x3<=8

% x1 ,x2>=0

% x1 is integer
%

% here;

% coeff=[-45, -19];

% [ we need to take the negative for maximization problems ]
% ineq_coeft=[ 14 6; 15 -3];

% ineq_vector=[75; 8];
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% lwr_bnd=[0 0];

% upr_bnd=[inf inf];

% index=[1];

% toll_lim=10"-10;

%

% example usage: [x value exit status]=
%mixedIntLP(coeff,ineq coeff,ineq vector,[],[],lwr_bnd,upr bnd,index,
%toll_lim,1)

%

% The program returns [8,0.75] as the optimal solution,

% returning an objective function of 58.25. (exit_status is obviously 1, as
%the solution exists in this case)

function
[vector,result,exitflag]=mixedIntLP(coeff,ineq coeff,ineq vector,eq coeff,eq vector,lwr
_bnd,upr bnd,index,toll lim,flag)

init_opt = optimset('display’,'off");
bnd=inf;

% the initial bound is set to +ve infinity

[vector(,resultO]=linprog(coeff,ineq coeff,ineq vector,eq coeff,eq vector,l
wr_bnd,upr _bnd,[],init_opt);
[vector,result,exitflag,ineq vector]=proc(coeff,ineq coeff,ineq vector,eq ¢
oeff,eq vector,lwr bnd,upr bnd,vector(,resultO,index,toll lim,bnd);
if flag==

result=-result;
end

% proc() is a recursive function

function [vectorl,result,exitflag,ineq vectorl]=proc(coetf,ineq coeff,ineq vector,eq
_coeff,eq vector,lwr_bnd,upr bnd,vector,result,index,toll lim,bnd)
init_opt = optimset('display','off");

% vector is an initial solution and result is the corresponding objective function %value

% solves the LP model with no integer constraint

[vector(,result0,statusO]=linprog(coeff,ineq_coeff,ineq vector,eq coeff,eq
vector,lwr_bnd,upr bnd,[],init_opt);

% if no solution the objective function is
% out of bounds
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if statusO <= 0 | result0 > bnd
vectorl=vector; result=result; exitflag=status0; ineq_vector1=bnd,
return;

end

% if the variables with integer constraints are within the tolerance limit of an integer,
% this returns the current values

index1=find( abs(vector((index)-round(vectorO(index)))>toll lim );
% finds the nonzero indices

if isempty(index1)
exitflag=1;

if resultO < bnd %, this solution is better than the last solution
vectorQ(index)=round(vector((index));
vectorl=vector0;
result=result0;
ineq_vector1=result0;
else
vectorl=vector;
result=result;
ineq_vector1=bnd;
end

return
end

% if the previous cases are not satisfied, then we know the relaxed LP is feasible
% and some of the integer constraints are not satisfied.

% this function picks the first such variable and forms two LP problems and

% solves the problem recursively.

% first LP problem with the added constraint that Xi <= floor(Xi) , i=index1(1)

br_var=index(index1(1));
br_value=vector(br_var);

if isempty(ineq_coeff)

[r c]=size(eq_coeff);
else

[r c]=size(ineq_coefY);
end

Al=[ineq_coeff; zeros(1,c)];
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Al(end,br_var)=1;
bl=[ineq vector;floor(br value)];

% Al is the new inequality coefficient matrix (comparable to ineq_coeff) and
% bl is the constraint vector (comparable to ineq_vector)
% similarly, we have A2 and b2 for the second LP problem

% second LP problem with the added constraint that Xi >= ceil(Xi), i=index1(1)

A2=[ineq_coeff ;zeros(1,c)];
A2(end,br_var)=-1;
b2=[ineq_vector; -ceil(br_value)];

% solution of the first LP problem

[x1,vall,status1,bound1]=proc(coeff,Al,bl,eq coeff,eq vector,Iwr bnd,up
r_bnd,vector(,result0,index,toll lim,bnd);
exitflag=statusl;

if status1 >0 & bound1<bnd

% if the solution was successful and gives a better bound

vectorl=x1;
result=vall;
bnd=boundl;
ineq_vectorl=boundl;
else
vectorl=vector0;
result=result0;
ineq_vector1=bnd;
end

% solution of the second LP problem

[x2,val2,status2,bound2]=proc(coeff,A2,b2,eq coeff,eq vector,lwr bnd,up
r_bnd,vector0,result0,index,toll lim,bnd);

if status2 >0 & bound2<bnd
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% if the solution was successful and gives a better bound
exitflag=status2;
vectorl=x2;
result=val2;
ineq_vectorl=bound2;
end
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Appendix E — Conceptual Data Model for Decision
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Appendix F — High-Level XML Schema for Decision
Support System

<xml>

<plan>

<planversion plantype="actual,base,approved">

<Initiatives type="program,project,subproject,phase,workpackage,task">
<lifecycle />

</Initiatives>

</planversion>

</plan>

</xml>

<xml>

< Projects >

<project type="" />
<construction plan="" />
<Activity category="" />
</Projects>

</xml>

<xml>

< Projects >

<project type="Activity,work,package,task,subproject" >
<ProjectPlan construction="work breakdown structure" >
<WBDSEIlement description="" type="WBDS Planning” />
</Projectplan>

</project>

</Projects>

</xml>
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Appendix G — Input Data for Optimization Model (Part 1)

Table G-1: Input data: yearly resource usage

Expected
Resource Actual Hours
Usage

Labor Category Resource | (Hours/Year) | 2006 | 2007 | 2008
Technical Expert Level 5 RI 2080 1883 | 1890 | 1846
Technical Expert Level 4 R2 2080 2036 [ 2067 | 1874
Technical Expert Level 3 R3 2080 2073 [ 1841 | 2066
Technical Expert Level 2 R4 2080 1902 | 1950 | 1806
Technical Expert Level 1 RS 2080 1826 | 1824 | 2038
Project Mgr/Task Lead R6 2080 1845 | 2041 | 2012
Program Manager R7 2080 1932 | 1856 | 2030
Sr. Program Manager RS 2080 1928 | 1870 | 2025
Proprietary Product Application
Developer R9Y 2080 1863 | 1986 | 1915
Proprietary Product Application
Designer RI0 2080 2007 [ 1844 | 1930
Proprietary Product Database
Administrator RI1 2080 1892 [ 1976 | 1940
Proprietary Product System
Architect RI2 2080 2072 | 1982 | 2040
Business Process Reengineering
Analyst RI13 2080 1860 | 1905 | 1814
Systems Engineer R20 2080 1887 | 1903 | 1845
Sr. Systems Engineer R22 2080 1842 | 1954 | 1939
Principal Systems Engineer R23 2080 1894 | 2059 | 1964
Sr. Principal Systems Engineer R24 2080 2066 [ 1969 | 1961
Information Engineer R25 2080 1994 | 2002 | 1862
Sr. Information Engineer R26 2080 1878 | 1809 | 1837
Principal Information Engineer R27 2080 2042 | 1975 | 2077
Software Engineer R29 2080 1899 | 1948 | 2071
Sr. Software Engineer R31 2080 1931 | 1814 | 2051
Principal Software Engineer R32 2080 2004 [ 1900 | 1994
Software Architect R33 2080 1845 | 1902 | 1989
Computer Security Specialist R34 2080 1817 | 1929 | 1907
Sr. Computer Security
Specialist R35 2080 1864 | 1984 | 1805
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Expected

Actual Hours

Resource
Usage

Labor Category Resource | (Hours/Year) | 2006 | 2007 | 2008
Database Architect R37 2080 1839 [ 1821 | 1961
Sr. Database Architect R38 2080 1950 | 2070 | 2009
Computer Programmer

R40 2080 1857 | 1801 | 1860
Sr. Computer Programmer
Analyst R42 2080 1915 | 2022 | 1937
Principal Computer
Programmer

R43 2080 1976 | 1915 [ 2068
Computer Systems Programmer R44 2080 1961 | 1851 | 2029
Web Designer R45 2080 1905 | 1843 | 1950
Web Developer R46 2080 1868 | 1990 | 1834
Sr. Web Developer R47 2080 1953 | 1998 | 1839
Web Tech Administrator R48 2080 2050 | 2049 | 1805
Web Content Manager R49 2080 1853 | 1937 | 2037
Web Security Administrator R50 2080 2004 [ 2022 | 1846
Computer Systems Analyst R52 2080 1822 | 2040 | 1855
Sr. Computer Systems Analyst R54 2080 1865 | 2034 | 2035
Principal Computer Systems
Analyst R55 2080 1898 | 1888 | 1953
Legacy System Analyst R56 2080 1925 | 1969 | 2057
Sr. Functional
Analyst/Specialist R59 2080 1930 | 1973 | 2046
Principal Functional
Analyst/Specialist R60 2080 1997 | 2028 | 2017
Sr. Principal Functional
Analyst/Specialist R61 2080 2036 | 2020 | 2062
Data Management Specialist R62 2080 1994 | 1940 | 1999
Data Administrator R63 2080 1869 | 1943 | 1894
Data Manager R64 2080 1887 | 2000 | 1811
Computer Operations Manager R65 2080 1940 | 2062 | 1942
Sr. Computer Operations
Manager R66 2080 2052 | 1857 | 1820
Communications Engineer R70 2080 1809 [ 2040 | 1918
Sr. Communications Engineer R71 2080 2070 | 1996 | 1843
Network Engineer R73 2080 1811 [ 1985 | 1998
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Expected

Actual Hours

Resource
Usage

Labor Category Resource | (Hours/Year) | 2006 | 2007 | 2008
Sr. Network Engineer R75 2080 2075 | 1986 | 1926
Principal Network Engineer R76 2080 1951 | 1954 | 1993
Network Administrator R77 2080 1966 | 1991 | 2019
Sr. Network Administrator R78 2080 1914 | 2032 | 1872
Network/Computer Support
Technician R79 2080 1938 | 1919 | 2040
Sr. Network/Computer Support
Technician R80 2080 1954 | 1998 | 1876
Network/Computer Support
Specialist RS81 2080 2058 | 2038 | 2009
Computer Sys/Network
Integration Engineer RS2 2080 1914 | 1809 | 1843
Telecommunications Analyst R83 2080 2075 [ 1897 | 2018
Sr. Telecommunications
Analyst R84 2080 1835 | 1977 | 1930
Communications Network
Manager R85 2080 1997 | 1813 | 2038
Help Desk Technician R87 2080 1841 | 2071 | 1850
Sr. Help Desk Technician RES 2080 1882 | 1909 [ 2065
Quality Assurance/IV&V
Analyst R91 2080 1821 | 1957 | 2012
Quality Assurance/IV&V
Specialist R92 2080 1996 | 1920 | 2060
Quality Assurance/IV&V
Manager R93 2080 1802 | 1812 | 2049
Logistics Specialist RY4 2080 1998 [ 2060 | 1991
Configuration Mgt Specialist R95 2080 2030 [ 1981 | 1852
Sr. Configuration Mgt
Specialist R96 2080 2053 | 1846 | 1936
Training Specialist R99 2080 1856 | 2051 | 1837
Sr. Training Specialist RI100 2080 2076 [ 2062 | 1984
Principal Training Specialist RI101 2080 1829 | 1947 | 2078
Testing & Validation Specialist RI102 2080 1906 | 1944 | 1833
Principal Testing & Validation
Specialist RI103 2080 2038 | 1864 | 2027
Instructional Sys Designer RI104 2080 1888 | 1947 | 1982
Sr. Instructional Sys Designer RI105 2080 1980 [ 1912 | 1935
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Expected

Actual Hours

Resource
Usage

Labor Category Resource | (Hours/Year) | 2006 | 2007 | 2008
Contracts Administrator RI12 2080 1925 | 1801 | 1851
Sr. Contracts Administrator RI113 2080 1946 | 2009 | 1972
Program Mgt Specialist RI15 2080 1830 | 2065 | 1834
Sr. Program Mgt Specialist RI116 2080 1978 | 2018 | 1942
Principal Program Mgt

Specialist RI117 2080 1874 | 1831 | 1992
Program Support Specialist RI119 2080 1987 | 2041 | 1894
Sr. Program Support Specialist RI120 2080 1969 | 1861 | 2056
Admin/Data Analyst RI122 2080 1966 | 1945 | 1882
Documentation Specialist RI123 2080 1853 | 1805 | 1849
Sr. Documentation Specialist RI124 2080 1946 | 1931 | 1836
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Appendix H — Input Data for Optimization Model (Part Il)

Table H-1: Input data: yearly resource costs

Actual Cost
®

Labor Category Resource 2006 2007 2008
Technical Expert Level 5 RI 350,935 [ 364,562 | 368,535
Technical Expert Level 4 R2 515,780 | 541,967 | 508,566
Technical Expert Level 3 R3 611,763 [ 562,315| 653,125
Technical Expert Level 2 R4 686,869 | 728,852 | 698,651
Technical Expert Level 1 RS 783,062 [ 809,582 [ 936,216
Project Mgr/Task Lead R6 225,016 | 257,635 | 262,868
Program Manager R7 279,155 | 277,565 | 314,203
Sr. Program Manager RS 342,663 | 343,987 | 385,540
Proprietary Product
Application Developer RY 240,010 [ 264,813 | 264,289
Proprietary Product
Application Designer RI0 258,562 | 245,879 | 266,359
Proprietary Product Database
Administrator RI1 229,783 | 248,383 [ 252,394
Proprietary Product System
Architect RI2 264,325 | 261,683 [ 278,766
Business Process
Reengineering Analyst RI3 220,633 | 233,877 | 230,505
Scientist RI4 177,780 | 180,557 [ 174,600
Staff Scientist RIS 209,698 | 220,506 [ 237,684
Sr. Scientist RI6 228,242 | 249,038 [ 268,972
Principal Scientist RI17 303,821 [ 301,355 292,707
Sr. Principal Scientist RIS 334,666 | 349,505 | 393,155
Jr. Systems Engineer RI19 132,584 | 140,791 147,745
Systems Engineer R20 159,716 | 166,703 167,286
Staff Systems Engineer R21 205,131 | 210,620 | 219,083
Sr. Systems Engineer R22 200,981 | 220,665 | 226,630
Principal Systems Engineer R23 233,417 262,625 | 259,268
Sr. Principal Systems
Engineer R24 288,331 | 284,402 | 293,170
Information Engineer R25 222,770 | 231,491 222,844
Sr. Information Engineer R26 237,079 | 236,364 | 248,418
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Actual Cost

$)
Labor Category Resource 2006 2007 2008
Principal Information
Engineer R27 307,586 | 307,903 335,145
Jr. Software Engineer R28 137,633 | 155,322 | 144,141
Software Engineer R29 161,434 | 171,405 188,606
Staff Software Engineer R30 198,172 | 206,329 | 230,762
Sr. Software Engineer R31 237976 | 231,376 | 270,753
Principal Software Engineer R32 279,678 | 274,436 | 298,103
Software Architect R33 280,791 | 299,603 | 324,267
Computer Security Specialist R34 153,791 [ 168,980 | 172,908
Sr. Computer Security
Specialist R35 215,609 | 237,524 | 223,658
Jr. Database Architect R36 142,512 | 142,786 147,260
Database Architect R37 160,894 | 164,892 183,785
Sr. Database Architect R38 217,854 | 239,354 | 240,437
Jr. Computer
Programmer/Analyst R39 116,487 | 116,449 132,096
Computer
Programmer/Analyst R40 125,737 | 126,214 134,906
Staff Computer
Programmer/Analyst R41 197,263 | 190,607 | 212,551
Sr. Computer
Programmer/Analyst R42 208,946 | 228,344 | 226,397
Principal Computer
Programmer/Analyst R43 249450 | 250,214 | 279,656
Computer Systems
Programmer R44 174,294 | 170,273 193,181
Web Designer R45 147,523 | 147,716 | 161,772
Web Developer R46 184,689 | 203,637 | 194,239
Sr. Web Developer R47 246,547 | 261,059 | 248,688
Web Tech Administrator R48 192,885 | 199,532 181,926
Web Content Manager R49 140,754 | 152,287 165,751
Web Security Administrator R50 175,330 | 183,092 173,007
Jr. Computer Systems Analyst R51 135,592 | 134,456 | 138,227
Computer Systems Analyst R52 139419 [ 161,568 | 152,054
Staff Computer Systems
Analyst R53 204,364 [ 194,939 | 198,158
Sr. Computer Systems R54 208,358 [ 235,191 243,549
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Actual Cost

$)
Labor Category Resource 2006 2007 2008
Analyst
Principal Computer Systems
Analyst R55 239,604 | 246,686 | 264,104
Legacy System Analyst R56 215,061 | 227,675 | 246,182
Jr. Functional
Analyst/Specialist R57 127,645 | 142911 134,577
Functional Analyst/Specialist R58 142,567 | 147,236 149,826
Sr. Functional
Analyst/Specialist R59 168,856 | 178,655 191,751
Principal Functional
Analyst/Specialist R60 223,105 [ 234,498 | 241,395
Sr. Principal Functional
Analyst/Specialist R61 257,025 | 263,933 | 278,844
Data Management Specialist R62 222,770 | 224,322 | 239,240
Data Administrator R63 205,403 [ 221,016 | 222,981
Data Manager R64 218,269 [ 239,440 | 224,401
Computer Operations
Manager R65 188,840 | 207,747 | 202,512
Sr. Computer Operations
Manager R66 229,249 | 214,725 217,818
System
Administrator/Operator R67 127,730 | 118,817 124,910
Jr. Computer Operator R6S 82,884 86,263 85,492
Computer Operator R69 91,888 92,740 93,899
Communications Engineer R70 183,704 | 214,404 | 208,640
Sr. Communications Engineer R71 221,945 221,496 | 211,669
Jr. Network Engineer R72 143,419 | 157,655| 166,916
Network Engineer R73 158,444 | 179,742 | 187,253
Staff Network Engineer R74 205,006 | 228,254 | 224,639
Sr. Network Engineer R75 261,948 [ 259,491 | 260,453
Principal Network Engineer R76 293,879 | 304,629 | 321,590
Network Administrator R77 189,365 | 198,483 | 208,320
Sr. Network Administrator R78 208,837 | 229,474 | 218,799
Network/Computer Support
Technician R79 92,927 95,240 | 104,795
Sr. Network/Computer
Support Technician R80 125,212 | 132,507 128,769
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Actual Cost

®
Labor Category Resource 2006 2007 2008
Network/Computer Support
Specialist R81 159,372 | 163,346 | 166,667
Computer Sys/Network
Integration Engineer R82 213,832 | 209,175 | 220,570
Telecommunications Analyst R83 148,487 | 140,492 154,680
Sr. Telecommunications
Analyst R84 160,544 | 179,017 [ 180,880
Communications Network
Manager R85 211,283 [ 198,524 | 230,967
Jr. Help Desk Technician R86 106,669 | 109,384 110,761
Help Desk Technician R87 115,044 | 133,952 123,839
Sr. Help Desk Technician R88 134,676 | 141,381 158,282
Electronics/Electrical
Technician R89 107,259 [ 119,953 | 119,528
Hardware Specialist R90 134,347 | 137,491 157,953
Quality Assurance/IV&V
Analyst R91 141,018 [ 156,854 | 166,916
Quality Assurance/IV&V
Specialist R92 143,552 | 142,925 | 158,723
Quality Assurance/IV&V
Manager R93 227,484 | 236,756 | 277,086
Logistics Specialist R94 109,071 [ 116,390 | 116,434
Configuration Mgt Specialist R95 168,937 [ 170,624 | 165,087
Sr. Configuration Mgt
Specialist R96 229,361 | 213,453 231,700
Training Specialist/Instructor R97 144,043 | 145,509 | 142,072
Sr. Training
Specialist/Instructor R98 171,305 | 172,407 194,375
Training Specialist R99 143,729 | 164,388 | 152,398
Sr. Training Specialist RI100 176,481 | 181,435 | 180,683
Principal Training Specialist RI101 199,562 | 219,875 | 242,877
Testing & Validation
Specialist RI102 127,511 | 134,603 [ 131,353
Principal Testing &
Validation Specialist RI103 178,305 | 168,785 189,970
Instructional Sys Designer R104 146,207 | 156,052 164,427
Sr. Instructional Sys Designer RI105 173,230 | 173,132 181,348
Jr. Graphic Design Specialist R106 104,922 | 110,797 | 109,416
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Actual Cost

®
Labor Category Resource 2006 2007 2008
Graphic Design Specialist R107 120,606 | 126,773 | 131,939
Staft Graphic Design
Specialist RI108 137,340 | 145,932 [ 148,844
Sr. Graphic Design Specialist R109 166,663 | 166,201 | 174,737
Principal Graphic Design
Specialist RI110 162,556 | 165,435 | 190,626
Videographer/Editor RI11 126,730 | 128,649 122,500
Contracts Administrator RII2 149,072 | 144,350 153,559
Sr. Contracts Administrator RI13 187,439 | 200,277 | 203,471
Jr. Program Mgt Specialist RI114 119,427 137,618 | 139,255
Program Mgt Specialist RIS 133,901 | 156,382 | 143,749
Sr. Program Mgt Specialist RII16 168,150 [ 177,564 | 176,858
Principal Program Mgt
Specialist RI117 204,472 | 206,775 | 232,825
Jr. Program Support
Specialist RI18 81,634 95,515 93,121
Program Support Specialist RI119 100,065 | 106,377 | 102,162
Sr. Program Support
Specialist RI20 112,725 | 110,264 [ 126,074
Jr. Admin/Data Analyst RI21 72,142 75,413 71,510
Admin/Data Analyst RI22 81,884 83,849 83,975
Documentation Specialist RI123 115,794 | 116,747 123,772
Sr. Documentation Specialist RI124 150,698 | 154,770 152,315
Technical Writer RI25 94,608 | 100,131 99,770
Technical Editor RI126 156,418 | 158,558 | 168,662
Technical Typist RI127 73,087 76,241 75,797
Data Entry Clerk RI128 70,032 74,246 76,381
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Appendix | — Input Data for Optimization Model (Part IlI)

Table I-1: Post-MIOM project costs, and weights assigned to performance metrics

Weight
Project
Project Cost Normalized

ID ($M) | Project Cost CPI SPI MSEC MSES
1 33.00 0.118 0.500 0.500 0.000 0.000
4.31 0.015 0.600 0.400 0.000 0.000

3 3.82 0.014 0.550 0.450 0.000 0.000
4 7.86 0.028 0.800 0.200 0.000 0.000
5 6.94 0.025 0.600 0.400 0.000 0.000
6 5.55 0.020 0.500 0.500 0.000 0.000
7 6.33 0.023 0.500 0.500 0.000 0.000
8 6.44 0.023 0.500 0.500 0.000 0.000
9 7.98 0.029 0.500 0.500 0.000 0.000
10 7.32 0.026 0.500 0.500 0.000 0.000
11 3.44 0.012 0.500 0.500 0.000 0.000
12 6.40 0.023 0.500 0.500 0.000 0.000
13 23.00 0.083 0.500 0.500 0.000 0.000
14 4.65 0.017 0.500 0.500 0.000 0.000
15 3.44 0.012 0.500 0.500 0.000 0.000
16 7.30 0.026 0.500 0.500 0.000 0.000
17 5.22 0.019 0.500 0.500 0.000 0.000
18 7.33 0.026 0.500 0.500 0.000 0.000
19 5.30 0.019 0.500 0.500 0.000 0.000
20 5.30 0.019 0.500 0.500 0.000 0.000
21 3.40 0.012 0.500 0.500 0.000 0.000
22 6.88 0.025 0.500 0.500 0.000 0.000
23 6.40 0.023 0.600 0.400 0.000 0.000
24 7.55 0.027 0.600 0.400 0.000 0.000
25 3.44 0.012 0.600 0.400 0.000 0.000
26 3.33 0.012 0.600 0.400 0.000 0.000
27 3.44 0.012 0.600 0.400 0.000 0.000
28 3.56 0.013 0.500 0.167 0.167 0.167
29 5.34 0.019 0.500 0.167 0.167 0.167
30 4.44 0.016 0.500 0.167 0.167 0.167
31 5.56 0.020 0.500 0.167 0.167 0.167
32 4.54 0.016 0.500 0.167 0.167 0.167
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Weight

Project
Project Cost Normalized
ID ($M) | Project Cost CPI1 SPI MSEC MSES
33 5.79 0.021 0.500 0.167 0.167 0.167
34 5.56 0.020 0.500 0.167 0.167 0.167
35 6.45 0.023 0.500 0.167 0.167 0.167
36 5.65 0.020 0.500 0.167 0.167 0.167
37 3.54 0.013 0.500 0.167 0.167 0.167
38 5.65 0.020 0.500 0.167 0.167 0.167
39 6.65 0.024 0.500 0.167 0.167 0.167
40 7.00 0.025 0.500 0.167 0.167 0.167
41 7.65 0.027 0.500 0.167 0.167 0.167
42 6.00 0.022 0.500 0.167 0.167 0.167
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Appendix J — Optimal Resource Allocation in the
Linguistic Pilot Project (LPP) via a Mixed Integer
Optimization Model (MIOM)

J — Abstract

One function of the U.S. Department of Defense (DoD) and the intelligence
organizations is the collection and dissemination of information in a global environment.
This requires that information be collected in a variety of languages and interpreted in
English to support various operations. This mission has drastically expanded in the post-
9/11 environment, requiring DoD to interpret languages that were not previously
required. This group of languages is classified as low density, implying that their usage is
sparse but at times necessary for mission success.

It is a major challenge to find linguists with the requisite security clearances who are
willing and able to provide the needed translation services. Thus, the limited group of
linguists available to DoD must be carefully allocated to DoD’s requirements for low-
density language processing so as to optimally allocate and manage the available
linguistic resources, meet DoD’s requirements, minimize costs, and reduce or eliminate
backlogs, all while maintaining a high quality of service.

This paper presents a case study for the optimal allocation of resources in a DoD low-
density language project: the Linguistic Pilot Project (LPP). A mixed integer optimization
model (MIOM) is implemented for the allocation of linguistic resources in the LPP,

resulting in 14.5% cost reductions and 27.9% backorder reductions.
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J.1 Introduction: Case Background

One of the major challenges faced by the U.S. Department of Defense (DoD) and the
intelligence community (IC) is the ability to recruit and retain skilled linguists for
language processing (translation, transcription, and interpretation) of various document
and electronic media to and from the English language. The challenge is further
magnified when it comes to finding resources for so-called low-density targeted
languages, primarily because such languages are rarely taught at the major universities or
other traditional language capacity-building sources such as the Defense Language
Institute (DLI). Thus DoD and IC have traditionally recruited native speakers as low-
density language (LDL) linguists. For justifiable national security reasons—primarily the
protection of national security assets—DoD and IC typically require their linguists and
contract employees to be naturalized U.S. citizens, at a minimum. In addition, some
processing organizations and programs may require personnel with different levels of
security clearances—confidential (C), secret (S), top secret (TS), and top secret/secret
compartmentalized information (TS/SCI), to mention just a few. The challenge of finding
technically qualified LDL linguists who meet the citizenship and security clearance
requirements has led to a very difficult recruiting and retention environment.

While the challenge of recruiting qualified technical linguists with the requisite
security clearances has been a persistent but manageable problem, the volume of
information collected in the past decade, the demand for language processing, and the
need for linguists in targeted low-density languages have increased exponentially. The
unfortunate result has been an increased backlog of documents to be processed, as the

limited linguistic resources meeting the competence and security prerequisites are
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typically assigned to the most critical missions. Figure J-1 illustrates the year-over-year
percentage increase in low-density language requirements during a period that includes

both pre-9/11 and post-9/11 years.
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Figure J-1: Increase in low-density language requirements

As the backlog increased, it became clear that potentially useful intelligence was
being discovered later than would be preferred, thus diminishing its utility and the ability
of the authorities to take timely action based on it. The need to address the mounting
backlog led to a detailed analysis of low-density language requirements, which showed
that of all the linguistic requirements processed, fewer than 2% require top secret
clearances and above, about 10% require secret clearance, and 88% are classified as

confidential or are unclassified.

109



The traditional method of processing documents and media was inefficient. In its
simplest form, the process consisted of receiving a document in the processing facility,
in-processing it, and assigning it to a linguist with the appropriate technical
qualifications, who then translated it from the LDL into English before it was out-
processed for delivery to the customer. As the documents or media were being processed,
several data sets were collected to enable administrative tracking of costs and other
project management activities. One flaw in this process was that there was no mechanism
for determining the requisite security clearance level in advance. Thus all employees,
government and contractor alike, were required to have a top secret clearance. Given the
recruiting challenges outlined above, such an approach unnecessarily tied up the limited
resources that were available. There was no process for “triaging” of documents until the
actual processing took place.

It was in light of the challenges outlined above that the Linguistic Pilot Project (LPP),
as it came to be known, was conceived and the following goals were set for it:

1. To sort out documents according to the level of security clearance required by
DoD, so as to enable the LPP to assign linguists to documents on the basis of
clearance.

2. To reduce costs by reducing the number of documents requiring higher-level

security clearances.
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3. To reduce the document backlog by increasing the resource pool of linguists
available to draw from—an increase that would naturally result from the
reduction in the number of documents requiring higher-level security

clearances.

With these goals in mind, the premise of the LPP business process was to assemble a
small team of highly skilled LDL linguists with security clearances of top secret and
above. This group would be responsible for performing the initial requirements
screening, which entails examining incoming language processing requirements and
classifying them as no clearance, secret, or top secret. The concept is very similar to that
used to triage patients in an emergency room or disaster setting. Based on the
classification (i.e., security clearance) and skill level, the documents would be sorted and
sent to the appropriate facility for processing. By intervening early in the process and
triaging the requirements, the most highly skilled LDL linguists with the highest security
clearances would be freed up from processing of unclassified or confidential

documents/media and could focus entirely on those that required a top secret clearance.
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Figure J-2: Rate per 1000 words in 2003

Figure J-2 shows the average government rate for translation of a low-density
language to English in 2003, which shows significant differences in cost among the three
aforementioned clearance levels for every 1000 words translated. From this figure, we
can see why it is inefficient to assign linguists with top secret security clearances, at an
average government rate of $353 per 1000 words, to documents that require at most a
secret clearance, thereby incurring an extra cost of $58 (for top secret documents) or
$117 (for those that require no clearance) with no particular additional value provided.

The pilot project was initiated in mid-2003 with a very straightforward strategy.
Given the fact that the volume and the cost structure of the requirements were well
understood, it was quite easy to estimate the cost of processing a specified document
volume, as illustrated in Table J-1 for a few LDLs. Data on hourly costs for these LDLs
are provided in Appendix K, as are average hourly rates for processing of LDL

documents in each of three security clearance categories.
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Table J-1: Requirements volume by language

Requirements Volume (no.
Language of units of work)”
Ewe 11,378
Fulani 11,990
Swahili 10,816
Igbo 14,966
Somali 17,265
Yoruba 11,510
Total 77,925

80One unit of work is 1000 words.

The LPP was budgeted at $12.5 million for a two-year time span ($5 million per year,
plus $2.5 million for unexpected administrative costs). Put in context, $12.5 million was
considered a relatively small expense when compared to the overall amount spent on
document processing. Furthermore, the LPP was considered important because success
would mean that the existing backlog could be reduced significantly by increasingly
triaging and moving unclassified work to linguists other than those with secret or top
secret clearances, thus using the linguist resource pool much more effectively.

The LPP was implemented as planned. Given the fact that this was an offshoot of a
larger program, the same project management processes used in the parent program were
used in the LPP. Those processes included the critical path method (CPM) and the
utilization of tools such as resource loading charts and Gantt charts. Other project control
tools, such as earned value management (EVM) and risk management, were employed

throughout the project execution phase.
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Unfortunately, by the end of 2004 (1'% years after initiating the LPP), the cost of
processing the unclassified documents far exceeded the initial estimate: The $12.5
million of funding was completely depleted, and it was clear that the project not only had
failed to reduce the document backlog but also had resulted in significant cost overruns.
In fact, by the end of the 2-year trial period, an additional $3.4 million of contingency
funds had to be spent on paying outstanding balances to vendors and closing the books on
the LPP, with closeout taking place in November 2005 (five months behind schedule). In
summary, the project had failed to meet two of the three expected benefits from the
project charter: cost reduction and document backlog reduction. The third goal, the
freeing of linguists with top-secret clearances from processing of documents that do not
require such, so as to enable them to be reallocated to processing of top secret documents,
was very successful. In fact, this success ended up becoming a bright spot and a major

lesson learned from the LPP.

While a project post-mortem was not performed on why the other two goals—cost
reduction and backlog reduction—were not achieved, it is clear that a better approach to

resource allocation could have mitigated the risk of project failure, because:

1. There was no lack of funding for the LPP. The amount of funds allocated to the
LPP relative to the volume of documents processed was more than sufficient to
ensure project success.

2. The project management tools (CPM, resource loading, and other project planning
tools) and processes used in the LPP were the same as the ones used for

processing of top secret documents.
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A concerted effort to allocate resources on a monthly or quarterly basis in relation to
metrics collected could have gone a long way toward mitigating the risk of project

failure.

J.2 Mixed Integer Optimization Model Approach to LPP

To address the failure to achieve reductions in costs and document backlogs, we
propose a mixed integer optimization approach to resource allocation in the LPP, and we
demonstrate that use of this method not only would have resulted in better allocation of
linguistic resources, thereby reducing costs, but also would have led to a reduction in
document backlogs.

First, we introduce the mixed integer optimization model (MIOM). After that, we
present the input data and parameters we used in implementing the model, and we

conclude with a comparison of MIOM and non-MIOM approaches to resource allocation.

Model Formulation:

The proposed MIOM is based on the document processing strategy and accounts for
the hiring and layoff costs of a linguist as well as the cost of translating documents on
both a regular-time schedule and one that incurs overtime costs. The objective function to
be minimized is the cost of translating requirements from one language to another. The
output of the MIOM is the number of linguists hired, the number of linguists laid off, the
number of units of work processed on a regular-time basis, and the number processed on

overtime.

Notation:

In order to formulate the LPP Model, we introduce the following variables:
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Cp = Cost of hiring a linguist

C;= Cost of laying off a linguist

Cr = Cost of employing one linguist per month on regular time
Co = Cost of employing one linguist per month on overtime
Cp = Additional cost per unit of work on backorder per month
B, = Number of units on backorder at end of month ¢

T'= Maximum number of months in the project horizon

H, = Number of linguists hired in month ¢

L, = Number of linguists laid off in month ¢

R, = Number of units processed in regular time in month ¢

O, = Number of units processed in overtime in month ¢

W, = Total number of linguists in workforce in month ¢

D, = Number of units of new requirements in month ¢

wn = Weight of project metric m

Initializing Parameters:

I, = Number of units one linguist can produce per month on regular time

I, = Maximum number of units one linguist can produce per month on overtime
15 = Initial number of backorder units

14 = Initial total workforce

Is = Desired workforce level at end of project

Is = Desired backorder at end of project
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The Model:
The quantity that is to be optimized via the mixed integer optimization model

(MIOM) for the LPP problem is

M T
> w, > (CyH, +C,L +CyR +C,0,+CyB) (.1

m
t=l1

This is subject to the following constraints:
1. Inventory balancing constraint:
Bt—l +Dt—Rt—Ot:Bt (J2)

2. Regular volume processing constraint:

R <LiW, (J.3)
3. Overtime volume processing constraint:

O, <LW, (J.4)
4. Workforce balancing constraint:

W, 1+ H,—L=W, J.5)
5. Initial constraints:

Wo=1 (J.6)

By=15 J.7)

Wr=1Is (J.8)

Br=1Is J.9)

J.3 Applying MIOM to LPP

Data on language processing requirements from former years were collected so as to

provide a known base from which the MIOM model would operate. The model was
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implemented in Excel Solver. The detailed mechanics of implementing the model in
Excel Solver are outlined and illustrated in Appendix L.

In addition to the data on language processing requirements, estimates of other
parameters were needed for the MIOM. The LPP processed language requirements in a
facility of its own that did not require a security clearance. Because LPP was a pilot
project, the workforce strategy was one regular shift per day, with overtime used as
needed.

The LPP relied heavily on DoD contractors to supply the linguistic skills for fulfilling
the language requirements. Based on pre-established contractual agreements, it was
estimated that the cost of hiring a pre-screened contractor with no security clearance was

$3,340 and the cost to lay off a resource was $5,400, as shown in Table J-2.

Table J-2: Input parameters

MIOM Input Parameters
Target Beginning Workforce 84
Target Ending Workforce 72
Beginning Backorder 16,610
Target Ending Backorder 2,000
Minimum
Target Ending Backorder 10,000

Cost per Employee per Month | $9,400.00
Backorder Cost per Unit per $272.00
Month
OT Cost per Unit $272.00
Hire Cost per Employee $3,340.00
Layoff Cost per Employee | $5,400.00
Regular-Time Units per Month 83
per Employee
Max OT Units per Month per 17
Employee

118



J.4 Results

Data from mid-2003 to mid-2004 (the pre-MIOM period) were used as a baseline.
Table J-2 shows the input parameters used to implement the model. The MIOM period
consisted of September 2004 through August 2005. The costs of the LPP in the MIOM
and pre-MIOM periods are presented in Table J-3. Several conclusions can be drawn
from those results:

The traditional approach cost $11,895,278. Using the MIOM, the document
processing costs amounted to $10,168,441. The difference in cost of $1,726,837 (14.5%
cost savings) stems mainly from the fact that the pre-MIOM resource allocation strategy,
which permitted substantial use of overtime hours, was used in processing regular-time
requirements. The MIOM model, on the other hand, more accurately anticipated overtime
requirements, thus using a delicately weighted balance of overtime and regular-time
requirements. Also, there was a 27.9% reduction in the document backlog (the second
goal of the LPP). This shows that using MIOM for resource allocation in the LPP would
lead to significant reductions in the backlog, as compared to taking the non-MIOM
approach.

While it is evident from these figures that the MIOM approach is superior to the non-
MIOM approach, we performed a paired #-test to statistically validate the results by:

1. Developing box plots of the data to visual depict the differences in the results.

2. Plotting in such a way as to ensure that both data sets are normally distributed, a

prerequisite to performing the paired #-test.

3. Performing a paired #-test to ensure that there are statistically significant

differences between MIOM and non-MIOM data sets.
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The results confirm that the MIOM approach to resource allocation is superior to the

non-MIOM approach, as shown in Appendix M.

Table J-3: MIOM vs. non-MIOM costs

Cost Delta:
Non-MIOM
MIOM Non-MIOM Minus MIOM
Month 3 (&) (&)
Sep-04 840,853 812,596 (28,257)
Oct-04 812,000 937,128 125,128
Nov-04 789,600 984,520 194,920
Dec-04 894,000 1,196,036 302,036
Jan-05 1,088,032 1,060,759 (27,273)
Feb-05 817,800 931,013 113,213
Mar-05 827,820 1,096,721 268,901
Apr-05 817,800 1,382,200 564,400
May-05 817,800 983,980 166,180
Jun-05 817,800 955,585 137,785
Jul-05 817,800 818,625 825
Aug-05 977,136 736,115 (241,021)
Total 10,168,441 11,895,278 1,726,837
Mean 859,870 991,273 131,403
Standard 87,616 177,219 201,716
Deviation
Improvement 14.5%

Finally, as illustrated in Figure J-3, the use of MIOM for resource allocation yields a
smoother curve of cost versus time, with less volatility. This is a very desirable feature of
MIOM because, as stated previously, it is not easy to recruit and retain linguistic
resources. Hence the less volatile and uncertain the resource allocation, the more

effective the project management will be.
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Figure J-3: Monthly cost comparisons

J.5 Summary and Conclusions

This study used a mixed integer optimization model (MIOM) for resource allocation
to demonstrate how such an approach could have mitigated the LPP project failure
relative to the cost and the document backlog. A MIOM was developed and applied to the
LPP as a method of resource allocation.

The results indicate that using MIOM for resource allocation could have resulted in a
14.5% reduction in costs and a 27.9% reduction in backorders over the traditional
approach. Using a MIOM, however, requires investments of resources to perform data
analysis so as to understand the cost structure of the organization. This may involve
carrying out extensive cost-estimation exercises using techniques such as activity-based

costing to generate in-depth data on operational costs of a project (such as those shown in
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Table J-3 for the LPP). However, the long-term benefits of such an exercise far outweigh

the costs.
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Appendix K — Input Data for MIOM
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Figure K-1: Costs per 1000 words for selected low-density languages

R = Material with a level of difficulty directed at a general reading audience
T = Material requiring advanced technical expertise
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Figure K-2: Costs per hour for selected low-density languages

R = Material with a level of difficulty directed at a general reading audience
T = Material requiring advanced technical expertise

123



$70

S64

S60

S50

$43
$40

$30 -

$20 -

$10 -

No Clearance Secret Top Secret

Figure K-3: Average hourly rates for translation of a low-density language to English in 2003
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Appendix L — Mechanics of Implementing MIOM for LPP

in Microsoft Excel Solver

The LPP problem was addressed using the Premium Solver tool in Microsoft Excel.
Figure L-1 shows the design of the spreadsheet used to solve the problem. The table,
starting in row 9, is the aggregate plan. The decision variables are in cells D10:D21
(regular-time processing), E10:E21 (overtime processing), H10:H21 (linguists hired), and
110:121 (linguists laid off). As illustrated in the first constraint set of the model, the
ending backorder in each month is calculated as

Beginning Backorder + New Requirements
— Regular Processing — Overtime Processing (L.T)
The ending backorder for a month is the beginning backorder for the next month.
Similarly, the workforce level for a month is
Previous Month’s Workforce Level + Linguists Hired
— Linguists Laid Off (L.2)
These are called balance equations for setting up the linear programming models.

The maximum regular-time processing (J10:J21) is calculated by taking the
workforce level (C10:C21) and multiplying by the number of units processed by a
regular-time employee per month (G7). The maximum overtime processing (K10:K21) is
calculated similarly, but using the maximum overtime units per employee per month
(G8). These maximum levels are needed to set up constraints that limit regular and

overtime processing.
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Solutions are evaluated by calculating the total cost. The hiring cost (B25) is obtained
by multiplying the number of linguists hired during the year [SUM (H10:H21)] by the
hiring cost per linguist (G5). The layoff cost (C25) is the product of the number of
employees laid off during the year [SUM (110:121)] and the layoft cost per employee
(G6). The workforce regular-time cost (D25) is found by taking the number of regular-
time employees in each month (C10:C21), summing those numbers over the year, and
then multiplying the result by the regular-time cost per employee per month (G2). The
overtime cost (E25) is the number of units produced during overtime [SUM(E10:E21)]
multiplied by the overtime cost per unit (G4). The backorder cost (F25) is the sum of the
ending backorders [SUM(G10:G21)] multiplied by the additional cost per unit of work on
backorder per month (G3). The total cost (G25) is calculated by summing these
individual costs [SUM(B25:F25)].

Constraints and other parameters needed to solve this problem with Excel Solver are
specified in Figure L-2. This form is accessed through

Tools =» Solver menu options
First, the target cell is set to G25 and “Equal To™: is set to “Min”. This tells Solver to
minimize the total cost value calculated in cell G25.

Next, “By Changing Cells” specifies the decision variables in the model. The Solver
can change the values in two blocks of cells, D10:E21 and H10:121. D10:E21 is the block
of cells where regular-time and overtime processing costs are input into the model;
H10:121 is the block of cells for hiring and layoff numbers. By specifying these cells in
“By changing cells,” we are telling Solver to determine the minimum cost solution by

varying the values in these cells.
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Next, six remaining constraints need to be specified. The first constraint forces the
ending workforce to be set to its initial value at the time of beginning of optimization
(C21 = C5). The second requires actual regular-time processing to be less than the
maximum regular-time processing (D10:D21 <J10:J21). The third states that actual
overtime production must be less than the maximum overtime processing (E10:E21 <
K10:K21). Next, the monthly backorder level cannot be less than a specified value, per
business rules (G10:G21 > C7). The fifth constraint forces the ending backorder to be set
at a target level of 10,000(G21 = C8). This target level is essentially a management target
set to ensure a gradual reduction in backlog. Finally, the last constraint requires an integer
number of employees.

Additional options need to be set through the Option button. Figure L-3 shows this
form. It is important that “Assume Linear Model” and “Assume Non-Negative” be
checked on this form. Clicking OK returns to the Solver Parameter form. The problem
can now be solved optimally by clicking the Solve button. The initial optimal solution is

given in Figure L-1.
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Appendix M — Statistical Analysis of Results

Boxplots of MIOM Vs. Non-MIOM Data
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Figure M-1: Box plots of MIOM and non-MIOM results
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Figure M-2: Probability plots of MIOM and non-MIOM data sets
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Figure M-3: Histograms of MIOM and Non-MIOM results
Table M-1: Paired t-test for MIOM vs. non-MIOM
N Mean StDev SE Mean
MIOM 12 859,870 87,616 25,292
Non-MIOM 12 991,273 177,219 51,159
Difference 12 -131,403 201,716 58,230

95% upper bound for mean difference: —26,828

Paired t-test for MIOM vs. non-MIOM: difference = 0 (vs < 0), computed ¢y, = —2.26,

p-value = 0.023
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