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Abstract

The objective of this thesis research is to model the multiple program objectives
used by Defence Research and Development Canada (DRDC) for the annual
management and allocation of their broad range of Science and Technology (S&T)
projects in order to best achieve the strategic goals of the agency and the

government.

This M.Sc. thesis presents methodologies, techniques and applications in Linear
Programming (LP) and Multi-Criteria Decision Making (MCDM) for decision
support in program prioritization and project selection of the DRDC S&T projects.

The results of this research produce a model that supports decision makers
effectively in the assignment of limited human and financial resources to
competing S&T projects based on the evaluation of projects that merit funding and
the multiple criteria established by the organization. While there is a well-defined
set of criteria for the annual program formulation process, the selection procedure
is currently based on simple scoring processes and expert judgement; it lacks a
well-defined and structured analysis. The application of an MCDM framework is
proposed to take advantage of the well-structured problem and improve annual
renewal and ongoing monitoring or project performance measures. The results of
the analysis provide a traceable and rigorous MCDM framework to evaluate the

performance of DRDC S&T projects for enhanced resource allocation.



Acknowledgements

I would like thank the following for their assistance and support throughout my studies:
Prof. Daniel Lane for the opportunity, guidance and advice during many revisions of this
thesis and his patience with me as I developed my research skills. Without your
encouragement and trust in me, this would have not been possible.

My co-supervisor Dr. Kendall Wheaton for his assistance in bringing my theoretical
knowledge into perspective and investing a great deal of time to share his valuable

experiences.

The examination committee: Prof. Wojtek Michalowski and Prof. Jacomo Corbo for
reviewing this thesis and providing valuable and constructive comments.

Prof. Tet Yeap and Ms. Monique Walker for their guidance in the Systems Science
program.

My parents, Aziz and Mehrangiz, for seeding the love of knowledge in me.

And my wife Nasim, for her love, encouragement and support.

"Regard man as a mine rich in gems of inestimable value.
Education can, alone, cause it to reveal its treasures,
and enable mankind to benefit therefrom.”

i



TABLE OF CONTENTS

ADSTIACE ...ttt ettt bttt et h bt et saeenaeeae s i
ACKNOWICAZEIMENTS ....c..viiiiiiieciieecee et e et e e e e aeeebeeenaeeeaseeenens i
LSt OF FIGUIES ..cviieiieiie ettt ettt ettt et e et et eeabeenseesnseenes v
LSt OF TABIES ...ttt ettt \%
GlOSSATY OF TEIMNS ....ceuviieiiieiie ettt ettt ettt ettt et estae e beesaeeesbeensaesnseessaesnseensnas vi
I IEOAUCTION ...ttt ettt et st e b e 1
1.1 Back@round..........c.coouieiiiiiiiiii e e 1
1.2 THESIS ODJECHIVES ...uviiiiiieeiiieeiie ettt et e e sre e e e et e e e e e e tee e ssaeeesnseeeesseees 3
1.3 Outline 0f the TRESIS.....cc.eeviiriiiieiieieree e 3
2 LItEIAtUIE TEVIEW ....eiutiiuiiiieiieiie ettt ettt ettt ettt et e s it e et e sbbeeabeesabeenbeesseeenneas 4
2.1 Current Practice at DRDC for Program Prioritization............ccceeeeveeniieeveennnnnne. 4
2.2 Linear Programming (LP) in Optimization of Strategic Programs..................... 6
2.3 Multi-Criteria Decision Making (MCDM) ........cccccovviiiniieiienieeiienieeieeie e 8
2.4 SUIMIMATY ...eeieeiiitiee e e e e et e e e te e e s e bt eeessnsaeeeessnsaeesesnssneesannns 22
3 MEthOOLIOZY . .eeeiiieiiieiie ettt ettt e e s et eae e e e 24
3.1 Current Process at DRDC for Program Evaluation ...........cccccceveviieiiieinnenee, 24
3.2 ReESEAICH PrOCESS. ..c.uiiuiiiiiiieiiiiieieeert e 27
33 LP Problem Formulation.............ccocoiiiiiiiiiiiiiiiiceecee e 29
3.4 AHP Problem Formulation .........c.ccocceeiirieiiiniiniiieiicnceieseeeeeeeeee e 31
4 ReSults and ANALYSIS ....eccciieeiiieeiiieeiiee et ete et e e e e teeeeere e e e e eesrae e enaeeeareees 56
4.1 Results of LP Method .......coc.oiiiiiiiiiiiiiiiieeeceeceseeee e 56
4.2 Results of AHP Method.........coouiiiiiiieeee e 58
4.3 Discussion Of RESUILS........coouiiiiiiiiiiiiiiiieeieeee s 75
5  Conclusions and Future Research............coooeiiiiiiiiiiiiieeeee 78
5.1 CONCIUSIONS ...ttt ettt et ettt et e et e e b e enbeesaeeenseas 78
5.2 Future ReSEArCh .......cociiiiiiiiiiiieice e 79
6 BIDLOZIapRY ....ooeiieie e e 81
Appendix A — CPME Data ANALYSIS ......c.cooiiiiiieriieiieeie ettt seveeneeseae e 87
Appendix B — Projects’ Scores Distribution Analysis..........coceeverieneenienienenneneeneenne. 113
Appendix C — LP Data EICMENTS .......c.ccocvieriiiiiieiieeiieiieeieeee et 124
Appendix D — LP Problem Formulation............ccccoooieiiiiiiiniiiiiieceeeeeeeeen 130
Appendix E — LP SOIUHIONS......ccueiiiiiiieiiieiiecie ettt s e e 150
Appendix F — LP Sensitivity Analysis for FTE Types ......cccoceeverienieiinicnenicniceennen 159
Appendix G — LP Results ANalYSis ......cccvieruieiiieiiiiiiieieecie et 162
Appendix H — AHP Data Grids .......cocoveeiieiiiniiiiiienicececeeeeeecse e 173
Appendix [ — AHP Alternative Ranking..........cccoccuevvieiiieiiieniieiiecieeieesee e 179
Appendix J — ‘R’ Data Components for CIUStering..........cccceeeevervienieneniicneenenieneenne 180
Appendix K — Fitness calculations for manual clustering .............ccceeeveerieecieeneeeneennen. 190
Appendix L — Questionnaire for AHP pairwise compariSon..........c.cecceeecveerieeiieenenennnen. 194
Appendix M — Resource Allocation by AHP Rankings ..........cccccoeeveeciieniencieeniiecneenen. 197
Appendix N — AHP Sensitivity Analysis for Subcriteria.........ccocecveveevinvcnennenicneenne. 206

il



List of Figures

Figure 1. An example of the hierarchical structure of the AHP method based on the

DRDC PrODICIM ...ttt ettt ettt e e e e saneenseeees 11
Figure 2. Research Process, high-level flowchart............cccoooiiiiiiiiiies 28
Figure 3. AHP Phase I hierarchy based on subcriteria from CPME..............ccccooeienen. 32
Figure 4. Hierarchy of the Phase I in Expert Choice tree view (Source: Expert Choice,

20T 1) ettt ettt 33
Figure 5. Cluster compactness, DBI index and separation, clusters sizes 2 to 14 (Source:

R USOTEWATE) ..ot ettt et e e e et e e 42
Figure 6. Utility function as defined in Expert Choice for “Hard Problems” (Source:

Expert Choice, 2010) .....oouiiiiieiieeieeeeeee ettt ettt et saae e eees 47
Figure 7. Histogram of scores for “Originality™ .........ccceeviieeiiieeiiieeieeeieeeee e 48
Figure 8. Histogram of scores for “Schedule Management™ ...........cccccocerverienennienienene 48
Figure 9. Histogram of scores for “Overall Quality”.........c.ccccovvieriiiiiiieeiee e, 49
Figure 10. Utility function as defined in Expert Choice for “Potential for Uptake”

(Source: Expert Choice, 2010)....cc..iiiiieeiiieeiieeeiie et srae e 49
Figure 11. Histogram of scores for “Leverage™..........coocveviieriiiniieiienieeiiesee e 50
Figure 12. Histogram of scores fOr “SCopPe”........ccciieriiieriiieeiiieeiee e 50
Figure 13. Utility function as defined in Expert Choice for “Budget Management”

(Source: Expert Choice, 2010)....c..iiiiieeiiieeiieeeiie ettt e eiaee s 51
Figure 14. Selection rule for re-grouping of ranked Thrusts for Phase I......................... 53
Figure 15. Share of Thrust groups based on AHP ranking...........ccccceevvvevvveevcieencveennnnn. 59
Figure 16. Fund allocation flowchart with AHP rankings..........ccoceeviviiniininiiniinennns 60
Figure 17. FTE allocation flowchart with AHP rankings...........ccccceevvvievcieencieeniieeee. 63
Figure 18. Weights of criteria and alternatives for Cluster Group 1 (Source: Expert

(O 1103 (oI | ) USRS 69
Figure 19. Sensitivity analysis, ‘Design’ weight increase for Cluster Group 1 (Source:

Expert Choice, 2010) .....oiiieiieciieeeie ettt ettt aee e e e enaeeeenns 70
Figure 20. Sensitivity analysis, ‘Design’ weight decrease for Cluster Group 1 (Source:

Expert Choice, 2010) .....oieiiiieeiieeeee ettt e e aee e e e enreeennns 70
Figure 21. Sensitivity analysis, ‘Accountability’ weight increase for Cluster Group 1

(Source: Expert Choice, 2010).......iiiiiieeiieeiieeeiee ettt e 71
Figure 22. Sensitivity analysis, ‘Accountability’ weight decrease for Cluster Group 1

(Source: Expert Choice, 2010).......iiiiiieiiiieeiieeeiie ettt e eiaeesvae e 71
Figure 23. Sensitivity analysis, ‘Outcome’ weight increase for Cluster Group 1 (Source:

Expert Choice, 2010) .....oiiieiieeiieeeieeeee ettt et e e ree e sree e e e enns 72
Figure 24. Sensitivity analysis, ‘Outcome’ weight decrease for Cluster Group 1 (Source:

Expert Choice, 2010) .....eieieiieeiieeeee ettt e tre e et e e rae e e e enaeeeenns 72
Figure 25. Sensitivity analysis, ‘Overall quality’ weight increase for Cluster Group 1

(Source: Expert Choice, 2010).....c..iieiiieeiiieeiieeeiee ettt e svae e 73
Figure 26. Sensitivity analysis, ‘Overall quality’ weight decrease for Cluster Group 1

(Source: Expert Choice, 2010).....c..iiiiiieeiiieeiieeeiee ettt e svae e 73

v



List of Tables

Table 1. The AHP Rating Scale (Coyle, 2004).......c.coceriiririiniinieienieneeieeeeeeeeeeene 13
Table 2. Pairwise comparison matrix for criterion ‘Project Design’...........ccccveeveennnnnne. 13
Table 3. Average random consistency, RI (Source: Saaty, 1980) ......c.cccoevviriininicnnnn 15
Table 4. Categories of Project scores provided in the CPME at the project level (Source:
DRDC, 20T1D). cueetieieeiieeiieieeieeeeie ettt ettt et e s sae st estessaesseensessaeseenseesaenseensessnens 25
Table 5. Partial data from CPME (Source: DRDC, 2011D).....ccccceoieveiienieniieieeieenenne, 26

Table 6. The weighing of criteria produced by Expert Choice from 3 experts’ inputs .... 34
Table 7. The weighting of subcriteria produced by Expert Choice from expert input..... 36
Table 8. Distribution of Thrusts within partner groups (Source: Wheaton and Bayly,

20T0) 1ottt bbbttt e b et ea b e bt et e st e nbe et e eaten 37
Table 9. Project information elements extracted from CPME for clustering................... 38
Table 10. Result of Shapiro-Wilk test for Thrust data set ..........ccccoeeerieniininiiinienenene 39
Table 11. Output of k-means algorithm in R for k=5 (Source: R Software)..................... 43
Table 12. Clustering of Thrusts by k-means algorithm, k=5 ..........c.cccoceviiinininncnnn. 44
Table 13. Refined clustering of Thrusts by manipulating data.............c.ccceevevieeiieennnnn. 45
Table 14. Comparative analysis between raw output of k-means and refined clusters for

K=5 CIUSEETS ..ttt et st 45
Table 15. Utility functions assigned to criteria/subCriteria..........coceeverveneenienienieeniennne 51
Table 16. Results of ranking of Thrusts within each group.........c.ccccceeeviieeiieeeeieeeiens 52
Table 17. New group allocation with ranked Thrusts...........cccoeeveeiieniieiienieiiieeieeee 54
Table 18. Average scores for groups containing Thrusts ..........cccceeeveierciieercieeniieeeieeens 54
Table 19. The Z-value for different solution sets (in benefit units)............ccceveeeevveeeennenns 57
Table 20. AHP model Phase II ranking of groups (Source: Expert Choice, 2010).......... 58
Table 21. DRDC fund allocation by AHP method ...........ccoociiiiiiiiiiiiiiceieeieees 61
Table 22. FTE allocation by AHP method...........ccooeviiioiiiiiiieece e 64
Table 23. AHP FTE allocation, Thrust Group 6...........cceecuieviieriiiniieniieiieeieeee e 65
Table 24. Actual Thrust Group 6, AHP FTE allocation ...........ccccceevvieeiiiencieeeieeeiieens 65
Table 25. Comparison of fund allocation between LP and AHP methods and actual 2010-

2011 allocations at Thrust 1evel ............oooiiiiiiiiii e 66
Table 26. Comparison of FTE allocation between LP and AHP methods and actual 2010-

2011 allocations at Thrust 1evel ............cooiiiiiiiiiiii e 67
Table 27. Summary of the AHP model sensitivity analysis with respect to criteria ........ 74

Table 28. Summary of the AHP model sensitivity analysis with respect to sub-criteria.. 75



ADM
AHP
CF
CORA
CPME
DBI
DGSTO
DRDC
DND
DEE
EA
ELECTRE
FPG
FTE
GUI
LDA
LP
MARCUS
MCDM
MOU
MPA
NLP
PCA
PMF
PG
PSST
RPP
RTA
S&T
Thrust
WPM
WSM

Glossary of Terms

Assistant Deputy Minister

Analytic Hierarchy Process

Canadian Forces

Centre for Operational Research and Analysis
Collaborative Planning and Management Environment
Davies—Bouldin Index

Director General for Science and Technology Operations
Defence Research and Development Canada
Department of National Defence
Development, Engineering and Evaluation
Evolutionary Algorithm

Elimination Et Choix Traduisant la Realité
Functional Planning Guidance

Full Time Equivalent

Graphical User Interface

Linear Discriminant Analysis

Linear Programming

Multi-criteria Analysis and Ranking Consensus Unified System
Multi-Criteria Decision Making

Memorandum Of Understanding

Mutual Partner Agreement

Non-Linear Programming

Principal Component Analysis

Performance Management Framework

Partner Group

Public Security Science and Technology
Report on Plans and Priorities

Research and Technology Analysis

Science and Technology

Collection of similar projects grouped together
Weighted Product Model

Weighted Sum Model

vi



1 Introduction

This thesis, in partial fulfillment of the Master’s Program in Systems Science, provides a
modeling framework to formulate and resolve a resource assignment problem at Defence
Research and Development Canada (DRDC). DRDC is an agency of the Canadian
Department of National Defence (DND) that responds to the scientific and technological
needs of the Canadian Forces (CF) (DRDC, 2011a). The research is applied to the
strategic planning and project selection process that occurs annually at DRDC Corporate
Office in Ottawa.

This chapter describes the DRDC process for resource assignment and notes the
characteristics that stimulated this thesis. This thesis surveys different methods of
performing Linear Programming (LP) and Multi-Criteria Decision Making (MCDM)
algorithms for the purpose of evaluating and improving project selection under
constrained resources.

1.1 Background

Strategic program prioritization at DRDC is the subject of this thesis. Practical and
efficient assignment of resources is an ever-challenging task in any organization.
Government agencies are not an exception as they deal with a preset budget and pressure
to make operations efficient and research costs minimal. This involves prioritization of
funding for projects and selection of competing options with often conflicting criteria
(Edmond, 2006). Inherent complexity due to the size of DRDC’s projects requires a
system that can perform ongoing monitoring and control. The DRDC problem is a
strategic decision making process with high stakes, stochastic future implications, and
involving many actors (Bhushan and Rai, 2004).

Since DRDC is always looking to improve its resource assignment practices, this
research proposes techniques to capture the essential aspects of the DRDC’s Science and
Technology (S&T) program in a model. It then formulates responses in order to structure
and enhance the decision making toward achieving the objectives of DRDC and the
Government of Canada.

DRDC conducts S&T projects primarily for the Department of National Defence (DND)
and the Canadian Forces (CF) arranged annually through Mutual Partner Agreements
(MPA) with various groups of stakeholders. During the annual planning process, DRDC
examines the progress of projects (which are mostly multi-year ventures) and evaluates
the S&T program’s strength to address priorities and objectives. Various categories of
S&T projects are rated against expectations and the overall characteristics of DRDC’s
program and their qualities are subjectively evaluated and quantified (Wheaton and
Bayly, 2010).



The framework for the assessment is prepared annually by the Director General for S&T
Operations (DGSTO). In 2010, the framework consisted of four evaluated categories for
projects: alignment, balance, synchronization and performance. Performance is defined
through DRDC’s internal Performance Management Framework (PMF) exercise. This
analysis is based on the judgement of the senior DRDC managers and uses the PMF-
defined criteria.

The findings of this analysis are presented as the Program Synopsis, which is an
assessment on the business plans produced in 2010 by the Director General of S&T
Operations (DGSTO) for the Assistant Deputy Minister (ADM) for Science and
Technology and as reported by Wheaton and Bayly (2010).

DGSTO would like to enhance the S&T program formulation process used by DRDC’s
managers through better guidelines and a more structured allocation process. The intent is
to allocate resources to keep the balance between various project categories while
addressing deficiencies as priorities and objectives evolve.

DRDC’s mandate

DRDC’s mission is to ensure that CF is technologically prepared and relevant by
providing technical support to a wide range of groups within DND and the CF (DRDC
2010a). Scientific projects are managed by DRDC for DND and the CF through two
programs:

1. the Research, Technology and Analysis (RTA) program and
2. the Development, Engineering and Evaluation (DEE) program.

DRDC also provides S&T support to 21 other federal government departments through
the Public Security Science and Technology (PSST) program. A memorandum of
understanding (MOU) between DND and Public Safety and Emergency Management
Canada, makes DRDC responsible for the S&T support to Public Safety Canada (DRDC
CORA, 2010).

The annual business planning process conducted by DRDC produces six Mutual Partner
Agreements (MPAs) for the RTA/DEE programs, a business plan for the PSST, and
another business plan for the corporate management and services of DRDC.

During the annual business planning process, DRDC evaluates the program’s alignment
with government objectives to decide whether the S&T program is on the right track. The
following criteria are utilized to define the goals of the S&T program (Wheaton and
Bayly, 2010):

e Support key priorities and objectives;
e Demonstrate S&T relevance and utility across all the planning horizons; and
e Support strategic departmental initiatives.



1.2 Thesis objectives

It is acknowledged that the complex annual budget planning at DRDC could benefit from
a more structured and analysis-based approach to allocate resources more effectively. To
this end, the objective of this thesis is to accomplish the following research tasks:

1. To formulate the annual planning process into a model that captures all of the
problem’s salient characteristics.

2. To develop an applied evaluative method to improve DRDC’s S&T program
allocation structure.

3. To provide a framework to implement and test the model.

1.3 Outline of the Thesis

This thesis consists of five main parts:

Literature review: Chapter 2 discusses the current practices and methods that are used to
evaluate similar problems of program allocation. Alternative methods that contribute to
developing a solution to the problem are presented and critiqued with respect to the
applied DRDC S&T allocation program. The objective of this review is to demonstrate a
capacity to apply the alternative methods and to analyse their attributes and determine
whether they can be applied to the problem at hand.

Methodology: Chapter 3 presents the methods that are selected from the literature review
and deemed practical and applicable to address the problem. Application of the methods
is explored. The process of extracting information about the current and past projects at
DRDC is discussed.

Results and Analysis: Chapter 4 presents the outcomes and results of the application of
the applied methodologies to structure the DRDC S&T problem. A comparison between
the proposed methods is presented and improvements are also discussed with respect to
the current process.

Conclusion and Recommendations: The last chapter, Chapter 5, summarizes the findings
of the results and discusses future work.

The thesis also includes the following components:

Bibliography: Containing the list of published resources consulted and directly quoted in
the proposal.

Appendices: These sections include the full details of the data gathered and produced
throughout the various stages of the research.



2 Literature review

This chapter provides insight into methods and techniques currently used in published
literature to evaluate problems in industry and government agencies that share the same
challenges as the DRDC S&T annual allocation problem. Such organizations are often
faced with the problem of selection and prioritization of programs or projects on an
ongoing basis. The current practice at DRDC for program evaluation is presented and
described in further detail in section 2.1 below. There are many techniques and methods
applied in private and public sectors for making decision with regard to selection of
projects (Mahmoodzadeh et al., 2007). Based on current trends in the industry today,
Linear Programming (LP) (section 2.2) and Multi-Criteria Decision Making (MCDM)
(section 2.3) are described as contributors to a solution to the problem at hand as a
decision support mechanism.

2.1 Current Practice at DRDC for Program Prioritization

This section reviews the program formulation process as described in the Program
Synopsis. The Program Synopsis is a document that was developed in 2010 for the first
time to assess the overall condition of the S&T program (Wheaton and Bayly, 2010).

In DRDC, similar projects are collectively called a “Thrust”. The term Thrust is used
extensively in this thesis to refer to a collection of projects that are grouped together by
DRDC for operational reasons. A Partner Group (PG) is designated as a group of Thrusts
aligned with a segment of DND/CF.

The focus of the Program Synopsis is placed on the performance of a PG with respect to
various criteria. It provides insight into the alignment of S&T in DND with government
objectives. As described in its introduction it answers this question: “Is this the right S&T
program to meet stakeholder priorities and expectations and how can it be improved?”
(Wheaton and Bayly, 2010: p. ii).

The Program Synopsis was applied by the Director General for S&T Operations
(DGSTO) with guidance from ADM(S&T). Feedback was provided on all aspects of the
S&T Program by Directors and Director Generals across DRDC. The Program Synopsis
is a key applied reference for this thesis. It describes the analysis that was performed by
DRDOC to assess how well the business plans had been prepared for 2010.

The following are the four elements that were examined to demonstrate the quality of the
programs:

e Alignment to government objectives — refer to the objectives described in the
ADM(S&T) Functional Planning Guidance (FPG) (DRDC, 2010b). The analysis
indicates whether the efforts in S&T support the desired outcomes and meet
priorities.



e Balance — refers to logical distribution of efforts in different categories. Gaps
indicating insufficient or too much focus are clarified.

e Synchronization — refers to coordination with departmental activities to accurate
and timely delivery of outcomes

e Performance Management Framework (PMF) — developed to evaluate projects
with respect to quality, exploitability, and the leveraging of external partners.

The findings of the report were tabulated displaying the PGs with respect to the 4 criteria
that show the quality of the S&T program. The data were acquired through feedback of
project management teams and DRDC project database.

The Program Synopsis provides an accurate indication of the health of the S&T Program
displaying its strengths and weaknesses. However, it does not provide direct guidance on
the distribution of human resources and funding to improve issues that are observed with
alignment, balance, synchronization and the PMF.

Program Synopsis brought to light the areas where more focus is required or too much
effort is being placed. This research complements Program Synopsis as DRDC would
like to further provide PGs with specific guidelines as to how to reallocate their resources
to obtain better results. The output of this research is complementary to and supports the
DRDC Program Synopsis. As the Program Synopsis determined the areas where more
focus is required, this research quantifies the amount of resource reallocation from and to
the various Thrusts in the DRDC program.



2.2 Linear Programming (LP) in Optimization of Strategic Programs

The general purpose of Linear Programming (LP) optimization is to determine how to
distribute constrained resources in order to optimize a single objective, e.g., maximize
profit or minimize cost. LP searches for the best way to utilize scarce resources to
achieve the problem’s quantifiable objective (Ragsdale, 2001). In DRDC'’s case, the
objective is to maximize the programs’ positive outcome towards strategic goals subject
to utilizing the lowest “cost” which includes the human and financial resources.

LP was developed in 1940s as part of classified work during World War II, and received
major improvements by George Dantzig’s simplex method who utilized linear algebra
methods to determine linear problem solutions (Eiselt and Sandblom, 2007). LP’s rapid
developments in the post-war 1950s along with advancement of computer technology,
resulted in LP becoming one of the most widely used methods for planning and
scheduling methods in operations research today (Dantzig and Thapa, 2003).

A linear programming optimization problem consists of a single objective function and
equations and inequalities which serve as constraints (Ragsdale, 2001). In the DRDC’s
case, there are limited human resources and financial support and the objective may be
stated to maximize overall programs “profit” (i.e., expected positive outcomes).
Therefore, this problem may be dealt with through Linear Programming (LP), or linear
optimization.

The mechanism of LP’s algorithm allows a quick search for the optimum solution
through the Simplex Method. The idea is to reduce the set of possible optimal solutions
that need to be tested (Dantzig, 1968). However, in reality, even with the usage of the
Simplex Method, large scale cases require computer technology and software to produce
a feasible solution within an acceptable timeframe (Stevenson, 2008).

LP has been applied in telecommunications, portfolio optimization, scheduling,
manufacturing and transportation in private and in the public sector (Ragsdale, 2001). It
plays a major role in financial optimization decision support, due to its convenient
solvability. These types of problems are constructed so that they have to meet many side
constraints and cost restrictions (Mansini, 2003). LP has also been applied to many profit-
maximization, allocation and assignment problems (Simonnard, 1966 and Anderson et
al., 1995). Eiselt and Sandblom (2007) have also illustrated many examples in
scheduling, inventory planning, transportation, allocation and data envelopment analysis.

2.2.1 LP Model Structure

To construct a model that can be solved by linear programming, the following elements
must be defined (Ragsdale, 2001; Stevenson, 2008; Eiselt and Sandblom, 2007):



Decision variables: values that can be adjusted and are under the control of the system
operator. For example, for the DRDC problem, the number of Full-Time Equivalents
(FTE) that are assigned to a certain project and the amount of cash awarded to a project
group (referred to as a Thrust in DRDC documents) are values that can be adjusted in
order to achieve government objectives.

Objective function: the single-valued goal that maps the relationship of the objective as a
function of the decision variables. The Objective Function is represented by a linear
mathematical formula in the variables. The objective function is to be optimized by
adjusting the decision variables subject to the constraints.

Constraints: a set of equations and/or inequalities involving the decision variables and
defining the limited resources of the problem as restrictions on the set of values that can
be assigned to decision variables. Constraints effectively impose upper and lower bounds
on the decision variables and define a feasible region within the solution space. For
example, in the DRDC case, the total number of FTEs with specialization in complex
systems is considered a constraint. A feasible solution should not contain a value higher
than the total number of FTEs available.

2.2.2 LP Optimization Methods

There are various techniques for solving LP problems. The most well-known are the
graphical method, Dantzig’s Simplex Method, and Karmarkar’s exterior point method
(Stevenson, 2010). The graphical solution is used to solve simple problems with only 2
decision variables. LP problems of sizable dimensions (e.g., 10s or 100s of variables and
constraints) require greater computational power (Bunn, 1982).

LPs are known to handle very large systems nowadays with 1000s of variables and
constraints. There are many software packages that provide support in solving such
problems (Lane, 2007). Therefore with computers helping out with the computation, the
main challenge remains to be the problem formulation, translating the problem statement
into mathematical representations, and interpreting the output.

Some software applications are simply delivered as add-ins to other programs with easy
user interfaces. “What'sBest/”” by Lindo Systems Inc., uses MS Excel as its input platform
for equations, inequalities and other related data (Lindo Systems, 2011). Another built in
add-in for MS Excel is ‘Solver’, however its capacity to handle large-sized problems is
limited. Due to the large scale of decision variables and constraints that define the size of
the LP for the DRDC problem, i.e., assigning various resources to some 400 projects, a
version of What sBest! that can work with up to 8000 decision variables and 4000
constraints is used in this thesis to solve the DRDC LP. There are also many open-source
freeware packages available such as OpenOpt (OpenOpt, 2012), Pyomo (COOPR, 2012),
and JOptimizer (JOptimizer, 2012).



2.3 Multi-Criteria Decision Making (MCDM)

Multi-Criteria Decision Making (MCDM) is a process through which a discrete set of
alternatives are ranked based on the alternatives’ overall performance with respect to the
weighted criteria. MCDM has become a popular solution methodology when the problem
consists of alternatives and multiple criteria that are sometimes in conflict with each other
(Phillips-Wren et al., 2008). The decision making methods are there to support decision
makers’ choices, not to provide the direct solution or eliminate the required decision
making exercise and oversight (Mallach 1994).

In MCDM, the discrete alternatives are pre-selected. The decision support process simply
ranks these alternative solutions. Therefore MCDM is applicable to the DRDC problem
as it too deals with existing alternatives as solution options.

There exist a variety of MCDM methods and it is important to know that applying
different MCDM algorithms can lead to different outcomes. Moreover, there is no single
dominant MCDM method that performs better than all the other methods in all problem
aspects (Triantaphyllou, 2000 and Hobbs and Meier, 2000).

Among various MCDM methods are included the following: Weighted Sum Model
(WSM), Weighted Product Model (WPM), the Analytic Hierarchy Process (AHP and
pairwise comparison to evaluate tradeoffs, Saaty, 2001), ELECTRE (outranking method
of elimination and choice translating reality, Roy, 1968) and TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution, Bhushan and Rai, 2004). There are also
variations of each that claim to have addressed some of their shortcomings such as
revised AHP (Belton and Gear 1983), adaptive AHP (Davies, 2001) and fuzzy AHP (Van
Laarhoven and Pedrycz, 1983 and Boender et al., 1989).

There are different ways to classify MCDM methods and problems, e.g., according to the
data and the numbers of decision makers. The type of data being used in the problem may
be: deterministic, stochastic or fuzzy. The number of decisions makers involved may be
single decision makers, or multiple participant group decision makers (Triantaphyllou,
2000).

2.3.1 MCDM Terminologies

Common terminologies used in MCDM techniques are itemized below (Triantaphyllou,
2000):

Alternatives: the discrete set of different choices of action for decision makers’
consideration. These choices are processed, evaluated, and eventually ranked.

Attributes: the discrete set of multiple decision criteria of the problem are identified as
attributes of each alternative. Each attribute represents a different dimension from which
the alternative can be evaluated (i.e., budget requirements (cost), quality).



Decision hierarchy: a representation of the main objective, criteria (attributes), subcriteria
and the alternatives. The tree-shaped hierarchical graph represents the layered
relationship between these elements which is used to compute the relative importance of
each with respect to the main objective.

Conflict among criteria: it is possible for the criteria to be in conflict with each other (i.e.,
lower costs versus higher profits, or minimize costs of travel versus minimize time to
destination).

Incommensurable units: it is not uncommon for various criteria to have different units of
measure (e.g., cost in dollars versus time in months).

Criteria weights: in the real world, criteria have different levels of relative importance.
This relative importance is represented by a value, or a weight, to indicate the relative
effect of the dimension on the decision alternatives.

Data Grid: refers to a matrix containing the scores of each alternative with respect to
each criterion. These matrices provide ease of calculations and are used widely in all
MCDM methods.

Dominance: if an alternative is ranked higher than a second alternative across all scores,
then it is said that the first alternative dominates the second.

2.3.2 MCDM Model

Following are typical set of steps involving the above terminologies toward constructing
a model for the problem in MCDM (Triantaphyllou, 2000):

1- Determine the discrete criteria and construct the decision hierarchy

2- Identify the decision alternatives

3- Construct the data grid matrix (alternatives’ scores) and decision weights
(weighted hierarchy)

4- Assign numerical values to the matrices in step 3 above

5- Utilize a comparative algorithm to process the numerical values and output a
relative ranking for each alternative

The algorithm used in step 5 depends on the MCDM method being applied and can result
in different outcomes. AHP is one of the most applied and well-known MCDM
techniques primarily due to its ease of application and because of its ability to manage
qualitative as well as quantitative data (Saaty 2001). ELECTRE (Roy, 1968) is an
outranking MCDM algorithm that is also investigated as a possible solution. Another
MCDM method discussed in the literature review is MARCUS which is developed at
DRDC and enjoys DRDC decision makers’ confidence in its capabilities (Edmond,
2006).



Simon (1960) states that every decision must go through three phases: intelligence,
design and choice. The emphasis on each phase and the relationship between the phases
is different in each MCDM method and also in each different scenario. The intelligence
phase consists of identifying and formulating the problem (steps 1 and 2 above). The
design phase includes developing alternatives where the choice phase evaluates them to
select a decision (steps 3 and 4 above). Then the choices can be processed where the most
appropriate is selected (step 5 above).

The following subsections review the AHP (Analytic Hierarchy Process), ELECTRE
(ELimination Et Choix Traduisant la REalité¢), GRIP (Generalized Regression with
Intensities of Preference) and MARCUS (Multi-criteria Analysis and Ranking Consensus
Unified System) as specific examples of applied MCDM models that may be useful for
the DRDC S&T allocation problem.

2.3.3 AHP

AHP (Analytic Hierarchy Process) was proposed by Saaty (1980) in the early 1970s and
has found many practical applications. It is based on decomposing a complicated problem
into a system of hierarchies of sub-problems, which are analyzed independently and then
the results are aggregated to produce the overall ranking of alternatives. The idea is to
sub-divide and structure the problem into smaller problems that are mathematically easier
to compare, analyze, and control (Bouyssou et al., 2000). Saaty (2008) has discussed
numerous applications of AHP by various public and private sector organizations in
problems such as selection of vendors, fund allocation to projects and selection of oil
platforms. Fui and Sheng (2011) explain usage of AHP in Singaporean Defence Science
and Technology Agency’s (DSTA). DSTA has validated the effectiveness of the AHP
framework through its procurement process for evaluation of defence systems. DSTA has
provided consultancy to other government agencies for application of AHP to non-
defence government projects. Raczynski (2008) applied AHP to a science and technology
planning exercise conducted by the United States Navy.

The fundamental and initial step in the AHP is designing the hierarchical structure to
make the problem well perceived by decision makers. Figure 1 shows a partial structure
of the DRDC problem displayed in AHP hierarchy. It consists of the DRDC goal at the
top followed by the high-level criteria on the second level. The third level consists of the
breakdown of each criterion and finally the alternatives are at the bottom of the hierarchy.

The components in Figure 1 are extracted from DRDC’s database as a partial
arrangement of the DRDC problem hierarchy. The goal is the overall efficiency of the
DRDC S&T program which is placed at the top of the hierarchy. Two of the high level
criteria that directly contribute to the goal are placed at the second level, namely Project
Design and Accountability. The criteria are further defined by other measures, termed
subcriteria. These subcriteria are used in the scoring of projects’ progress and
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performance. The alternatives in Figure 1 are three groups of Project Sets 1, 2 and 3
(located at the bottom of the hierarchy).

There are advantages of using a hierarchy in most complex problems. The structure can
help to explain how changes in priority at higher levels affect the priorities in the lower
levels. Building a hierarchy provides the opportunity to deconstruct a complex problem
into the details of its system components and multiple objectives. Furthermore, most
systems are structured hierarchically, making this method intuitive. Also, stability and
flexibility in a well-constructed hierarchy is an attractive quality in future restructuring
exercises of the problem (Saaty, 1980).

DRDC Program
Efficiency

I
| |

( Project Design ) ( Accountability )

SCOpe Hard Originality Leverage Schedule BUdget
ST S Management A_ Management

Project set Project set Project set Project set Project set Project set
1 2 B 1 2 B

Figure 1. An example of the hierarchical structure of the AHP method based on the
DRDC problem

There are two ways of building the hierarchy. The top-down approach is usually
implemented when dealing with strategic decisions where the objectives are better
defined than the alternatives. The bottom-up approach is used when alternatives are better
understood than objectives (Davies, 2001). This is discussed further in the Chapter 3,
Methodology.

AHP Hierarchy

The following summarize the steps taken in AHP for a single decision maker (Schmoldt
etal., 2001):
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1-Model the problem as a hierarchy containing the goal on top, with the
subsequent levels containing the main goal decomposed into its criteria and sub-
criteria. The alternatives are placed at the bottom of the hierarchy.

2- A pairwise comparison between each of the criteria, and each of the subcriteria
at each level is made using a Likert scale.

3- Next synthesizing these pairwise comparison judgments yields a set of overall
weights for the criteria and subcriteria by level.

4- Obtain scores for different alternatives with regard to the main objective by
utilizing the weights calculated from the pairwise comparisons in step 3.

5-Perform sensitivity analysis to determine how robust the decision ranking is
with regard to small fluctuations in comparisons and weights.

In steps 2 and 3 above, weights are calculated for the criteria and the alternatives with
respect to each criterion immediately above them. The rankings in terms of individual
criteria are then aggregated, giving a final relative score to each alternative. Steps 4 and 5
include calculations which are generally left to computers to carry out (Goodwin and
Wright, 2004).

The pairwise comparison is achieved through the decision makers’ feedback using a
Likert scale based ranking system. The magnitude of preference (of one criterion over
another, or one subcriterion over another) is assigned by the decision maker using a
number between 1 and 9 as displayed in Table 1 below (Coyle, 2004). The intermediate
values are used when more accuracy can be applied to indicate the pairwise preference
differences, e.g., in comparing quantitative or continuous scaled values. These values are
placed in the decision matrices. For example, if alternative A is “absolutely more
important” than B with respect to a particular subcriterion, a +9 is provided as input for
this element.
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Table 1. The AHP Rating Scale (Coyle, 2004)

Intensity Definition Explanation
of
importance

1 Equal importance | Two factors contribute equally to the objective

3 Somewhat more | Experience and judgment slightly favour one over
important the other

5 Much more Experience and judgment strongly favour one over the
important other.

7 Very much more | Experience and judgment very strongly favour one
important over the other. Its importance is demonstrated in

practice.

9 Absolutely more | The evidence favouring one over the other is of the

important highest possible validity.
2,4,6,8 Intermediate When compromise is needed

values

Consider that Table 2 contains the pairwise comparison for criteria ‘Project Design’
provided by a decision maker in the hierarchy for the DRDC problem shown in Figure 1
above. An integer value indicates that the item in the row is more important than the one
in the column, and a fractional value means the column item is more important that its
row. Only the upper triangle of the square comparison table is filled in, since each pair
need only be compared once. In Table 2, the decision maker entered % to indicate that

‘Originality’ is ‘somewhat more important’ than ‘Hard Problems’. The value of /% is
entered to indicate that ‘Originality’ is a little more important (less than ‘somewhat’) than

‘Scope’.

Table 2. Pairwise comparison matrix for criterion ‘Project Design’

Project Hard
Design Scope | Problems Originality
|
Scope 2 A
Hard
|
Problems A
Originality

A table similar to Table 2, matrix 4, is filled out for each level of the AHP hierarchy.
Table 2 is converted to a decision matrix as shown below. Each element a;;, in the below
matrix represents the importance value of i criterion with respect to j* criterion (or
alternative i with respect to alternative /) at the same level in the hierarchy. A “1” is set
for each a;; because it refers to the importance of an alternative compared to itself.
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At
2 03 1

The following are observed in the above matrix:

i = l,ifi:j
i = l/aji
aij>0

In the next step, the principal eigenvector of priorities for matrix A4 is computed (Saaty,
1980):

0.466
Principal eigenvector (4)= | 0.256
0.849

Normalizing the above principal eigenvector results in the priority of the subcriteria with
respect to the criteria above them, ‘Project Design’.

0.297
Priority vector = | 0.163
0.540

The matrix above implies that in the example of Table 2, ‘Originality’ is the most
important of the three, followed by ‘Scope’ and ‘Hard Problems’ with their pertinent
weights. This procedure is repeated for all branches resulting in local priorities within
each branch. The next step consists of multiplying the weights of all nodes all the way to
the main objective to obtain the global weight of each criterion at the bottom level.

The best alternative is found through the following formula where a;; represents the

relative value of alternative 7 in terms of criterion j. The weight of criterion j with respect
to the main objective is w;.

Best solution = magx Zaijwj fori=1,....m

i j=1
Consistency

AHP also offers a method to check the consistency of the pairwise comparison input.
This is accomplished through the transitivity property:
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If(4>Band B> (C)then4 > C

This means that if 4 is preferred over B, and B is preferred over C, then 4 must be
preferred over C as well. Furthermore, if 4 is twice as important as B, and B is twice as
important as C, then 4 must be four times as important as C. Mathematically, this is
accomplished through the eigenvalues of the comparison matrices, in which the largest
eigenvalue of a consistent reciprocal matrix (Amay) 1s calculated. Saaty has proved that
Amax 18 equal to the matrix size will establish the matrix’s consistency (Saaty, 1980). To
present this concept the following factor CI is computed:

C]: /,imax _n
n—1

C1I stands for Consistency Index and 7 is the matrix size (i.e., number of criteria or
subcriteria). Furthermore, the Consistency Ratio (CR) is calculated by the following
formula:

cr=C!

RI

where R is the average consistency index of a randomly generated sample of 500
matrices, shown in Table 3. Saaty (1980) argues that a value of CR less than 0.1 is
deemed acceptable. If the consistency is deemed unacceptable, repeating and improving
the judgements can produce more consistent results. However minimizing CR should not
be the focus of the process because flawed comparisons can be perfectly consistent, but
will not produce the best decision (Goodwin and Wright, 2004).

Table 3. Average random consistency, RI (Source: Saaty, 1980)

Matrix 11213 4 5 6 7 8 9 10 11 12 13 14 15
size

Average | 0 [ 0| 0.58 [ 090 | 1.12 | 1.24 | 1.32 | 1.41 | 1.45| 1.49 | 1.51 | 1.48 | 1.56 | 1.57 | 1.59
RI

In the example above, the pertinent principal eigenvalue of the matrix 4 is calculated to
be Anax=3.009, resulting in a value of 4.5 x 10 for CI. For a matrix size of n=3, Rl is
estimated at 0.58. Therefore CR is found to be CI/RI=0.001 (CR<0.1) which indicates
high consistency in the pairwise comparison by the participant.

An advantage of AHP is its capability to handle both quantitative and qualitative data in
the decision making process. Also a large quantity of criteria can be structured in a
practical and manageable way (Mahmoodzadeh et al., 2007). Moreover, the pairwise
comparison allows the decision maker to concentrate on only two items at a time.
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Critique of AHP

Among objections to AHP, rank reversal is the most critical. It is accepted that through
decision making processes, once a new alternative is introduced to a decision problem,
the ranking of the previous alternatives should not be disturbed. Rank reversal occurs in
situations using AHP in the presence of newly introduced alternatives. However, the
validity of this assumption can be disputed in real life scenarios. It is expected that
sometimes adding new alternatives can cause rank reversal (Triantaphyllou, 2000).

Saaty himself rejects the idea that rank reversal is a problem with AHP. He argues that
the rankings of alternatives are dependent on the rankings of the criteria that depend on
the measurements of alternatives. So, the overall ranking of any alternative depends on
the measurement and number of all alternatives. To prevent rank reversal then, the
priorities of the criteria should not depend on the measurements of the alternatives, but
from their own functional importance with respect to higher goals (Saaty, 2001).

DND researchers have been sceptical of AHP and critical of its theoretical assumptions
(Edmond, 2006 and Warren, 2004). They argue that the basis for the ranking in pairwise
comparison with strength of preference is meaningless. Warren (2004) indicates that the
strength of preference displayed in Table 1, is not the same for different individuals.
Edmond (2006) believes that the only reliable measure of preference is the actual choice
made between alternatives, and it is difficult to understand the relative importance
without knowing what contributions the subcriteria make.

The pairwise comparisons can become an obstacle if the number of criteria increases. The
n—1
. . . o . n(n ~1)
number of pairwise comparison required between # alternatives is Zz =5
i=1
Therefore, if the hierarchy is not designed well and has too many elements in one branch,
the pairwise comparison becomes a tedious process for the decision makers who would

lose interest in the method.

2.3.4 ELECTRE

ELECTRE (ELimination Et Choix Traduisant la REalité, which translates to Elimination
and Choice Translating Reality), first introduced around 1966. The main idea behind the
method is to deal with outranking relations by applying pairwise comparisons among
alternatives under each criteria separately (Triantaphyllou, 2000). ELECTRE has evolved
throughout a series of various versions (I, II, III, IV and TRI); however all are based on
the same fundamental notion yet are operationally different to address diverse
requirements. For example, ELECTRE TRI is designed for assignment problems
(Buchanan and Sheppard, 1999).
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The concept of “outranking relationship” (denoted as A; — A;) occurs when although the
i"™ alternative is not deemed better than jth alternative quantitatively, it can be taken as a
better choice over A; by the decision maker (Mohammadi et al., 2011).

The structure of the ELECTRE method can be demonstrated through the following seven
steps (Triantaphyllou et al., 1998 and Wardoyo et al., 2012):

Step 1. Normalizing the decision matrix:

This method starts with normalizing the decision matrix. The goal of normalization is to
make the entries dimensionless. This procedure transforms the decision matrix into a new
dimensionless matrix by the following equation:

— i

>y
k=1 A g

Step 2. Weighting the normalized decision matrix:
In this step, the matrix X is multiplied by the vector W = [wy, ...., wy,], where W holds
the weight of importance of the corresponding decision criteria.

Step 3. Determining the concordance and discordance sets:
A concordance set of two alternatives is defined as the set of all criteria for which Ay is
preferred to A;:

Ckl = {j, S.t. yk = ylj}, fOI‘jzl, 2,3,...n
The complementary subset is called the discordance set:
du = {j, s.t. Yig < ylj}, forj=1,2,3,...,n
Step 4. Constructing the concordance and discordance matrices:
The concordance matrix represents the degree by which a certain alternative is better than

another. The values in the matrix are the sum of the weights associated with the criteria
containing the concordance set:

Ca= Y w,,forj=1,2,3,...n

Jj&Cy

The discordance matrix displays the degree that an alternative is worse than another
alternative and its computation is more complex:

——
jeDy Y /

mjax‘ykj —y,j‘
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It is evident that the elements of the D matrix are not defined when k=/.

Step 5. Determining the concordance and discordance dominance matrices:

Concordance and discordance dominance matrices are the products which are constructed
by means of a threshold value: alternative Ax will dominate A, if its concordance index
exceeds a threshold. The concordance/discordance matrices have binary entries defined
as follows:

Concordance matrix F:

fi=1 , ifc>c (threshold)
fii=0, otherwise

Similarly, discordance matrix G is built from:

gu=1, if diy > d (threshold)
gu=0, otherwise

Step 6. Determining the aggregate dominance matrix:
The next stage involves determining the aggregate dominance matrix by the cross-
product:

e = fiu X gu

Step 7. Eliminating the less favourable alternative:

Now using matrix E, if e=1, then it means that Ay is better than A; and so on. All
columns in matrix E with at least one entry equal to 1 are dominated by the
corresponding row. Hence we can eliminate these columns. By eliminating the less
favourable alternatives, the best alternative is the one that dominates all others.

This method might yield to multiple alternatives remaining at the end with ranking that
might not be unique. It will help eliminate alternatives, but does not necessarily select a
champion (Tayebi, 2010). ELECTRE produces a core of leading alternatives by
eliminating less favourable ones. It is practical especially when working with few criteria
and a large number of alternatives (Triantaphyllou et al., 1998)

This method can be of interest concerning our problem with DRDC since we are
selecting a group of R&D projects in a pool of candidates and would not need one
ultimate alternative. Therefore, ELECTRE is practical if the alternatives in this thesis are
the projects themselves (i.e., more than 400 projects as alternatives).
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2.3.5 GRIP

GRIP (Generalized Regression with Intensities of Preference) is an MCDM method for
ranking a finite set of alternatives. Just like AHP, GRIP requires the decision maker to
provide pairwise comparison between all criteria and alternatives (Slowinski, 2010).
However the decision maker is only asked to provide comparison of criteria for the ones
that are adequately certain. Figueira et al. (2009) believe that this is an important
advantage comparing to AHP method, which requires comparison of all possible pairs of
actions on all the considered criteria.

Figueira et al. (2009) state that preference information is one of the motivations behind
developing the GRIP method. There is a need of processing information related to
strength of preferences. Often, decision makers are willing to provide more information
than just a partial order on a set of alternatives/criteria. Thus, it is common to observe
statements such as ‘‘Project 1 is preferred to Project 2, at least as much as Project 3 is
preferred to Project 4”, expressed on particular criteria and/or on all criteria.

GRIP uses a general additive value function to represent preferences whereas most other
MCDM methods work with a single and less general value function (i.e., weighted sum).
GRIP decision support process is composed of five main steps (Zielniewicz et al. 2008):

1-Inputting data:
The set of criteria and alternatives are created.

2-Preference information:

The decision maker provides the preference information which can be a partial order on
alternatives, which is composed of pairwise comparisons of alternatives, and/or partial
preference information on intensities of preferences for some pairs of alternatives.

3-Representing preference information:
The preference information is presented as linear constraints.

4-Computations:

The existence of at least one value function compatible with the preference information is
investigated. If none exists, then the decision maker can revise the pairwise comparisons
in order to obtain results.

5-Output:
The set of “necessary” preference and “possible” preference relations on the set of all

alternatives are produced, which refer to “certain” or “conceivable” preferences
respectively.
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The GRIP methodology is also implemented in a software package. The GRIP software is
written in the Java language as a plug-in to the Decision-Deck platform (Decision Deck,
2013). It uses GNU Linear Programming Kit (GNU Project, 2013) solver to determine
the accuracy of preference relations. Zielniewicz et al. (2008) demonstrates an example in
the GRIP software’s GUI.

The benefits of applying GRIP emerge once additional information about the relation
between criteria is available, as discussed above. Also it becomes attractive when some
decision makers only have expertise in certain aspects of the criteria.

2.3.6 MARCUS

MARCUS (Multi-criteria Analysis and Ranking Consensus Unified System) is a
computer program written in the FORTRAN language using a branch and bound
algorithm. This program was developed at Centre for Operational Research and Analysis
(CORA) a section of DRDC. The branch and bound algorithm (Land and Doig, 1960)
utilized in MARCUS is generally used to examine discrete optimization problems.

MARCUS provides a fast decision support tool involving ranking data in problems that
occur frequently in order to reach group consensus. The mathematical logic behind the
program is extensively explained by Edmond (2006). It is based on a solution concept
that finds a consensus ranking with maximum correlation with the input rankings
(Edmond, 2006). The rank correlation is based on a variation of Maurice Kendall’s
(1938) tau (1) correlation coefficient.

At the user level, the input rankings are entered as integer values. For example, given 4
DRDC projects named 10aa, 10ab, 10ac, and 10ad, a user enters (3,2,1,4) to indicate that
10ac is ranked first followed by 10ab, followed by 10aa, leaving 10ad to the last. The
program permits specifying strong ties (entered as 1,2,3,1), and weak ties are specified by
negative values (-1,2,3,-1). MARCUS also allows users to not rank an object (entered as
0).

The goal of MARCUS is to acquire fast computation for the size of the problems
scientists were dealing with at CORA. It was determined that searching the set of all
objects for an optimal solution becomes too time-consuming when the total number of
alternatives reaches the range of 15 to 20 projects (Edmond, 2006).

The output of MARCUS consists of up to 100 ranking solutions. If more than one
solution is presented, the set of solutions can be used to run the program several times in
order to output a single consensus ranking. It also provides a sensitivity analysis
displaying the relative strength of consensus of the alternatives in the solution ranking.

Other programs were developed to further enhance MARCUS. BREAKS relies on the

concept that it is sometimes advantageous to partition the problem into smaller-sized
problems. SLICE, which is another program using MARCUS’s algorithm, accomplishes
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faster response-time by first taking 11 objects and establishing the ranking. Then the 12"
option is added to the list and the first 11 of the second round are further processed by the
13™ until all options are exhausted. Finally the remaining 11 are processed until a stable
solution is found (Edmond, 2006).

The problem with strategic program prioritization at DRDC deals with around 30
alternatives. MARCUS is limited in handling such volume of data. Although the solution
concept in MARCUS is widely acceptable and deemed reliable by the decision makers in
DND, it lacks a user-friendly interface and training required to utilize it. It also lacks real-
time sensitivity analysis as offered by other MCDM software packages in the market such
as the Expert Choice (2011), the software that applies the AHP methodology.
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2.4 Summary

Considering the advantages and disadvantages of all the methods presented in literature
review along with their applications, it is concluded that both MCDM (AHP) and LP can
contribute to this particular problem of strategic program prioritization at DRDC.

This optimization problem consists of many well-defined objective functions and criteria.
This fact makes the AHP method a good candidate to tackle the problem. AHP’s
simplicity in implementation of the model makes it attractive. Users obtain a better
understanding of objectives by the hierarchy structure and the exercise to construct it.
Assuming that there are no interdependencies among the elements in the hierarchy, AHP
can be applied to the DRDC problem. When interdependencies exist between elements,
Saaty proposes applying the Analytic Network Process (ANP), which is a general case of
AHP (Saaty and Vargas, 2006). AHP also takes advantage of the invaluable expertise
that exists within DRDC with regard to the structure of the problem. Another advantage
of using AHP is the availability of software Expert Choice (Expert Choice, 2011) that has
automated many steps of AHP algorithm and accommodates sensitivity analysis and
various other tools to further investigate the solution.

As for the AHP’s rank reversal and rating-scale type, they are of no significance in the
DRDC problem of interest to this thesis. Most of these objections are deemed important
in theoretical work but would not be crucial for strategic program prioritization at DRDC.

The second MCDM method investigated is ELECTRE. Its approach is to eliminate
alternatives to produce a selection that rank higher. This method will help eliminate
alternatives, but does not necessarily select a champion (Tayebi, 2010). Moreover,
ELECTRE is more practical in cases where quite a large number of alternatives are
present and eliminating less favourable alternatives is desired. Therefore AHP is deemed
to be a better choice as DRDC would like to manage the program prioritization at the
Thrust level, and not the individual projects. This will reduce the number of alternatives
to thirty. AHP is also selected over ELECTRE for its ability to always produce a set of
ranked alternatives.

The third MCDM method in the literature review is GRIP. This method introduces
additional ways to collect a decision maker’s input with respect to pairwise comparisons.
A decision maker can state whether the preference of a criteria/alternative over another, is
at least as much as the preference between a different pair of alternatives. The benefits of
applying GRIP can be observed once additional information about the relation between
criteria is available. Due to the limited number of criteria in this thesis and lack of
availability of such additional preference relations, GRIP is not selected as a decision
making tool in this thesis.

The forth MCDM solution that was investigated in literature review is MARCUS. Since

this software has been utilized in DRDC and users have gained confidence in its
capabilities, it was deemed beneficial to investigate its application in this thesis.
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However, despite its advantages, MARCUS does not work best when the number of
alternatives surpasses 15 items (Edmond, 2006). The alternatives in DRDC problem are
well in excess of this limit, making AHP preferable to MARCUS.

Linear Programming (LP) is also a suitable candidate for our problem. Although our
problem tends to be multi-objective, LP can be applied to blend various objectives into
one formula by assigning pertinent weights. As discussed, LP has great application in
cost-benefit analysis in various fields of study. The challenge in utilizing LP in DRDC
problem is determining the benefit function. The projects in DRDC do not yield direct
financial gains as they do in the case of most projects in industry. Therefore quantifying
the outcome of successful projects in order to measure their benefit is an interesting
notion to explore. With AHP being selected as the main driver for this thesis, LP will be
utilized as a benchmark. Its results will be compared to AHP’s to evaluate the
performance of each.

This thesis will contribute to further determination of the adaptability of the AHP
algorithm to strategic program prioritization for DRDC.
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3 Methodology

This chapter describes how the research is applied and the tools are utilized in order to
structure the program prioritization. The MCDM and LP methodologies are selected to be
applied to this thesis problem.

The first section discusses details of the DRDC program including general notation of the
problem elements for further analysis. Then a model is developed for the DRDC S&T
program in LP framework. From this model, it is feasible to determine a set of
measurements for performance and effectiveness. These measures are fed to the
optimization (LP) algorithm to output the best possible resource allocation. An Excel
add-in, What’s Best! (Lindo Systems, 2011) is used to solve the LP formulation.

The next step consists of developing a model in the MCDM environment using AHP and
producing weighted ranking in order to determine the relative importance of each Thrust.
Software Expert Choice (Expert Choice, 2011) is used to compute the rankings of the
alternatives. The AHP pairwise comparisons are conducted by three experts as multiple
participants from DRDC that are familiar and involved with the processes in DRDC’s
S&T program. The feedback from the participants are collected through paper
questionnaire and manually inputted into Expert Choice’s Group decision making option,
and consolidated into a joint ranking.

This chapter starts with section 3.1, “Current Process at DRDC for Program Evaluation”,
were the existing methods for evaluating S&T projects at DRDC is presented. Also
important elements and notations are introduced that will be later utilized and applied.
Section 3.2, “Research Process”, presents the step-by-step methodology of this thesis.
Section 3.3, “LP Problem Formulation”, discusses the LP model. Section 3.4, “AHP
Problem Formulation”, walks through the steps to set up the problem in AHP framework.

3.1 Current Process at DRDC for Program Evaluation

DRDC keeps track of the status of its many projects through a database called
Collaborative Planning and Management Environment (CPME). The start and end date of
each project along with information on budget and human resource allocations are
recorded. CPME also contains the scores of each project with respect to various criteria
deemed critical by the management. The management is responsible for keeping CPME
up-to-date.

The projects are individually scored on a set of criteria that are deemed critical in the
S&T program. Table 4 lists the criteria against which the projects are scored. The scoring
scheme is based on simple Likert scale scores of 0 to 5. Scores for projects are provided
on an annual basis for the annual allocation process. A score of zero indicates that the
project has no relevance to the criteria, whereas 5 show full compliance. Numbers
between 0 and 5 are used to indicate the degree of fulfillment of the projects in the
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particular criteria. (There is one criterion exception to the 0-5 scoring system: the
“Exploitation Plan” is scored as a Yes/No to indicate presence or absence of the plan for
the project in question.)

Table 4. Categories of Project scores provided in the CPME at the project level (Source:
DRDC, 2011b).

Categories of scores provided in CPME
Alignment to Hard Problems

Project Originality

Exploitation Plan

Potential for uptake of deliverable
Leverage

Project Scope

Efficient Schedule Management

Efficient Budget Management

Quality Evaluation

O 0 IO DN W~

The scoring is carried out by the DRDC Directors at the Corporate Headquarters who are
the points of contact for the Partner Groups to DND and the CF. These scores are
determined subjectively to indicate how well a project is doing from the perspective of
the Directors. Table 5 displays a portion of the data extracted from CPME along with
some project scores. For example, Project 12 is assigned a score of “1” for the element
“Potential for Uptake” to indicate the Directors’ view that this project is not linked to
other existing or future work. Project 2 is highly rated with no data element scores less
than 4; Project 19, on the other hand, has no scores greater than 3.

However, this information is not always complete. Some scores are missing, and
complete project information is not always available, e.g., Budget Management for
Project 9 in Table 5. New projects that have been initiated in the current fiscal year do not
contain any scores since they have not yet been evaluated. Other project related
information may be missing or incomplete such as start/end date of each project and
budget and human resource allocation information.

DRDC has not established a solid association between these scores and the annual
resource allocation exercise. Individual managers and Directors review the scores in
order to obtain an overview of how well the projects are performing. However, this
information influences their final decision in resource distribution.
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Table 5. Partial data from CPME (Source: DRDC, 2011b)

Project Start End Ali_gl-rllg?snt P_rt?jec_t Exploitation Potential for Le\gg_?ge Project Schedule Budget Qggll_rty

Problems Originality Plan uptake Rating Scope | Management | Management Evaluation
Project! | 01/04/2008 | 31/03/2013 5 4 | No 3 3 5 5 5) 5
Project2 | 01/04/2008 | 31/03/2011 4 4 | Yes 5) 5 4 4 5) 4
Project3 | 01/04/2008 | 31/03/2011 4 4 | No 4 3 4 4 5) 5
Projectd | 01/04/2008 | 31/03/2012 5 3 | No 3 4 5 3 D) 3
Project5 | 01/04/2008 | 31/03/2013 5 5| Yes 3 4 4 3 5 4
Project6é | 01/04/2008 | 31/03/2012 4 3 | No 3 3 3 3 D) 3
Project7 | 01/04/2009 | 31/03/2012 4 4| Yes 4 3 5 3 ) 4
Project8 | 01/04/2009 | 31/03/2012 4 3 | No 3 3 1 1 5 2
Project9 | 01/04/2009 | 31/03/2012 5 4 | No 2 3 3 1 3
Project10 | 01/04/2008 | 31/03/2013 5 3 | Yes 4 4 4 4 ) 4
Project11 | 01/04/2008 | 31/03/2013 3 3 | Yes ) 4 4 4 ) 4
Project12 | 01/04/2008 | 31/03/2012 4 4 | No 1 3 5 2 ) 3
Project13 | 01/04/2008 | 31/03/2012 4 5| No 2 3 5 3 5) 4
Project14 | 01/04/2008 | 31/03/2011 3 3 | Yes 3 1 5 3 5) 3
Project15 | 01/04/2008 | 31/03/2015 4 5| Yes 5) 3 4 4 4 5
Project16 | 01/04/2008 | 31/03/2013 5 4 | No 4 4 4 4 D) 5
Project17 | 01/04/2008 | 31/03/2015 4 4 | No 4 3 4 4 4 4
Project18 | 01/04/2008 | 31/03/2013 3 4 | No 3 4 3 3 4 3
Project19 | 01/04/2007 | 31/03/2010 2 2 | No 2 3 1 1 1 2
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3.2 Research Process

The outcome of this research provides a mechanism to improve the assignment of budget
and human resources (with various skills) to Thrusts. It helps decision makers to address
inadequate progress in certain areas that are deemed critical and reinforce satisfactory
progress in others. The process is divided into steps as follows:

1) Problem description — present details of DRDC problem including general
notation of the problem elements for further analysis;

2) Problem formulation — prepare alternative problem formulations of the DRDC
problem for (i) single-valued objective LP optimization; and (ii) multiple
objective AHP formulation for alternative allocation, evaluation and ranking;

3) Problem solution — solve the modelled problems: (i) solve the LP optimization
allocation as a benchmark; (i) solve the AHP problem;

4) Comparison and Sensitivity — compare the benchmark LP and AHP solutions to
the current problem resolution and evaluate the results;

5) Summary and Conclusions — given the comparative analysis results, recommend
an improved procedure for structuring DRDC’s S&T annual program evaluation.

The first step in the research process is to provide a detailed description of the actual
DRDC process and results. This description is important for comparing the modelled
approaches as methods for future allocations. Once the actual process is well-detailed,
then the procedure allows for a more reliable model for the next step of the process.

The second step formulates the problem using the relevant mathematical notation
following from the descriptive elements for the proposed models (LP and AHP).

The two research process allocation formulations are presented in parallel: (1) the LP
optimization formulation sets up the problem of the resource assignment with respect to
Thrusts, and (2) the AHP multiple criteria formulation is used to rank alternative groups
of Thrusts.

Figure 2 below describes the proposed method to conduct this research:
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Figure 2. Research Process, high-level flowchart

The AHP problem is formulated into two phases. This permits the breakdown of the
hierarchical complexity with regard to the large quantity of Thrusts. During Phase I,
similar Thrusts are grouped together in logically defined groups. Then AHP is applied to
rank the Thrusts within each group. This ranking is performed in each group
independently. The results of Phase I consist of multiple Thrust groups that have their
members ranked.
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In Phase II, the Thrusts groups are regrouped. Thrusts with equal rankings from Phase I
are put together into new groups. Then the groups are ranked within the same hierarchy
as in Phase I with respect to the DRDC goal, which is its program efficiency. The final
result consists of ranked groups of (possibly) dissimilar Thrusts. The idea is to ensure that
best Thrusts from different backgrounds receive their relative share of resources.

As explained, in parallel to the AHP method, the problem is formulated using Linear
Optimization for benchmarking. The outcome of the two approaches will be analyzed to
compare the performances of each method against the results from the actual allocation
process. The data facilitating our methods are extracted from DRDC’s project database
which contains specific details of various projects, as described in section 3.1 above.
Finally, in Chapter 4, the results of both LP and MCDM methods are analyzed.

3.3 LP Problem Formulation

The LP optimization algorithm distributes resources to the Thrusts in order to maximize
the quantified single valued objective function. The results of the LP optimization
algorithm are then taken to the PGs as guidelines to quantify the share of resources for
each Thrust.

Considering the organizational structure at DND and existence of Thrusts, skill types and
human and financial resources, the resource assignments consists of reallocating
individuals and distribution of financial resources between Thrusts as necessary.

This section defines the relationship between the parameters of the problem to establish
the structure of the DRDC problem for linear optimization. The DRDC problem is a
strategic resource assignment, which is not easily quantified nor directly measured
through its outcomes.

The main goal for LP in this thesis is to create a benchmark that can be used to compare
the results of AHP model and the actual practices.

The DRDC resource allocation optimization is expressed through the following LP
formulated problem (For a complete LP formulation process refer to Appendix C — LP

Data Elements and Appendix D — LP Formulation Problem):

Let Xj; denote the FTE resource assignment in Thrusts 7 of Type j, and let Y; denote the
budget allocation to Thrust i respectively.

Given Cj; and D; as the pertinent benefit functions such that the objective is to:

Maximize ~ Z =% C, X,+>D.Y,
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where i is the Thrust index (i=1, 2, 3, ..., 30) and is the FTE type index (j=1, 2, 3, ...,
11).

Subject to:

1) Non-negativity of the resource assignment
X;i=>0,Y >0

2) Upper bound on total FTEs
> X; <640 FTEs

3) Lower and upper bound of each FTE type assigned to each Thrust
FTE min; < X;; <FTE max;

4) Lower and upper bound of total FTE in each Thrust
FTE Thrust_min, <} X;, <FTE_Thrust_max, (1<n<30)

5) Upper bound of total FTEs of a certain type
Y Xiw < FTE type max, (1<m<11)

6) Upper bound limit on total FTEs of multiple types
Y. X;j < FTE type Groupl max (1<i<3)
> X< FTE type Group2 max 4<i<7)
Y. X;j < FTE type Group3_max (8<i<9)
Y X < FTE type Group4_max (10<i<1l)

7) Upper bound of the total budget
Y Y;<Total Budget ($34M)

8) Lower and upper bound of fund awarded to each Thrusts
Y min; <Y; <Y max; (=1, 2, 3, ..., 30)

The above captures the complete LP formulation of the DRDC S&T annual allocation
problem in algebraic form. The analysis for the results of the LP solution is provided in
the upcoming Chapter 4. The following section presents an alternative formulation for
resource allocation, in a multi-criteria decision framework using AHP.
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3.4 AHP Problem Formulation

As discussed in the literature review Chapter 2, section 2.3, AHP is based on pairwise
comparisons between the criteria and subcriteria at each level of its hierarchy thereby
establishing priority among the criteria. By applying AHP to the DRDC’s problem, the
main objective is decomposed into a hierarchy of more easily comprehensible sub-
objectives (subcriteria), each of which contribute to the overall objective and allowing for
them to be analyzed independently. This captures the characteristics of the problem from
a high-level concept into a disaggregated set of important attributes. Accordingly, the
idea behind AHP is to organize the thoughts of decision makers and management with
respect to the objectives and structure of the problem.

3.4.1 AHP Hierarchy

The first exercise in solving any problem with AHP is to understand the elements of the
system. There are 30 Thrusts that are the problem “alternatives” to which the FTEs and
funds are allocated. Considering the fact that there is not a single winner and all Thrusts
will benefit from the resources, we are interested in a relative ranking of the Thrusts. This
ranking represents the portion of the share (funding and FTEs) to which each Thrust is
entitled.

The hierarchy structure of the problem criteria and attributes is based on management’s
expertise and experience. The criteria may be grouped together in multiple levels in order
to detail the important attributes.

Creating the hierarchy structure is an important step in the problem solution with AHP.
Through discussions with DRDC, it was determined that the criteria for individual
projects as used in CPME for scoring purposes, are appropriate and sufficient for use at
the Thrusts level. Figure 3 displays the model that is focused on the Thrust
characteristics. The Thrusts are ranked against criteria that are extracted from the CPME.
These criteria are approved at the ADM level in DRDC. The top level in the hierarchy
worded as the main objective or “Goal” of the problem. The top level is termed “DRDC
Program Efficiency”.

The criteria are categorised into four groups in order to facilitate easier processing by
decision makers. The main criteria (Design, Accountability, Outcome and Overall
Quality) are created based on grouping similar scoring criteria from the CPME. The
terminologies were selected in consultation with DRDC, in order to make the pairwise
comparisons meaningful at the criteria level with respect to the overall goal. The
subcriteria are located one level lower. ‘Overall Quality’ only contains one subcriterion.
The Thrusts, which are the alternatives, are placed at the bottom of the hierarchy. The
alternatives, subcriteria and the main objective were known and well defined. However,
the mentioned items in criteria were defined based on the subcriteria under them.
Therefore structuring of the hierarchy has followed a bottom-up approach.
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Another benefit of the hierarchy structure is for the decision makers and researchers to
review the problem and acquire a better understanding of the relationships between its
elements.

Goal
S . . Overall
Qriteria Design Acoountability Outcome Quality
| | Exploitation \\ .
Scope Leverage Plan Quality
Subcriteria ,
| Hard || Shedule Potential for
Problems Management Uptake
L T | Budget
Criginality Management
. e ™ - Y e N -
Alternatives | Thrust1 ) ( Thrust2 ) ( Thrust3 ) naa ( Thrust 30 )
- J - J . J /

Figure 3. AHP Phase I hierarchy based on subcriteria from CPME

The actual ranking and computation is facilitated by Expert Choice (Expert Choice
Software, 2011) software developed to help decision makers along the steps of the AHP
algorithm. It provides a user-friendly input system and takes care of the calculations in
the background so that the decision makers can concentrate on setting up the hierarchy of
their problem. The utilization of the computer based software also accommodates easy
sensitivity analysis and further inspection of the data and the results. Expert Choice also
supports inputs from multiple decision makers. The academic version used in this thesis,
only allows for a limited quantity of users (5) to take part in the group decision making
process.

Figure 4 displays the AHP hierarchy as is set up in the Expert Choice’s “tree-view”. The
Graphical User Interface (GUI) in Expert Choice provides ease of use for design and
manipulation of the hierarchy. The elements can be dragged and dropped into new
positions in the structure as required. Branches can be expanded or retracted by the
plus/minus sign beside each category for better visual organizations.
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Figure 4. Hierarchy of the Phase I in Expert Choice tree view (Source: Expert Choice,
2011)

Once the hierarchy is established and decision makers have agreed on its validity,
pairwise comparisons are required to determine the weights of each element in the
hierarchy. Through Expert Choice, the pairwise comparisons between elements at each
level of hierarchy are entered by decision makers and used to establish trade-off valuation
and weights.

The first set of computations involves the ranking of same-level criteria. Pairwise
comparison of criteria in each branch with respect to their immediate higher level criteria
is performed. Each item obtains a local weight, within its own branch. Expertise of the
management is applied to perform the pairwise comparison between the criteria.

Expert Choice provides various means of entering the pairwise comparison. The
preferences are recorded in the software by numbers (i.e., Likert scale values 1 to 9 as
explained in the literature review section 2.3.3), graphical representations and verbal
judgements. Expert Choice then translates all the input into a unified scoring scale.

In this research each decision maker has been provided with a questionnaire and
instructions on how to provide their pairwise comparison results into tables, as shown in
Table 2 (above). The questionnaire is available in Appendix L — Questionnaire for AHP
pairwise comparison. The feedback is then manually entered into Expert Choice for each
of the three participants separately. Expert Choice then aggregates the multiple inputs to
produce a final weighting for each item in the hierarchy. It is assumed that all decision
makers have the same weight in this thesis.
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There are two levels of comparisons to be completed. First, the four main (first level)
criteria are weighted against the main objective or “Goal”. Then the subcriteria within
each criterion are weighted with respect to their criteria. Expert Choice then synthesizes
these inputs into local and global weighting scheme for each criteria and subcriteria.
Table 6 displays the weighting of the criteria of the hierarchy computed for each
participant. Expert Choice also displays the Consistency Ratio (CR). Saaty (1980)
considers a CR value of less than 0.1 to be deemed acceptable and implies consistent
ranking input by the decision maker. The decision maker can modify its input at anytime
to adjust the CR and observe the outcome in the overall or local ranking. However this
was not exercised on the pairwise comparisons of the three participants.

Table 6. The weighing of criteria produced by Expert Choice from 3 experts’ inputs

Decision Maker 1 2 3 Combined
Name Participant 1 Participant 2 Participant 3
Affiliation DRDC DRDC DRDC
Expertise Program Program Program

Management Management Management

Human factors | Human factors | Human factors

research research research
Weight computed to | 0.213 0.148 0.055 0.134
‘Design’
Weight computed to | 0.060 0.203 0.118 0.120
‘Accountability’
Weight computed to | 0.426 0.194 0.565 0.387
‘Outcome’
Weight computed to | 0.301 0.455 0.262 0.359
‘Overall Quality’
Consistency Ratio 0.05 0.17 0.04 0.01

The second step involves the pairwise comparison of subcriteria. Again, the experts are
asked to provide their preferences in Expert Choice with respect to the subcriteria located
under each main criterion. The users once again have the verbal, graphical and numerical
methods to work with. The decision makers may use any of these comparative methods to
provide their pairwise comparison results. They can also use a different method of
comparison independent of the previous choices they have made. Table 7 display the
weighting of hierarchy subcriteria computed by Expert Choice using the participants’
input. The weighting in this table is provided at local and global levels. Local refers to the
weighting of the subcriteria with respect to the criteria just above it. Global value refers
to the weighting of the subcriteria with respect to the main goal.

There are three different ways to incorporate the input from the three participants in this
problem. One approach is aggregating the individual judgements into a single decision
representing the group. The second is the aggregation of the individual preferences per
criterion. The third is to select a group choice from individual choices. Some expert
decision makers tend to prefer to aggregate their final outcomes from their hierarchy and
not from their judgements (Pedrycz et al., 2011). Expert Choice utilizes the geometric

34



mean to obtain a group average for the judgements before computing the weights for
criteria. Saaty (2008) explains that the synthesis of the reciprocal of judgements must be
equal to the reciprocal of the synthesised judgements. Therefore only geometric mean can
be applied to accomplish the synthesis and not the widely used arithmetic mean.
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Table 7. The weighting of subcriteria produced by Expert Choice from expert input

Decision 1 2 3 Combined
Maker
Name Participant 1 Participant 2 Participant 3
Affiliation DRDC DRDC DRDC
Expertise -Program -Program -Program
Management Management Management
-Human factors -Human factors -Human factors
research research research
Local | Global | Local | Global | Local | Global | Local | Global
Criteria: Design
Weight 0.464 0.099 0.076 0.011 0.202 0.011 0.218 0.029
computed to
‘Scope’
Weight 0.281 0.060 0.766 0.113 0.701 0.039 0.603 0.081
computed to
‘Hard
Problems’
Weight 0.255 0.054 0.158 0.023 0.097 0.005 0.179 0.024
computed to
‘Originality
Consistency | (.35 0.13 0.13 0.04
Ratio
Criteria: Accountability
Weight 0.754 0.045 0.172 0.035 0.258 0.030 0.425 0.051
computed to
‘Leverage’
Weight 0.181 0.011 0.102 0.021 0.105 0.012 0.164 0.020
computed to
‘Schedule
Management’
Weight 0.065 0.004 0.726 0.147 0.637 0.075 0411 0.049
computed to
‘Budget
Management’
Consistency | (.13 0.03 0.04 0.06
Ratio
Criteria: Outcome
Weight 0.167 0.071 0.500 0.097 0.833 0471 0.500 0.193
computed to
‘Exploitation
Plan’
Weight 0.833 0.355 0.500 0.097 0.167 0.094 0.500 0.193
computed to
‘Potential for
update’
Consistency | 0.00 0.00 0.00 0.00
Ratio

In order to facilitate effective ranking, the AHP algorithm is broken down into two
phases. During the first phase, Thrusts that are similar and related are placed together in
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multiple groups. Then the Thrusts within each group are ranked internally. In the second
phase, the groups are rearranged so that Thrusts with similar ranking and performance (in
Phase I) are put together. Then the Thrust Groups are ranked using AHP in order to
compete amongst themselves and determine their relative share. The idea is to award the
best performing Thrusts from different backgrounds. In the next section, the steps to
group similar Thrusts together are explained.

3.4.2 Clustering Thrusts

Looking back at how DRDC handles its S&T program (Section 3.1), Thrusts are already
grouped together under the PGs (Wheaton and Bayly, 2010). Table 8 displays the current
record of Thrusts that were utilized for this thesis. Each PG covers 3 to 6 Thrusts. The
representation of PGs and Thrusts in this thesis has been modified from the original
DRDC protocol.

One way to process Thrusts in smaller numbers is to rank the Thrusts within each Partner
Group (PG). After Thrusts within each PGs are ranked, we can then rank the PGs
themselves. Finally the outcome from both stages of ranking are processed to result in a
global ranking for all Thrusts. Logically, Thrusts within the highest ranked PG are not
necessarily ranked highest among other Thrusts. The concern here is how to bring
together the results of two phases into a meaningful outcome.

Table 8. Distribution of Thrusts within partner groups (Source: Wheaton and Bayly,
2010)

Partner Group Thrusts

PGl 1,2,3

PG2 4,5,6,7,8,9

PG3 10,11, 12, 13, 14, 15,
PG4 16,17, 18, 19, 20, 21
PG5 22,23,24, 25,26
PG6 27,28, 29,30

There are objections by DRDC for ranking PGs. It is deemed bad business practice to
rank the PGs directly. It must be considered that, in reality, Thrusts within each PG are
not necessarily similar. Hence, grouping Thrusts based on their characteristics to bundle
together the ones that have more in common is important. The interrelationships between
the thrusts are identified in order to define how Thrusts could be combined together into
portfolios. Once Thrusts are categorized in a meaningful way, AHP is used to rank them.
This ranking bears more value now that the competing Thrusts in each group have
similarities.
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In order to group Thrusts based on their characteristics, the k-means clustering algorithm
is used. Before attempting to cluster Thrusts, a set of characteristics are determined that
can be used to discriminate between them. There are two sets of information that are
made available through CPME. These are: (i) scores that are given by management on
various criteria; and (ii) the second set contains project information such as allocated
budget and quantity of FTEs assigned (as listed in section 3.3.2). Table 9 contains the
second set, the project information. The information in Table 9 is used for clustering
purposes. This information is extracted from CPME for the fiscal year 2009-2010.

Table 9. Project information elements extracted from CPME for clustering

CPME Thrust information Used for
clustering
1. DRDC Funds (dollar value)
2. DND Leveraging (dollar value)
3. Total FTEs (number of individuals)
4. Total FTEs Budget (dollar value)
5. Scientists (number of individuals)

Clustering algorithms

There are various methods used to partition a group of observations into clusters of data.
Principal Component Analysis (PCA), Linear Discriminant Analysis (LDA) and k-means
are three well-known algorithms that are discussed below.

PCA is one of the methods used for reducing dimensionality of data for further analysis.
PCA strives to reduce the variable dimensions while working on similarities between
members in each cluster and between clusters themselves. PCA tries to preserve the
variance in the high dimensional data as much as possible (Holland, 2008).

LDA’s aim is to reduce the many dimensions of the data while retaining as much
discriminatory information as possible. LDA’s focus is to determine which variables
discriminate between data. Usage of LDA requires certain conditions to be met within the
data, but it provides better control over the quantity of members in each group. To use
LDA the data is assumed to have a Gaussian distribution. Martinez and Kak (2001) have
shown that once the data set is small, which is the case in DRDC problem with 30
Thrusts, PCA outperforms LDA.

As mentioned, the population must have a Gaussian distribution in order for LDA to
work effectively. In order to investigate this property in the DRDC data, the Shapiro-
Wilk test is applied. Shapiro and Wilk (1965) showed that their method is an effective
measure of normality even when the sample size is less than twenty. To do the
distribution test, the ‘R’ software is utilized along its function library for the Shapiro-
Wilk test. ‘R’ was created by Ross IThaka and Robert Gentleman at the University of
Auckland, New Zealand, and now, ‘R’ is developed by the ‘R’ Development Core Team.
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‘R’ is based on language ‘S’ created by John Chambers (R Project, 2012). Table 10
summarizes the test results for the five variables in the data set.

Table 10. Result of Shapiro-Wilk test for Thrust data set

DRDC DND Total FTEs | Total FTEs | Scientists
Funds Leveraging Budget
w 0.9557 0.7349 0.8808 0.8987 0.9754
p-value | 0.2392 5249 x 10° [2.939 x 107 | 7.826 x 107 | 0.6949

Considering the values of W and p for DND Leveraging, Total FTEs and Total FTEs
Budget, it is determined that they are not normally distributed due to the low p values of
Table 10. Appendix J — ‘R’ Data Components for Clustering, contains the Quantile-
Quantile plots and the histograms for the data in Table 10 as well. The point pattern in the
Quantile-Quantile plots are not linear for DND Leveraging, Total FTEs and Total FTEs
Budget, indicating that they are not normally distributed. The histograms for the DND
Leveraging, Total FTEs and Total FTEs Budget is also right skewed and indicates they
are not normally distributed (See Appendix J-‘R’ Data Components for Clustering for
histograms and Q-Q plots). Thus, since LDA does not carry out as well when the number
of samples is low, then LDA is not selected as a clustering method for the data. The
PCA’s focus on reducing the dimensionality of the data can potentially make the
clustering easier, however the objective of interest is to define more clusters categories
than just two. This will ensure that diversity in Thrusts is presented in future calculations.
Therefore, it is decided to proceed with k-means for clustering Thrusts.

k-means does not require many pre-conditions or assumptions and is data-driven,
however the number of members in each cluster is not as controllable. k-means takes the
data and number of desired clusters as its input. It divides the data into k& groups and
through optimization tries to create more compact clusters that are well separated. k-
means minimizes the within-cluster sum of squared distances through iterations (Pollard,
1981 and Wang and Song, 2011).

The following summarizes the steps involved in k-means clustering (Ray and Turi, 2000
and Govaert, 2009):

1. Select the initial cluster centres (means). The number of clusters, k is determined
by the decision maker, i.e., the k cluster means are denoted:

z1(1), zo(1), z3(1),...,zx(1)

2. Distribute the samples between clusters based on the minimum Euclidean
distance, i.e.,

x & Cik) if [x-z(n)] < [z
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where C; is the cluster which has z;(n) as its centre.

3. Compute the new cluster centre that minimizes the sum of the squared distances
of all points to the new cluster centres, for each cluster. N; in the following
formula is the number of members in each cluster and # is the number of
iterations performed:

1
Znt) =7 XX, =12,k
j xeC;(k)

4. If, at iteration n+1/ the new cluster centre is identical to the old one (i.e.,
zj(n+1)=z;(n)), then the algorithm is terminated (no more improvements are
possible). If not, step 3 is revisited and new cluster centres are calculated again.

k-means is sensitive to the initial conditions, which are the randomly-selected means of
each cluster (step 1 in above algorithm). Therefore the results of the k-mean algorithm
can be slightly different each time it is calculated (Krawetz, 2009).

There are various software packages to help with the statistical calculations. This thesis
uses ‘R’ to accomplish this task. A function for k-means calculations is already
implemented in ‘R’ and available in its library. Appendix J — ‘R’ Data Components for
Clustering contains the code the output of the k-means function in ‘R’.

Fitness of clustering algorithms

There exist methods to evaluate the performance of clustering algorithms. Evaluating the
results of clustering is done through internal or external methods. The internal methods
utilize the quantities and information from the dataset itself. However, external
techniques rely on information other than the data itself such as external benchmarks.
External methods measure how close the clustering is to the predetermined benchmark
classes.

In order to evaluate k-means performance, the Davies—Bouldin index (DBI) which is an
internal method of validation (Davies and Bouldin, 1979), is utilized. DBI is defined as
the ratio of the within cluster scatter to the between cluster separation. Therefore a lower
value means that clustering is better. In the following DBI formula, A(X;) is the intra-
cluster distance (diameter of X;), 8(X;,X;) is the inter-cluster distance and £ is the total
number of clusters:

k AX)+A(X,
DBIlemax @)+ a,)
k i=l J# O-(Xian)
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Clustering DRDC Thrusts with k-means

A function for k-means algorithm is implemented in software ‘R’ and available in its
library. Appendix J — ‘R’ Data Components for Clustering contains the codes in ‘R’ in
order to implement the data for statistical analysis that is discussed in the remainder of
this section.

In order to verify the strength of the clustering, the fitness indicators k-means’ output for
clusters sizes of 2 to 14 are computed. The k-means algorithm is run 10 times and the
DBI, total-within-cluster-sum-of-squares and also separation (ratio of between-cluster-
sum-of-squares to total-within-cluster-sum-of-squares) is displayed as in Figure 5 for
multiple cluster sizes. Each time k-means is run, 10,000 different initial conditions are
tested and the best result is printed. These initial conditions are random numbers selected
by the algorithm as means of clusters.

By k-means, the separation between groups is maximized, while minimizing the distance

between members within each cluster. Analyzing the three plots in Figure 5, improved
separation values increase with increasing k.
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Figure 5. Cluster compactness, DBI index and separation, clusters sizes 2 to 14 (Source:
R Software)

It is desirable to divide Thrusts into 5 or 6 clusters with approximately 5 or 6 members in
each cluster. This is to accommodate the AHP algorithm for which ranking are more
meaningful with fewer items to be ranked. Results of executing the k-means command in
‘R’ with value of /=5 and 10,000 iterations are displayed in Table 11.
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Table 11. Output of k-means algorithm in R for k=5 (Source: R Software)

>kmeans (thrusts,5,10000)
K-means clustering with 5 clusters of sizes 11, 5, 6, 5, 3

Cluster means:

[,1] [, 2] [,3] [,4] [,5]
1 629818.2 162045.5 16.90909 1477224 14.98000
2 1355600.0 1098980.0 38.80000 3372815 22.98600
3 1088083.3 728283.3 13.00000 1165275 7.99000
4 1289800.0 5603422.0 47.80000 4038427 24.11400
5 997000.0 2343111.7 20.33333 1761572 12.11667

Clustering vector:
[1] 11 2434411125453 3413511113223122

Within cluster sum of squares by cluster:

[1] 4.325614e+12 [2] 3.791009e+12 [3] 1.627102e+12 [4]
1.332875e+13 [5] 1.70861lle+12

(between SS / total SS = 85.8 %)

The output of Table 11 contains the sizes of each cluster (number of Thrusts in each) as
well as the means of each variable in each cluster. The clustering vector indicates the
number of the cluster to which each of the 30 Thrusts belongs.

As explained earlier, because of the sensitivity to initial conditions (which are the initial
random values selected for each cluster’s mean), the output of k-means in each run is not
identical. The randomly selected cluster means are different in each iteration. However, it
is observed that as the value of k increases, most of the time only the labeling of the
clusters are changed and not the means and quantity of members in each cluster. Running
the k-means algorithm with more iterations results in improved values and greater cluster
separation. A value of 10,000 is selected for the number of iterations in the k-means
algorithm. Many tests with higher numbers of iterations did not result in better solutions.
Based on the overall results using ‘R’, the clustering of Thrusts is shown in Table 12.
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Table 12. Clustering of Thrusts by k-means algorithm, k=5

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
1 3 5 4 12
2 11 15 6 14
8 26 16 7 20
9 29 19 13

10 30 25 17

18 27

21

22

23

24

28

In Table 12 above, Cluster 1 is the biggest group with 11 Thrust members. Cluster 5 is
the smallest with only 3 Thrust members. The target is to have around 6 Thrusts in each
cluster. To this end, a manual arrangement of the k-means’ output is proposed based
fundamentally on the /=5 means clustering of Table 13 which provides a more balanced
and intuitive clustering of the Thrusts. Moreover, as discussed and demonstrated in the
output of the k-means algorithm in ‘R’, each cluster is computed based on the vector of
means for each variable. Therefore the quality of each cluster can be worded in terms of
variables to explain the reason behind grouping certain Thrusts together and justify the
clustering.

In this respect, it is opportune to take advantage of the fact that the data quantity is not
high, i.e., separating 30 Thrusts to clusters is not a time consuming computing process in
order to refine the output of the k-means algorithm. Certain patterns are observed by
inspecting the Thrust variables in each cluster. For example, Cluster 4 is one of the most
solid groups with Thrusts that visibly have high DND leveraging which are values of
$3.6M and higher with 3 Thrusts at $6M. The average for DND leveraging in other
clusters is ~$750K with the highest value being $2.8M.

Cluster 2 includes some Thrusts with high DRDC funds (more than $1.3M). Cluster 1
mostly consists of Thrusts that have low DND Leveraging (less than $270K). Cluster 3
contains Thrusts that have low number of FTEs (less than 10 FTEs). There are some
Thrusts scattered that are midrange for both DND leveraging and DRDC fund allocations
(with DND Leveraging between $580K and ~$1M and DRDC funds between $350K and
~$2M in Clusters 1, 2 and 5). With some modifications in Table 12, the clustering can be
refined to produce Table 13 which is a more meaningful grouping of Thrusts.

Table 13 provides the refined clustering of the Thrusts based on natural and intuitive
definitions. It is noted in Table 14 that the sum of squares increases (relative to strictly
determined 5-means clusters), and the DBI value declines in refined versus raw k=5
clusters. However, the separation ratio changes minimally, and based on this, the more
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intuitive and balance clustering is argued. Each cluster consists of Thrusts that display
similarities in the context of at least one variable of Table 9.

Table 13. Refined clustering of Thrusts by manipulating data

Cluster Cluster 1 Cluster 2 Cluster 3 | Cluster 4 Cluster 5
Data High DND | High DRDC | Low Low DND | Midrange
Characteristics | Leverage fund quantity of | Leverage DND
scientists Leverage and
DRDC fund
Thrust 4 3 5 1 2
Membership 6 19 15 8 11
7 25 16 9 12
13 26 18 10 14
17 28 23 21 22
20 30 24 27
29

Table 14 demonstrates a comparison specifically between an output of k-means for k=5
which has been taken from Table 12 (denoted as the raw data) and the refinement that
resulted in clusters in Table 13 (denoted as the refined data). Table 14 indicates that the
value for the total within cluster sum of squares has increased while the separation has
only slightly declined. However, the value of DBI which is the indication of clustering
quality demonstrates visible improvement.

Therefore, it is concluded that the refinement of the k-means output for k=5 has not

degraded the quality of clusters.

Table 14. Comparative analysis between raw output of k-means and refined clusters for
k=5 clusters

Cluster Raw data Refined data | Difference
Total within cluster sum of squares 2.47x10" 4.84x10" +95%
DBI 1.01 0.60 -0.41
Separation ratio (between cluster sum | 0.85 0.83 -0.02

of squares / total sum of squares)

The Thrusts with similar characteristics are now clustered into five groups as in the
refined results of Table 13. In the next section the project scores from CPME are applied
in Expert Choice’s data grid in order to facilitate ranking.
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3.4.3 Thrusts’ scores and Expert Choice’s Data Grid

The AHP Data Grid permits the recording of the scores for each of the candidate Thrusts
to be ranked. The Thrusts scores are then applied to the AHP problem weighted hierarchy
for comparative analysis and ranking. As for the LP model (of section 3.3), the Thrust
scores are either the arithmetic mean or the median of project scores within each Thrust.

The scoring system is input to the data grid along with the utility function that further
explains the true meaning of score values. The utility function permits DRDC decision
makers to acknowledge the trade-offs and desirable versus undesirable levels of the data
scores. For example, depending on the score element, the recorded low end scores of 1, 2,
or 3 may be judged to be relatively indifferent, whereas scores of 4 or 5 may indicate a
difference greater than the simple number scale ordinal measure. The dimensionless
utility function permits the capture of decision makers’ interpretation without scale or
differences in unit measurement of scores, e.g., dollar values versus Likert scale 1-5
values. For the DRDC data, these trade-offs and interpretations are based on the overall
recorded data to Thrusts for each data element as described below. The criteria in the
DRDC problem demands an increasing utility function because scores and the higher
they are, then the more intrinsic value they have to decision makers.

Density functions and the pertinent utility functions for the score categories are discussed
in the following pages. The utility functions are designed to capture the portion of the
scores with higher relative frequency thereby reflecting the decision makers’
interpretative scoring system.
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The utility function for “Hard Problems” can be defined as follows in Figure 6 to cover

the range of data from 2 to 5 as provided for this data element.
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The density function for “Originality” (Figure 7) behaves like the “Hard Problems”
density of Figure 6 and is therefore assigned a utility function as in Figure 6 for
“Originality”. The same can be said of the “Schedule Management™ density (Figure 8)
and the “Overall Quality” density (Figure 9). The resulting utility function assigned to
these data score elements on scores 2 to 5 is found also in Figure 6.

Figure 6. Utility function as defined in Expert Choice for “Hard Problems” (Source:
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Figure 9. Histogram of scores for “Overall Quality”

Based on the density of the “Potential for Uptake” scores (Appendix B — Projects’ Scores
Distribution Analysis), its utility function is defined as follows in Figure 10 to cover the
range of data from 1 to 5. Similarly, the density functions for “Leverage” (Figure 11) and

“Scope” (Figure 12) are assigned the utility function as in Figure 10.
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Figure 10. Utility function as defined in Expert Ch:)ice for “Potential for Uptake”
(Source: Expert Choice, 2010)
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The utility function for “Budget Management” is a case where most recorded scores for
the Thrusts are between 3 and 5 (Appendix B — Projects’ Scores Distribution Analysis).
Therefore, in this case, the graph is created to project the values of that interval to the
input of the algorithm. It means that any score value equal or less than 3 is treated as zero
or the lowest level utility in AHP. Meanwhile, the values between 3 and 5 are projected
linearly into utility values 0 to 1 interval on the vertical axis. The rule applied to select
the range of data for projection in the utility function is based on density of more than 10
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on a set of 269 project observations. The utility function for “Budget Management” is
defined as follows in Figure 13 to cover the range of data from 3 to 5.
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Figure 13. Utility function as defined in Expert Choice for “Budget Management”

(Source: Expert Choice, 2010)

Table 15 summarizes the information with regard to the utility functions in the data grid
used in the AHP model in Expert Choice.

Table 15. Utility functions assigned to criteria/subcriteria

Criteria/sub- Formula Minimum Maximum Type
criteria value value

Hard Problems Increasing 2 5 Linear
Originality Increasing 2 5 Linear
Exploitation Increasing 0 | Linear
Plan

Potential for Increasing 1 5 Linear
Uptake

Leverage Increasing 1 5 Linear
Project Scope Increasing 1 5 Linear
Schedule Increasing 2 5 Linear
Management

Budget Increasing 3 5 Linear
Management

Quality Increasing 2 5 Linear
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3.4.4 AHP Phase I — Ranking Thrusts

Once the data grid is filled (e.g., with the Thrusts scores as computed in Appendix A —
CPME Data Analysis) and pairwise comparison of criteria is entered for the criteria of the
hierarchy, Expert Choice synthesizes the data to produce the final ranked output by
alternative. This consists of the ranking of candidate Thrusts along with their pertinent
scaled weights. Expert Choice offers two choices when it comes to the method of
synthesis.

‘Ideal’ mode gives the full weight of each objective to the best alternative. The other
alternatives receive weights proportional to their relative weight to the best alternative.
The weights are then normalized to sum up to one. The ideal mode is normally used when
only the ranking of alternatives matters to the decision maker, and not their priorities.
‘Distributive’ mode allocates the weight of each objective to the alternatives in direct
proportion of the alternative’s weight under each objective. Distributive mode is normally
used when measuring under condition of scarcity where assigning a resource to one
alternative results in that resource being taken away from another. However distributive
mode can result in rank reversal (Forman and Shelly, 2001).

In Phase I, the weights of all alternatives are of less interest and only the ranking is used
to further process Thrusts. However in Phase II, there is a need to assign the resources
proportional to the Thrusts’ weight within each group. Therefore, the weight of each
alternative matters in this problem. Therefore the ‘Distributive’ mode is selected in the
subsequent analysis (Phase II).

In Phase I, the ranking is performed separately for each of the five clustered Thrust

Groups of Table 13. Table 16 contains the results of ranking within each group in Phase
L.

Table 16. Results of ranking of Thrusts within each group

Cluster Cluster 1 | Cluster 2 Cluster 3 Cluster 4 Cluster 5

Data High High Low Low DND Midrange

Characte | DND DRDC quantity fund DND and

ristics fund fund of DRDC fund
scientists

Thrust -

Relative

Rank

1 17 (0.200) | 30 (0.196) 23(0.259) | 24 (0.206) 22 (0.214)

2 6 (0.183) 19 (0.189) 15(0.228) | 21 (0.180) 2(0.151)

3 13 (0.164) | 26 (0.172) 16 (0.186) | 1(0.178) 12 (0.139)

4 7(0.161) | 3(0.171) 18 (0.185) | 8(0.154) 29 (0.130)

5 20(0.148) | 28 (0.150) 5(0.141) 9 (0.154) 14 (0.125)

6 4(0.143) | 25(0.121) 10 (0.128) 11 (0.123)

7 27 (0.118)
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3.4.5 AHP Phase II — Ranking clusters

In Phase I, the thirty Thrusts were clustered into five groups. This clustering was based
on similarities between group members. The Thrusts were then ranked within each group.
The design was to support the idea that diversity is conserved within DRDC’s portfolio
by rewarding the best Thrusts in each category with better funds.

In Phase II, the ranked Thrusts are regrouped. The firsts of each cluster in Phase I are put
together into a new group, the 2™ ranked Thrusts of each cluster into the second group
and so on as shown in Figure 14. The Thrusts which ranked the same in their group are
coloured alike. Since Cluster 5 consists of 7 Thrusts, the sixth and seventh ranked Thrusts
in Cluster 5 were both placed in one group. Since in Phase I each cluster contained a
different quantity of Thrusts (5, 6, or 7), the selection process for the next phase of AHP
is dependent of the population in each cluster. Table 17 contains the regrouping
information from the original 5 clusters.

It is presumed that the groups containing the better ranked Thrusts will benefit from
better funding. In Phase II, the resulting groups are again ranked themselves to obtain the
weight of each group with respect to the main objective of the AHP problem.
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Figure 14. Selection rule for re-grouping of ranked Thrusts for Phase 11
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The six new clusters that are obtained are ranked using AHP. The group clusters are
expected to preserve their order of ranking obtained in Phase 1. However, it is of interest
to obtain weights that determine their relative overall performance.

Table 17. New group allocation with ranked Thrusts

Phase II Thrust Groups Thrusts

Group 1 - Ranked First 17, 30, 23, 24, 22
Group 2 - Ranked Second | 6, 19, 15,21,2
Group 3 - Ranked Third 13,26,16,1, 12
Group 4 - Ranked Fourth 7,3,18,8,9,29
Group 5 - Ranked Fifth 20, 28, 5, 14
Group 6 - Ranked Sixth 4,25,10,11, 27

The same AHP hierarchy structure as in Phase I is used to rank the new groups in Phase
II. The alternatives are now the new groups formed in Phase II. However, in order to rank
the groups, score representations for each group needs to be determined. Based on the
discussion in Section 3.3 above, once again, the median for ‘Scope’ and ‘Budget
management’ is used, and the arithmetic mean for the rest of the criteria are used to
obtain overall scores for each group. The arithmetic mean and median are calculated
through MS-Excel using the CPME data for project scores. Table 18 below contains the
average scores used for each Thrust in Phase II of our method.

Table 18. Average scores for groups containing Thrusts

crom | ot | gl | Emiion | P g | Tt | St | Bt quuy
uptake
1 3.73 3.67 3.97 3.92 377 | 3.67 391 4.83 3.58
2 3.70 3.49 3.30 3.46 337 | 3.80 3.70 4.74 3.13
3 4.04 3.77 2.06 3.29 341 3.88 3.92 4.75 3.15
4 3.52 3.53 2.19 3.24 292 | 3.98 3.62 4.74 3.01
5 3.69 3.74 1.40 2.73 2.74 | 3.25 3.59 4.75 2.89
6 3.64 3.70 0.79 2.93 290 | 3.78 4.11 4.87 2.93

Again the computations are facilitated by Expert Choice using the same hierarchy as

before (Figure 3). However in Phase 11, the alternatives are the ranked-group clusters of
ordered Thrusts, instead of Thrusts themselves. The data-grid is made to reflect the
overall scores of groups. The final product of this step is ranked groups which are classes
of Thrusts. The results of Phase II of the AHP method is presented in Chapter 4, Results

and Analysis.
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This chapter demonstrated the methodology that is applied to the DRDC strategic
program prioritization problem. It discussed the problem formulation using two different
methods: Linear Programming (LP) and the Analytic Hierarchy Process (AHP). Although
both utilized the scoring of projects from CPME as their input, their supplementary
information was defined and extracted differently. Moreover, the LP model directly lays
out the resource assignment between Thrusts where the AHP’s output consists of the
overall ranking of the Thrusts.

The next chapter presents the results of each method and provides an analysis of the
results.
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4 Results and Analysis

This chapter discusses the outcome of the LP model and AHP solution procedure as
described in Chapter 3. It also presents an analysis of the methodologies applied to the
DRDC problem. The problem at hand is to assign human resources of different skill sets
to the suite of Thrusts to maximize the alignment of projects’ progress with the
Functional Planning Guidance (FPG) (DRDC, 2010b) and feedback from the Program
Synopsis.

The outcome of the research will be presented as a model that ranks resource assignments
to different research focus groups (Thrusts) to achieve maximum alignment with S&T
governmental objectives. The ranked solutions represent the best results conforming to
the strategic program prioritization problem. Once implemented, the model will generate
a list of Thrusts with pertinent values for preference. Further, this model can be
configured into appropriate processes to assigned human and financial resources to
individual Thrusts.

Section 4.1 below, presents the result of the LP model in various contexts with respect to
constraints. It aims to discover the behaviour of the applied LP algorithm in the DRDC’s
program formulation. Sensitivity analysis is then performed and displayed in Appendix F
- LP Sensitivity Analysis for FTE Types, on the LP results considering important model
elements to further analyze the solution. Section 4.2 presents the results of the AHP
methodology and introduces steps to implement the ranking information to allocate
resources to Thrusts. It then follows with sensitivity analysis with respect to the ranking
of criteria and subcriteria. An overall comparison between the LP algorithm, AHP
methodology and actual resource assignment of fiscal year 2010-2011 is presented near
the end of this Chapter.

4.1 Results of LP Method

The solution to the LP model of Section 3.3 is obtained through What’s Best! (Lindo
Systems, 2011). This software is used due to its capability to handle larger data sets
including the DRDC problem of size 360 decision variables and 797 constraints. Its easy
interface with MS-Excel, and the familiarity of researcher with spreadsheet modelling,
has also contributed to its selection.

The LP model is implemented through creating matrices in MS Excel. What’s Best!
provides tools to define the relationships between the constraints and objective function
by linking the cells mathematically. The solution is presented in a separate sheet but in
the same MS-Excel file that the formula and LP matrices are set up. What’s Best! also
provides various information with regard to the solution. It displays the number of
variables and adjustable cells (decision variables) present in the formulation as well as
possible warning and error messages. Appendix E-LP Solutions, displays the solution
summaries obtained in one of the LP models presented in this section.
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4.1.1 LP Solution

To demonstrate the effects of constraints on the result of LP solution, the results of the LP
model are presented in two stages. The first LP model and solution deal with the problem
with limited constraints, while the second set takes all the constraints into account. Refer
to Appendix G — LP Results Analysis, for analysis of LP results.

The actual fund allocation for 2010-2011 is very similar to the output of LP with full
constraints. In the LP results, the values for minimum thrust fund is lower than the actual
value and the maximum fund allocation is higher than the maximum fund in the actual
2010-2011 allocations. The average is the identical for both, since calculation is based on
division of total funds by the number of Thrusts.

However, result of LP for FTE allocation and the actual 2010-2011 FTE allocation
display some differences. The values in the LP output are strictly set to the minimum or
maximum allowable quantity for each Thrust (Thrust 4, Type 1 is set to 1.5, which is
defined as a minimum requirement for this Thrust, where as Thrust 1, Type 11 is awarded
17, which is the maximum allowable value), except where the constraints do not allow it
(i.e., Thrusts 2, Type 4 where the quantity of allocated FTE is 12 but the constraints are
set at 10.5 and 21 for minimum and maximum). This occurs because LP awards resources
to Thrusts that provide the highest benefit, but is bounded by constraints to meet the
minimum requirements for each Thrust first.

Applying the values of actual 2010-2011 resource assignment to the benefit function in
our LP model, yields the value of 37,263 benefit units for the objective function Z of the
actual solution for 2010-2011. This value is slightly higher than the LP solution under full
constraints.

The Z value for each LP solution is computed and displayed in Table 19 for full
comparison. It is observed that the value is highest for the first solution with the FTE
constraints removed. The lowest Z value belongs to the solution with all constraints taken
into account. The actual resource assignment in 2010-2011 lies between the two
theoretical values.

Table 19. The Z-value for different solution sets (in benefit units)

Solution | Full Actual 2010- Limited No
constraints | 2011 resource constraints constraints
(Table) assignment (Table) (Table)
(Table)
Z-Value | 37,045 37,263 58,119 63,891
(benefit
units)
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4.2 Results of AHP Method

The results of the AHP Expert Choice model formulation is presented by Thrusts
rankings, and relative Thrusts comparisons. The Thrusts’ weights with respect to the
main objective are provided, hence showing its relative importance with respect to other
Thrusts.

4.2.1 Phase II Results

The following Table 20 contains the results of the Phase II of the ranked Thrusts Groups.
As noted previously, each group contains Thrusts that have different characteristics but
are similar in performance and scoring from the Phase I rankings (as presented in Section
3.4.5). In Table 20, the weight of each ranked group that is provided in the second
column under ‘Priority’ refers to the weight with respect to the main objective, DRDC
Program efficiency.

Table 20. AHP model Phase II ranking of groups (Source: Expert Choice, 2010)

Group | Thrusts Thrusts Membership | Priority | Successive
No. Ranking (Phase Weight
)] gap
1 1 17, 30, 23, 24, 22 0.215 -
2 2 6,19, 15, 21,2 0.184 0.031
3 3" 13,26,16,1,12 0.167 0.017
4 4115%(9) 7,3, 18, 8,9, 29 0.160 0.007
5 5t 20, 28, 5, 14 0.138 0.022
6 6"+7" (27) 4,25,10, 11,27 0.135 0.003

The above ranking could be used by DRDC to decide which groups get the higher
proportion of the total funds. However, this priority ranking lacks direct guidance on the
quantities of FTEs, as provided in the LP model results (Section 4.1.1 above). As
observed in the table above, Groups 5 and 6 are very close in ranking, as well as Groups
3 and 4 (successive priority ranking weight gaps are less than 0.01). The gap between
Groups 1, 2 and 3 are considerably larger, in addition to the distance between Groups 4
and 5. In the next section, the above ranking is applied to allocate resources to each
Thrust.

4.2.2 AHP Comparative Results

This section applies the outcome of the AHP method to allocate human and financial
resources to Thrusts. The result of the AHP consists of ranked Thrust groups with
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associated weights. These relative weights define the portion of resources that will be
awarded to Thrusts Groups. Therefore the Thrusts within each group are treated with the
same importance and need to share the amount of the resources allocated to them. Figure
15 displays the relative weight of Thrust Groups and proportional share of resources.

Thrust Group Resource Share

Group6, 0.135
Group1, 0.215

Group5, 0.138

Group2, 0.184

Group4, 0.16

Group3, 0.167

Figure 15. Share of Thrust groups based on AHP ranking

It is possible to multiply directly the weight of each Thrust Group by the quantity of
FTEs and DRDC funds and distribute a share to each. However, in reality, each Thrust
requires a unique amount of FTEs and funds. For example, a Thrust in Group 1 might be
a small Thrust with low requirements of resources. It is placed in that group solely for the
reason of being best in its category of Thrust in Phase I. Therefore it is possible to find
that Group 1 does not need all the resources allocated to it. Then the resources can be
taken to the next group of Thrusts.

The allocation of resources in this manner is very similar to how the LP algorithm
handles the resources. In this case the allocation share to each Thrust Group is another set
of constraints. The LP model in section 3.3 can be reused with the benefit function filled
out with numbers from 6 to 1 for Thrusts depending on which Group in Phase II they
belong to (6 being the highest benefit and 1 the lowest). However the FTE allocation in
the LP model of section 3.3 has characteristics that the AHP’s output with uniform
benefit value across Thrust types cannot accommodate. The procedures for applying the
AHP ranking to allocate resources are discussed next. The fund allocation is discussed
first as it involves less complexity.
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DRDC fund allocation

Figure 16 is the flowchart for distributing the DRDC fund among Thrusts. The logic is to
divide the share of each Thrust Group, then start from the top group to distribute among
its Thrusts. If the share of Group 1 is more than what all the Thrusts are asking for, then it
is necessary to provide them with their requests and carry forward the remainder of funds
to Group 2. However, if the total request by Thrusts is more than the allocated budget,
then the assumption is to provide Thrusts with equal percentages of what their asking for.
e.g., all Thrusts get 68% of their requested budget. These steps are continued until all
Thrust groups are processed all funds are allocated.

AHP Fund Allocation Fowchart
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¢ the group? No
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by each Thrust Allocate equal
percentage of
requesting fund to
Carry forward the each Thrust
remainder of
fund to the next
group

Figure 16. Fund allocation flowchart with AHP rankings

The algorithm in Figure 16 reserves the share of each Thrust Group and awards any
leftovers to the next group down in the rank. The calculations for the DRDC fund
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allocation based on AHP ranking is implemented in MS-Excel sheets. Appendix M-
“Resource Allocation by AHP Rankings” provides the tables that demonstrate the
allocation calculations. Table 21 contains the result of the fund distributions among
Thrusts. The budget allocation is displayed in the following Table 21.

Table 21. DRDC fund allocation by AHP method

Requested | Percentage Fund
fund rewarded awarded
Thrusts M9 M$)
1 1.00 61.71% 0.62
2 1.50 98.77% 1.48
3 1.70 68.86% 1.17
4 2.00 63.75% 1.28
5 1.50 65.16% 0.98
6 2.00 98.77% 1.98
7 1.50 68.86% 1.03
8 1.60 68.86% 1.10
9 0.50 68.86% 0.34
10 1.30 63.75% 0.83
11 0.50 63.75% 0.32
12 1.20 61.71% 0.74
13 3.00 61.71% 1.85
14 1.30 65.16% 0.85
15 0.75 98.77% 0.74
16 1.50 61.71% 0.93
17 1.30 100% 1.30
18 1.30 68.86% 0.90
19 2.00 98.77% 1.98
20 1.80 65.16% 1.17
21 0.60 98.77% 0.59
22 1.30 100% 1.30
23 0.60 100% 0.60
24 1.40 100% 1.40
25 1.30 63.75% 0.83
26 2.50 61.71% 1.54
27 2.10 63.75% 1.34
28 2.60 65.16% 1.69
29 1.30 68.86% 0.90
30 2.20 100% 2.20

The AHP results show a lower standard deviation for the DRDC fund calculations. The
minimum value ($0.32M) is higher than the 2010-2011 minimum amount ($0.27M),
where the maximum value ($2.2M) is lower than the actual 2010-2011 allocation
($2.5M). This is the opposite outcome of LP with respect to the 2010-2011 allocation,
where the minimum is lower and maximum is higher.



FTE allocation

Allocating FTE with the ranking information is similar to the procedure for the DRDC
funds. However, the 11 FTE types add to the complexity of distribution. It is possible that
Thrusts in the lower ranked groups will encounter a situation where the FTE type they
may require is no longer available. This is a management decision to consider whether
other FTE types can replace what the Thrusts are asking for. For the purpose of allocation
in this thesis, it is assumed that when an FTE type is no longer available, another type
will be assigned. Since the process starts from the higher rank Thrust Groups, the best
Thrusts will be awarded most or all of their requirements. Moreover, the portion of FTEs
dedicated to each Thrust Group ensures that all Thrusts are awarded resources. Figure 17
is the flowchart for the procedure of allocating FTE resources to Thrusts based on AHP
rankings.

The calculations for the FTE resources allocation based on AHP ranking is carried out in

MS-Excel sheets. Appendix M - Resource Allocation by AHP Rankings provides the
spreadsheet tables for the FTE allocations to Thrusts.
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FTE Allocation Howchart
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Figure 17. FTE allocation flowchart with AHP rankings




The FTE resource allocations with AHP rankings are displayed in Table 22. The values are obtained through MS-Excel sheet that
were set up with the Thrust group values. The far right column, “Percentage of requested FTEs awarded”, is the ratio of actual
allocated FTEs over the requested quantity by the Thrust. The percentage value is equal for all the Thrusts that were in the same
Thrust group.

Table 22. FTE allocation by AHP method

Percentage of requested
Thrusts Typel Type?2 Type3 Typed Types Type6 | Type7 | Type8 Type9 TypelO Typell FTEs awarded

1 0 0 0 3.12 0 0 0 0 0 8.84 52%
2 24 0 0 16.8 0 0 24 0 0 0 24 80%
3 0 0 3.71 0 0 0 0 13.78 2.12 1.59 0 53%
4 1.41 1.41 4.23 1.88 1.41 1.41 3.29 1.41 6.11 1.41 0 47%
5 7.3 0 2.19 4.38 0 0 0 0 0 0 0 73%
6 3.2 24 19.2 4 6.4 32 0 0 9.6 12.8 24 80%
7 1.59 0 1.59 4.24 0 15.9 1.59 0 5.83 0 0 53%
8 5.83 0 3.71 1.59 0 0 0 0 0 0 0 53%
9 0 0 1.59 5.3 0 0 2.12 0 0 0 0 53%
10 2.35 3.76 0 1.88 0 1.41 0 1.41 0 1.88 1.88 47%
11 2.82 6.58 4.23 1.41 1.88 1.41 141 0 141 0 0 47%
12 0 0 1.56 1.56 1.56 1.56 4.16 4.68 2.08 1.56 0 52%
13 2.08 4.16 2.08 1.56 0 1.56 6.24 8.84 11.44 2.6 1.56 52%
14 2.19 0 2.19 2.19 3.65 5.11 8.03 2.19 6.57 0 0 73%
15 0 0 0 9.6 0 0 0 0 0 0 0 80%
16 0 0 7.8 1.56 0 0 1.56 1.56 0 0 0 52%
17 2.34 0 3.9 2.34 2.34 0 8.58 2.34 13.26 0 0 78%
18 0 0 0 4.77 1.59 0 0 0 1.59 1.59 0 53%
19 0 0 0 0 0 24 0 0 0 4.8 0 80%
20 5.11 2.19 2.19 2.19 2.19 0 2.19 0 0 2.92 0 73%
21 0 0 0 7.2 0 0 0 0 0 4 24 80%
22 0 0 0 2.34 0 0 0 0 0 2.34 21.06 78%
23 0 0 0 0 0 0 0 0 0 0 10.92 78%
24 0 0 0 0 0 0 0 0 0 3.12 14.04 78%
25 1.41 0 0 1.41 0 0 0 1.41 0 7.99 1.88 47%
26 0 0 0 0 1.56 0 0 15.6 0 2.08 1.56 52%
27 4.23 0 1.41 2.35 0 0 0 0 0 1.41 2.82 47%
28 3.65 17.52 0 2.19 0 0 0 0 0 0 0 73%
29 0 2.65 9.01 0 1.59 0 1.59 0 2.12 1.59 2.12 53%
30 5.46 9.36 16.38 4.68 2.34 2.34 3.12 2.34 2.34 0 0 78%




Thrust Group 6, the lowest ranked Thrust group, is faced with lack of required resources.
As displayed in Table 23, there are surplus of Types 8, 9, 10 and 11. However Types 1 to
7 are scarce. Therefore FTEs from the first types are applied instead of the latter
assuming some level of practical substitutability among FTE types.

Table 23. AHP FTE allocation, Thrust Group 6

Thrust Typel | Type2 | Type3 | Typed | TypeS | Type6 | Type’l -::- TypelO | Typell

4 1.41 1.41 4.23 1.88 1.41 1.41 3.29 1.41 6.11 1.41 0
25 1.41 0 0 1.41 0 0 0 1.41 0 7.99 1.88
10 2.35 3.76 0 1.88 0 1.41 0 1.41 0 1.88 1.88
11 2.82 6.58 4.23 1.41 1.88 1.41 1.41 0 1.41 0 0
27 4.23 0 1.41 2.35 0 0 0 0 0 1.41 2.82

Requested | 33.84 21.15 11.75 19.27

FTEs

Available | 31.47 0.52 33.72 22.71

FTEs

Balance -2.37 -20.63 21.97 3.44

Thrust Group 6, being the last ranked group, is penalized with assignment of alternate

FTE types. Upon decision makers’ judgment, this penalty can be distributed equally
among all or some Thrusts.

The resource allocation in Table 23, in reality looks like Table 24. The FTEs of type §, 9,
10 and 11 are used as substitutes for FTE types 1 to 7.

Table 24. Actual Thrust Group 6, AHP FTE allocation

Thrust Typel | Type2 | Type3 | Iyped | TypeS | Type6 | Type’ -::- TypelO | Typell
4 1.19 1.19 4.01 0 0 0 0.52 5.81 | 10.51 1.9 0
25 1.19 0 0 0 0 0 0 5.81 0 8.48 2.37
10 2.13 3.54 0 0 0 0 0 5.81 0 2.37 2.37
11 2.6 6.36 4.01 0 0 0 0 0 5.81 0 0
27 4.01 0 1.19 0 0 0 0 0 0 1.9 3.31

The result of AHP for FTE allocation demonstrates similarities to the 2010-2011
allocations. Unlike LP with extreme values for its results, both AHP and 2010-2011 data
are spread (between 47% to 100% of the requested funds). The minimum FTE
assignment by AHP is 7.2 to Thrust 19, where the actual 2010-2011 assignment is
$4.23M for the same Thrust. The maximum FTE allocation displays some difference as
well with $63.2M for AHP and $55.72 for 2010-2011 data. However, the standard

deviation for the result of AHP model is 12.71, which is close to the actual data (2010-
2011) at 12.88.

The AHP method has awarded Thrust Group 6 with only %47 of the total requested fund

by its Thrusts. In the current process at DRDC, it is estimated that Thrust will be awarded
at least %50 of their requested resources.
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AHP Results Analysis

Comparing the resource allocation tables for both AHP and LP for FTE and DRDC
funds, the major difference falls in the way LP handles the assignment. The values are
either lower bound or upper bound of the constraints. LP first satisfies the minimum
requirements of all Thrusts, and then allocates the remainder of resources to Thrusts with
higher benefit. That is the case for both FTE allocation and DRDC funds.

This risk is dampened in AHP by allocating the resources to Thrust Groups. The Thrusts
within each Thrust Group benefit from the allocated resources proportional to their
requirements. Therefore, the resource scarcity is distributed among Thrusts equally
within a Thrust Group that are similar in performance. The allocation to Thrust Groups is
decided by AHP based on the collective performance of Thrusts within each group.

Table 25 demonstrates an overall view of the DRDC fund allocation between the AHP,
LP and the actual 2010-2011 fund allocation. The standard deviation in LP is higher than
the other two, as is evident by LP’s minimum and maximum funds allocation. However,
the AHP model has narrowed the gap between the best and worst Thrusts.

Table 25. Comparison of fund allocation between LP and AHP methods and actual 2010-
2011 allocations at Thrust level

Results Minimum Maximum Standard
(M) (SM) Deviation

LP Results 0.25 2.50 0.551

(Table )

Actual 0.27 2.48 0.515

allocation

(Table)

AHP Results 0.32 2.20 0.483

(Table 21)

The result of AHP for FTE allocation demonstrates a smoother distribution of resources
among Thrusts than the LP. The AHP model only uses the requested fund by Thrusts as
its input, unlike the LP where minimum is also taken into account. However the
minimum FTE assignment by AHP is 7.2 in Thrust 19, higher than the LP’s minimum
assignment of 4.5 for the same Thrust (Table 26). The standard deviation for the result of
AHP model (12.71) is closer to the 2010-2011 data compare to the LP model (12.39).

Like the fund allocation results, the FTE allocation in LP also starts by meeting the
minimum requested FTEs in each Thrust followed by Thrusts with higher benefits, up to
their maximum total allowable by the constraints. Operationally, awarding all the
resources a Thrust asks for, or half of what it asks for (deemed minimal operational needs
for that Thrust), introduces some risks in the management of the projects’ progress.
AHP’s logic in allocation allows 100% allocation to a Thrust only when the total
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resources asked by a Thrust Group is equal (or less) than the allocated budget determined
through the AHP method. Otherwise, all Thrusts within a Thrust Group will receive an
equal percentage of what they have individually asked for.

Table 26. Comparison of FTE allocation between LP and AHP methods and actual 2010-
2011 allocations at Thrust level

Results Minimum Maximum Standard
(FTEs) (FTEs) Deviation

LP Results 4.5 51.5 12.39

(Table)

Actual 4.23 55.72 12.88

allocation

(Table)

AHP Results 7.2 63.2 12.71

(Table 22)

Comparing the FTE allocation of AHP among individual Thrusts (Table 27) shows that
11 Thrusts have received higher number of FTEs (more than %10) compare to the actual
2010-2011 allocation (Thrusts 2, 5, 6, 12, 14, 17, 18, 19, 20, 21 and 30). Only 6 of these
Thrusts (2, 6, 17, 19, 21 and 30) belong to the higher ranked Thrust Groups (Thrust
Groups 1 and 2). In the Phase II of the AHP method, the share of each Thrust Group is
determined based on the combined performance of Thrusts within each Thrust Group.
However in LP, each Thrust is processed individually and is awarded resources based on
its own merit alone. This contributes to the variation of FTEs between the AHP and LP
methods.
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Table 27. Comparison of AHP results with actual 2010-2011 FTE allocation

Thrust | Actual | AHP % Change | Thrust | Actual | AHP % Change
1 17.93 11.96 -33 16 13.25 12.48 -6
2 20.13 24 19 17 2747 35.1 28
3 29.32 21.2 -28 18 7.9 9.54 21
4 24.25 23.97 -1 19 4.23 7.2 70
5 11.1 13.87 25 20 7.25 18.98 162
6 55.72 63.2 13 21 10.05 13.6 35
7 42.3 30.74 -27 22 25.02 25.74 3

8 14.75 11.13 -25 23 11.7 10.92 -7
9 9.62 9.01 -6 24 16.65 17.16 3
10 13.83 14.57 5 25 19.01 14.1 -26
11 23.85 21.15 -11 26 28.81 20.8 -28
12 16.48 18.72 14 27 13.2 12.22 -7
13 55.09 42.12 -24 28 24.09 23.36 -3
14 23.5 32.12 37 29 21.1 20.67 -2
15 9.8 9.6 -2 30 38.46 48.36 26
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4.2.3 AHP Sensitivity Analysis

AHP sensitivity analysis is accommodated by Expert Choice. Various graphical tools are
provided in the software for this purpose. The sensitivity of the alternatives to the
changes in the priorities of criteria and subcriteria can be verified dynamically. Expert
Choice allows the decision maker to perform the analysis from any node in the hierarchy
of Figure 3. The following examine the sensitivity analysis of the AHP Phase II model
results.

Analysis of the criteria

There are 4 main criteria in the hierarchy of Figure 3. The objective is to determine
whether an alternative could be sensitive to small changes to the weight of a particular
criterion. Different values of weights for each criterion are examined to see the effect on
the resulting priority ranking of the group alternatives. Through Expert Choice’s
interactive sensitivity analysis, the amount of increase/decrease required to disturb the
ranking are determined. The weights of alternatives are displayed on the right side of
each graph in Figure 18 through Figure 26 below. The weights of alternatives change
dynamically as the weights of criteria are modified. The solution model is based on the
ranking of Thrusts in Phase I. Therefore, only the ranges of criteria weight that would
affect the ranking of Thrusts are analyzed. There are four bars that can be adjusted in the
dynamic sensitivity analysis window, modifying the weights of criteria.

For the purpose of sensitivity analysis, Cluster Group 1 with its five Thrusts has been
selected. Figure 18 displays the weighting scheme of Thrusts and criteria as outputted
through synthesis of judgements by decision makers.

23 Combined: Dynamic Sensitivity for nodes below -- Goal: DRDC Program Efficiency | el e S

File Options  Window

4 | x| | F ]l 2

13.4% Design

12.0% Accountability
38.7% Outcome

35.9% Overall Quality

Sengitivity w.r.t.: Goal: DRDC Program Efficiency Distributive Mode
b =

Figure 18. Weights of criteria and alternatives for Cluster Group 1 (Source: Expert
Choice, 2010)
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(1) Design Criterion Sensitivity: As shown in Figure 19, increasing the weight of
‘Design’ until it reaches 0.358 disturbs the original ranking, an increase of 0.224
(+167%) in weight from its original weight value of 0.134. This implies that the current
Groups ranking is relatively insensitive to an improvement (increase) in ‘Design’
weighting over other criteria.

= Combined: Dynamic Sensitivity for nodes below -- Goal: DRDC Prgram Efficiency =
File Options Window

# |l 4| oF | 3| X

1 1 I 1 L I 1 1 I 1 1
1] 1 2 | .4 5 B i .8 3 1 L1] A .2 o

Sensitivily w.r.t.: Goal: DRDC Program EHhciency Distributive Mode

Figure 19. Sensitivity analysis, ‘Design’ weight increase for Cluster Group 1 (Source:
Expert Choice, 2010)

Decreasing the ‘Design’ weight downward below a value of 0.103 (from 0.134 or -23%)
introduces a change in Thrusts ranking. Therefore the model is much more sensitive to
decrease in the ‘Design’ weight than it is to an increase.

=, Combined: Dynamic Sensitivity for nodes belaw -- Goal: DRDC Program Eficiency —
File Options Window
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Sensitivily w.r.t.: Goal: DRADC Frogram Efciency Distributive Mode -

Figure 20. Sensitivity analysis, ‘Design’ weight decrease for Cluster Group 1 (Source:
Expert Choice, 2010)
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(2) Accountability Criterion Sensitivity: Pushing the weight of ‘Accountability’ to
0.541 will result in changes in ranking (Figure 21), an increase of 0.421 from the original
weight of 0.12 (or +350%, Figure 18). Given the large relative change in increasing
weight before a ranking change occurs, then the current ranking (Figure 18) is not
sensitive to ‘Accountability’ weight increases.
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Sensitivily w.rt.: Goal: DRDC Program EHciency Distnibutive Mode

Figure 21. Sensitivity analysis, ‘Accountability’ weight increase for Cluster G?oup 1
(Source: Expert Choice, 2010)

Decreasing the weight of ‘Accountability’ down to 0 does not introduce any changes in
the ranking of Thrusts from the original ranking of Figure 18, as is shown in Figure 22
below. Therefore the current ranking (Figure 18) is not sensitive to ‘Accountability’
weight decreases. Overall the ranking results are not sensitive to increases or decreases to
the ‘Accountability’ criterion.
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Figure 22. Sensitivity analysis, ‘Accountability’ weight decrease for Cluster Group 1
(Source: Expert Choice, 2010)
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(3) Outcome Criterion Sensitivity: Increasing the weight of ‘Outcome’ creates changes
in ranking when it reaches 0.413 (Figure 23) an increase of 0.026 from its original value
0f 0.387 (+7%) as noted in Figure 18. This relatively small shift in weight indicates that
the Figure 18 ranking is sensitive to the ‘Outcome’ criterion weighting.

124 Combined: Dynamic Sensitivity for nodes below -- Goal: BRDC Program Efficienty F=RIER )
File Options  Window . :
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Sensitivily w.r.t.: Goal: DRDLC Frogram Efhciency Distributive Mode |

Figure 23. Sensitivity analysis, ‘Outcome’ weight increase for Cluster Group 1 (Source:
Expert Choice, 2010)

Decreasing the weight of ‘Outcome’ down to 0.217 (from 0.387) introduces change in
ranking, which is a decrease of 0.170 (or -44%). Thus, the current ranking is less
sensitive to decreasing weights of the ‘Outcome’ criterion (Figure 24).

[ ¢ Combined: Dynamic Sensitivity for nodes below -- Goal: DRDC Program Ef'ﬁc-'em:_y
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F igure 24. Sensitivity analysis, ‘Outcome’ weight decrease for Cluster Group 1 (Source:
Expert Choice, 2010)
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(4) Overall Quality Criterion Sensitivity: Pushing the weight of ‘Overall Quality’
higher from its original value of 0.359 (Figure 18) creates changes in ranking when it
doubles and reaches 0.707, an increase of 0.348 (+97%, Figure 25). Thus, the original
ranking is not sensitive to increasing changes to the ‘Overall Quality’ criterion.

[ =p Combined: Dynamic Sensitivity for nodes below -- Goal: DRDC Program Ef'ﬁc-'enc;r
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Figure 25. Sensitivity analysis, ‘Overall quality’ weight increase for Cluster Group 1
(Source: Expert Choice, 2010)

Similarly, decreasing the weight of ‘Overall Quality’ down to 0.299 (from 0.359)
introduces change to the original ranking. However, this change is a small relative shift in
weight (-17%) and therefore indicates that the original ranking of Figure 18 is more
sensitive to downward shifts in the ‘Overall Quality’ rather than an increase (Figure 26).
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Figure 26. Sensitivity analysis, ‘Overall quality’ weight decrease for Cluster Group 1
(Source: Expert Choice, 2010)
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The interest is in discovering whether minor changes in the input weights produce big
effects in the group ranking compared to the original ranking of Figure 18. Table 28
summarizes the sensitivity analysis from the Figures 19 through 26 above.

Table 28. Summary of the AHP model sensitivity analysis with respect to criteria

Sub-criteria Minimum | Original | Maximum | Shift (from
Weight Weight Weight Original to Rank
Change)
Design 0.103 0.134 0.358 -0.031 to +0.224
Accountability | 0.000 0.120 0.541 -0.120 to +0.421
Outcome 0.217 0.387 0.413 -0.170 to +0.026
Overall quality | 0.299 0.359 0.707 -0.060 to +0.348

The highlighted values in Table 28 denote the smallest shifts of criteria weight (less than
0.1) that result in changes to the Thrust rankings. The highest sensitivity in the above
table is observed in criteria ‘Outcome’ with a 0.026 increase in weight, which is equal to
a 7% change from the original weight of 0.387. Further detail and analysis should be
developed to examine ‘Outcome’ more closely in order to justify the weights provided.

Analysis of the subcriteria

As shown in Figure 3, there are a total of 9 subcriteria in the hierarchy. ‘Overall quality’
was considered in the previous step as a main criterion and therefore ‘Quality’ which is
its only subcriteria, is not part of the analysis at this stage. The same tool in Expert
Choice is used for the subcriteria sensitivity analysis. Table 29 below shows the limits on
subcriteria weights when a change in ranking takes place. Refer to Appendix N—“AHP
Sensitivity Analysis for Subcriteria” for the graphs obtained from Expert Choice for the
subcriteria sensitivity analysis.
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Table 29. Summary of the AHP model sensitivity analysis with respect to sub-criteria

Sub-criteria Minimum | Original Weight | Maximum | Shift (from Original
Weight Weight to Rank Change)
Scope 0.000 0.218 0.787 -0.218 to +0.569
Hard Problems | 0.093 0.603 1.000 -0.510 to +0.397
Originality 0.000 0.179 0.582 -0.179 to +0.403
Leverage 0.307 0.425 0.482 -0.118 to +0.057
Schedule 0.000 0.164 0.618 -0.164 to +0.454
Management
Budget 0.348 0.411 0.514 -0.063 to +0.103
Management
Exploitation 0.475 0.500 1.000 -0.025 to +0.500
Plan
Potential for 0.000 0.500 0.525 -0.500 to +0.025
Uptake

The highlighted values in Table 29 above denote those small shifts, high sensitive cases
in criterion weights, before the original rankings are changed. The highest sensitivity in
the above table is observed in ‘Exploitation Plan’ and ‘Potential for Uptake’. The
allowable 0.025 decrease/increase is equal to 5% change. The rest of the subcriteria
display an allowable change of more than 25%.

4.3 Discussion of Results

In this section the LP model and AHP hierarchy results that were applied to the DRDC
problem are discussed. Advantages and disadvantages of the methodologies are examined
to determine their effectiveness and practicality in this application.

4.3.1 LP Result

The outcome of the LP method clearly points out the quantities of each resource to be
allocated to the Thrusts. Quantities of different FTE types to each Thrust as well as the
fund allocations are calculated proportional to the benefit function, taking into account
the constraints. The advantage of LP lies within its ability to result in a direct quantitative
value for resource allocation of FTEs and funding allocations to Thrusts.

However, the result of LP algorithm is heavily dependent on the extensive constraints set.
The problem needs to be analyzed and all characteristics must be captured into the
equations of constraints in order to obtain an accurate picture of the problem.

The concept of the benefit function in the LP model is not intuitive. The benefit function

Cj is calculated proportional to the transition function that brings FTE allocation from
2009-10 fiscal year to 2010-11. It is constructed based on scores, score weights and
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previous year’s allocations. It mimics, based on driving parameters designed to reproduce
actual allocations, the decisions made at DRDC for resource allocation and therefore
leaves little room for redesign and modifications.

There is not a unique solution in the LP methodology. There exist multiple combinations
of variables that can result to the same optimized function value. In reality some solutions
can be deemed more practical than others due to the particular distribution of resources.

4.3.2 AHP Result

The Phase II output of the AHP method consists of 6 groups of Thrusts that are placed in
order of performance. Within each group the Thrusts are ranked and a score for each is
provided with respect to the main objective, DRDC program efficiency.

An important effort in AHP is organizing the problem in a hierarchy. This exercise helps
decision makers obtain a clearer picture of the problem. Implementing the hierarchy in
the AHP methodology is considered an art as well as a science. Therefore its quality
increases with more practice within the organization.

The pairwise comparison is another advantage as it allows the decision makers to
concentrate on a small and manageable portion of the problem and leave the synthesis of
all these judgements to the algorithm. The questionnaire that was distributed between the
decision makers was not time consuming or difficult to produce as was described as a
drawback by Qureshi and Harrison (2003). However as the complexity of the hierarchy
increases, both questionnaire length and time required to interview stakeholders can be
cumbersome. The annual nature of this process at DRDC reduces the importance of this
aspect of AHP methodology.

Expert Choice also accommodates group decision making. The comparison values by
each user are entered into the software and Expert Choice aggregates the decisions into
one set of weights for criteria. These weights are used to rank further the alternatives in
the DRDC problem. Decision maker participants can also be taken from various groups
that do not necessarily have the same priority. Therefore, the final result is the output of
considering various viewpoints toward the overall criteria.

The result of the AHP method presented in ranked Thrusts does not specify the exact
allocation of FTEs like the LP algorithm does. To further apply the weights of Thrusts to
obtain the FTE distribution, another algorithm is applied. There are decisions that need to
be taken on how to deal with scarce resources. In the AHP resource allocation, it was
assumed that a different FTE type can substitute. Also the substitute is selected among
the least favoured of the lower ranked Thrust groups.

One of the advantages of the AHP resource allocation over LP is that the resources are

distributed proportional to a rating. Therefore the value is always somewhere between the
upper bound (what the Thrusts have asked for) and the minimum set by DRDC
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management. In LP, most answers are pushed either to the max (because of higher benefit
value), or placed at the minimum. This increases the risk of managing projects as they
may fail due to unavailability of certain resources, while other projects are enjoying an
abundance of FTEs.
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5 Conclusions and Future Research

This section summarizes the conclusion of the AHP and LP results as modelling
approaches for the structuring of the DRDC S&T program’s evaluation. It also discusses
recommendations for future research.

5.1 Conclusions

The first objective of this research is to formulate the annual planning process into a
model that captures all of the problem’s salient characteristics. The second objective is to
develop an applied evaluative method to improve DRDC’s S&T program allocation
structure. And finally, the third objective is to provide a framework to implement and test
the model.

(1) Applying the two methods to formulate DRDC’s problem showed that AHP captures
its features best. The flexibility of AHP in displaying the network of criteria and
objectives promotes better understanding of the problem. It provides the ability to
approach criteria and subcriteria individually at a lower and manageable scale. Also
changes in the structure of the problem are implemented easier in AHP than in LP. The
graphical representation of the hierarchy could accommodate a partial redesign of the
problem very well.

(2) The second objective is to build a model in order to optimize DRDC’s resources. This
is accomplished by ranking the solution set in AHP. The output of AHP is ranked Thrusts
with pertinent priority. This can determine what portion of the resources will be allocated
to each Thrust. However, this needs to be further translated into assigning various
resources to each project, which was demonstrated in section 4.2.2. The LP model is built
by implementing the benefit function which was estimated from resource reallocation
from fiscal years 2009-2010 and 2010-2011.

(3) The third objective is to implement and test the models. Both AHP and LP models
were applied to the CPME data from DRDC and where also examined through sensitivity
analyses. The value of the objective function in the LP model is analyzed in different
scenarios involving the constraints and in comparison with actual 2010-2011 resource
allocation (Appendix G — LP Results Analysis). Results of the AHP model are also
analyzed for sensitivity and the AHP rankings and weights are applied to allocate
resources to Thrusts. It demonstrates that the AHP model captures the current process
well for program prioritisation at DRDC.

One of the interesting concepts that were applied to the Thrusts prior to our AHP
methodology was clustering. This arranges the Thrusts that are similar into clusters, and
helps the decision makers to preserve diversity in DRDC’s portfolio. The best Thrusts in
each group are awarded a bigger portion of resources than the following ranked Thrust
from each group. It will distribute the resources between Thrusts that are doing best and
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have varied characteristics. This method will dictate the resource allocation to each
Thrust based on its performance. Previously the PGs were awarded almost the same
amount every year. This now makes the PGs competitive as the total resource allocation
to each PG can be noticeably different depending on the performance of their individual
Thrusts.

The LP algorithm on the other hand lacks the flexibility of the AHP approach. Changes to
the LP model to smooth out the inconsistencies require elaborate and careful redesign of
the system. The whole picture of the model is not intuitively evident from the set of
equations, whereas most of the AHP methodology can be explained by its hierarchy.
AHP’s visual design alleviates the severity of required steps to implement changes.
Therefore AHP provides easier means of implementing revisions to the model in future if
such changes are deemed necessary. The use of the AHP methodology resulted in a
framework that is simple, traceable and rigorous in the creation of a strategic plan.

From the analysis discussed, it can be concluded that AHP methodology and the
demonstrated structuring for resource allocation using AHP’s ranking, is the preferred
model for the DRDC program prioritisation. AHP demonstrated a process where multiple
players at different levels can participate. The hierarchy and related procedures
accommodate change easily and are intuitive, whereas the LP solution requires
familiarity and knowledge of the complex relationships of the LP model elements. Also
LP allocations in most cases assign resources in upper or lower bounds which it can result
in higher risk in project management as minimal resources can be problematic. AHP
however, distributes the risk between each Thrust group and not individual Thrusts.

5.2 Future Research

This section discusses the opportunities to further examine certain aspect of this research.
Some are related to improvements to a particular portion of the computations and some
discuss possible enhancement to the algorithms.

(1) Review of Clustering. The fundamental concept of clustering could be revisited and
improved to guarantee better diversification of Thrusts. The aim is to reduce the amount
of human interaction with the outcome of k-means algorithm to further optimize
clustering. This will eliminate the possibility of biased decisions influencing this crucial
step. Moreover the variables that are used for clustering in this thesis were based on the
availability of information through DRDC database, CPME. A study can be conducted to
determine if more descriptive and appropriate variables exist to be used in the clustering
algorithm.

(2) Phase IT Grouping - AHP methodology in DRDC problem can be implemented at a
larger scale to include more individuals and open ways for discussions within DRDC for
selecting criteria and refining the problem structure. The way the subcriteria are grouped
together and the terminologies selected for the criteria can be modified to better convey
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the subcriteria it entails, accommodating the comparisons by participants in pairwise
comparison sessions.

(3) Multi-participant Inclusion. One of the assumptions in this thesis was that all
decision makers have the same weight when providing their pairwise comparisons.
However the reality can be different. For variety of reasons decision makers can be from
multiple levels of management that do not necessarily have the same experience,
knowledge and expectations. If deemed appropriate, a weighting scheme can be
associated in the computations.

(4) Linear Programming Datasets. Computation of the benefit function Cj;, could be
improved through Non-Linear Programming (NLP). The logic behind Cj; calculation was
to compute the score weights so that the framework produces results similar to the 2010-
2011 FTE assignment. This requires the algorithm to minimize the distance between the
produced output and the actual 2010-11 FTE allocation. Minimizing this distance
introduces absolute value computations which in turn results in non-linearity of the
system.
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Appendix A — CPME Data Analysis

This appendix contains Thrust scores calculated by 3 different methods: arithmetic mean,
median and mode. The scores are displayed in tables followed by graphs for Thrusts’
relative ranking. To produce the graphs, arithmetic mean is used across the Thrust scores
to derive a single score value for each Thrust. Equal weights for criteria are considered in
Thrust score calculations.

Two averages are being calculated here. First, the average of scores for each criterion
within a Thrust is computed (rows of Table A1). Then arithmetic mean is used to produce
an average of each row, resulting in a single value for each Thrust (Figure A1l). This

procedure is followed for arithmetic mean, median and mode, and for both fiscal years

2009-2010 and 2010-2011.

Table Al. Arithmetic mean of project scores within each Thrust for fiscal year 2009-2010

) Potential for i . DS.T's
Torust | Hara | peieet | Esplomton | giiole | NS | Peieet | Cpnden® | pimcen | QuityDST

Problems Stakeholder Rating Schedule Mgt Budget

Commitment Mgt
1 4.44 3.78 1.67 3.33 1.78 3.78 3.00 5.00 3.67
2 4.00 3.93 2.06 3.53 0.07 3.73 3.07 4.07 3.73
3 4.00 3.75 1.43 3.17 0.00 3.83 3.83 4.58 3.25
4 3.90 3.40 0.83 3.10 0.00 3.60 4.20 5.00 3.00
5 3.29 3.43 0.00 3.00 0.00 3.43 3.29 4.86 2.86
6 3.63 3.63 2.37 3.94 0.00 3.38 3.19 4.63 3.25
7 2.60 3.20 2.27 3.80 0.00 3.70 3.00 4.80 2.80
8 3.33 3.83 2.14 2.67 0.00 3.83 4.50 5.00 3.17
9 4.67 3.00 0.00 4.67 0.33 3.67 3.67 5.00 3.33
10 3.43 4.14 0.56 3.29 0.21 4.71 4.57 4.71 2.71
11 3.86 4.00 1.54 3.43 0.00 4.14 4.14 5.00 2.57
12 3.78 3.56 2.69 3.89 0.00 4.00 4.11 4.86 2.67
13 4.11 3.89 1.32 3.39 0.01 3.94 4.22 4.39 3.28
14 3.78 3.89 2.27 3.11 0.00 3.71 3.56 4.89 2.56
15 3.75 3.50 3.75 3.75 0.00 3.75 4.25 5.00 3.50
16 4.00 4.00 2.27 3.40 0.00 3.60 3.70 4.80 2.90
17 391 3.73 2.73 3.73 0.00 3.80 391 4.82 3.55
18 3.00 3.67 5.00 2.67 0.00 433 3.83 4.17 2.50
19 3.13 3.38 5.00 2.50 0.00 4.13 4.38 5.00 2.38
20 3.25 3.50 2.22 2.38 0.00 3.29 3.50 4.25 3.00
21 4.00 3.00 3.33 3.60 0.40 4.00 3.60 5.00 2.80
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22 4.50 3.88 5.00 4.50 2.76 3.88 4.00 4.88 4.13
23 3.50 3.25 5.00 4.25 2.31 3.75 4.00 5.00 3.75
24 2.90 3.50 5.00 3.60 1.50 3.00 4.20 5.00 3.00
25 3.00 3.10 0.45 2.10 0.14 2.83 4.40 5.00 3.00
26 3.86 3.64 2.33 2.43 0.00 4.07 4.57 4.71 3.21
27 4.00 3.88 0.56 2.75 0.25 3.63 3.25 4.63 3.38
28 4.43 4.14 1.11 2.43 0.00 2.57 4.00 5.00 3.14
29 3.50 3.75 2.31 2.50 0.29 4.50 2.88 4.88 3.00
30 3.82 4.00 2.14 3.55 0.00 3.91 3.45 4.45 3.45

The values above are used to compute a single Thrust score as displayed in Figure Al.

Equal weights are assigned to the criteria in the single score calculations.

Average Score (Arithmatic Mean)

5.00

09-10 Thrusts ranking

4.50

4.00

3.50 1] =

3.00

2.50

2.00

1.50 -

1.00 -

0.50

0.00

Thrusts

12 3 4 56 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Figure A1l. Thrust scores computed by arithmetic mean 2009-2010

88




Table A2 below, contains the average score for each Thrust in fiscal year 2009-2010. The
average values are calculated by median of the project scores in each Thrust.

Table A2. Median of project scores within each Thrust for fiscal year 2009-2010

) Potential for ' ) DS.T's
Thrust | g | oFrodest | Eaploaton | (G| NS | et | P pnion® | bincen | Qualty ST
Problems Stakeholder | Rating Schedule Mgt Budget
Commitment Mgt
1 4.00 1.67 3.00 3.00 4.00 4.00 3.00 5.00 4.00
2 4.00 2.06 4.00 3.00 4.00 4.00 3.00 4.00 4.00
3 4.00 1.43 3.50 4.00 4.00 4.00 4.00 5.00 3.00
4 3.00 0.83 3.00 4.00 4.00 3.50 4.00 5.00 3.00
5 3.00 0.00 2.00 2.00 3.00 3.00 4.00 5.00 3.00
6 4.00 2.37 4.00 4.00 3.00 3.00 3.00 5.00 3.00
7 3.00 2.27 3.50 3.00 2.50 4.00 3.00 5.00 3.00
8 4.00 2.14 2.50 1.50 3.00 4.00 4.50 5.00 3.00
9 3.00 0.00 5.00 1.00 5.00 3.00 3.00 5.00 3.00
10 4.00 0.56 3.00 3.00 3.00 5.00 5.00 5.00 3.00
11 4.00 1.54 3.00 4.00 4.00 4.00 4.00 5.00 3.00
12 3.00 2.69 4.00 2.00 4.00 4.00 5.00 5.00 2.00
13 4.00 1.32 3.00 4.00 4.00 4.00 4.00 4.00 3.00
14 4.00 2.27 3.00 3.00 4.00 4.00 4.00 5.00 2.00
15 3.50 3.75 3.50 3.00 4.00 4.00 4.00 5.00 3.50
16 4.00 2.27 3.50 3.00 4.00 4.00 4.00 5.00 3.00
17 4.00 2.73 4.00 4.00 4.00 4.00 4.00 5.00 3.00
18 4.00 5.00 3.00 3.00 3.00 5.00 5.00 4.50 2.50
19 3.00 5.00 2.50 4.00 3.00 4.00 5.00 5.00 2.00
20 3.50 2.22 2.50 3.00 3.50 3.00 4.00 4.00 3.00
21 3.00 3.33 3.00 4.00 4.00 4.00 3.00 5.00 3.00
22 3.50 5.00 4.50 3.50 4.50 4.00 4.00 5.00 4.00
23 3.50 5.00 4.50 3.00 3.50 4.00 4.00 5.00 3.50
24 3.50 5.00 3.00 4.00 3.00 3.00 4.00 5.00 3.00
25 3.00 0.45 2.00 2.00 3.00 3.00 4.00 5.00 3.00
26 4.00 2.33 2.00 5.00 4.00 4.00 5.00 5.00 3.00
27 4.00 0.56 2.50 2.50 4.00 4.00 3.00 5.00 3.00
28 4.00 1.11 2.00 2.00 4.00 2.00 4.00 5.00 3.00
29 4.00 231 2.00 4.50 3.50 5.00 3.00 5.00 3.00
30 4.00 2.14 3.00 5.00 4.00 4.00 4.00 5.00 4.00
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The values above are used to compute a single Thrust score as displayed in Figure A2.
Equal weights are assigned to the criteria in the single score calculations.

Average Score (Median)

09-10 Thrusts Ranking

4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

12 3 456 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Thrusts

Figure A2. Thrust scores computed by median 2009-2010.
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Table A3 below, contains the average score for each Thrust in fiscal year 2009-2010. The
average values are calculated by Mode of the project scores in each Thrust.

Table A3. Mode of project scores within each Thrust for fiscal year 2009-2010.

) Potential for ' ) DS.T's
Thrust | g | oFrodest | Eaploaton | (G| NS | et | P pnion® | bincen | Qualty ST
Problems Stakeholder | Rating Schedule Mgt Budget
Commitment Mgt
1 4.00 1.67 3.00 3.00 4.00 5.00 3.00 5.00 4.00
2 4.00 2.06 4.00 3.00 5.00 4.00 3.00 5.00 4.00
3 3.00 1.43 4.00 5.00 4.00 4.00 4.00 5.00 3.00
4 3.00 0.83 2.00 5.00 4.00 5.00 5.00 5.00 3.00
5 3.00 0.00 2.00 1.00 3.00 3.00 4.00 5.00 3.00
6 4.00 2.37 5.00 5.00 3.00 3.00 3.00 5.00 3.00
7 3.00 2.27 3.00 5.00 4.00 4.00 3.00 5.00 3.00
8 5.00 2.14 2.00 1.00 3.00 5.00 4.00 5.00 3.00
9 3.00 0.00 5.00 1.00 5.00 3.00 3.00 5.00 3.00
10 4.00 0.56 3.00 3.00 3.00 5.00 5.00 5.00 3.00
11 4.00 1.54 3.00 4.00 4.00 4.00 4.00 5.00 3.00
12 3.00 2.69 5.00 1.00 4.00 5.00 5.00 5.00 2.00
13 4.00 1.32 3.00 4.00 4.00 4.00 4.00 4.00 3.00
14 4.00 2.27 2.00 3.00 4.00 4.00 4.00 5.00 2.00
15 4.00 3.75 3.00 4.00 4.00 4.00 4.00 5.00 4.00
16 4.00 2.27 4.00 3.00 4.00 4.00 4.00 5.00 3.00
17 4.00 2.73 4.00 4.00 4.00 4.00 4.00 5.00 3.00
18 4.00 5.00 3.00 3.00 4.00 5.00 5.00 5.00 3.00
19 3.00 5.00 3.00 4.00 3.00 4.00 5.00 5.00 2.00
20 3.00 2.22 1.00 3.00 4.00 3.00 4.00 4.00 3.00
21 3.00 3.33 3.00 4.00 4.00 4.00 3.00 5.00 3.00
22 3.00 5.00 4.00 4.00 5.00 4.00 4.00 5.00 5.00
23 4.00 5.00 5.00 2.00 3.50 4.00 4.00 5.00 3.00
24 4.00 5.00 3.00 4.00 2.00 4.00 4.00 5.00 3.00
25 4.00 0.45 2.00 1.00 3.00 4.00 4.00 5.00 3.00
26 4.00 2.33 2.00 5.00 4.00 4.00 5.00 5.00 3.00
27 4.00 0.56 2.00 2.00 4.00 4.00 3.00 5.00 3.00
28 4.00 1.11 2.00 2.00 4.00 2.00 4.00 5.00 4.00
29 4.00 231 2.00 5.00 4.00 5.00 2.00 5.00 4.00
30 4.00 2.14 3.00 5.00 4.00 4.00 4.00 5.00 4.00
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The values above are used to compute a single Thrust score as displayed in Figure A3.
Equal weights are assigned to the criteria in the single score calculations.

09-10 Thrusts Ranking

6.00

5.00

4.00

3.00

2.00

Average Score (Mode)

1.00

0.00

1 3 5 7 9 M 13 15 17 19 21 23 25 27 29
Thrusts

Figure A3. Thrust scores computed by mode 2009-2010.
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Table A4 below, contains the average score for each Thrust in fiscal year 2010-2011. The
average values are calculated by arithmetic mean of the project scores in each Thrust.

Table A4. Arithmetic mean of project scores within each Thrust for fiscal year 2010-2011

) Potential for ' ) DS.T's
Thrust | g | oFrodest | Eaploaton | (G| NS | et | P pnion® | bincen | Qualty ST

Problems Stakeholder | Rating Schedule Mgt Budget

Commitment Mgt
1 4.44 3.78 1.67 3.33 3.44 3.78 3.00 5.00 3.67
2 4.00 3.93 233 3.53 2.80 3.73 3.07 4.07 3.60
3 4.00 3.83 1.00 3.17 3.33 3.83 4.00 4.25 3.25
4 3.90 3.40 0.83 3.10 3.30 3.80 5.00 5.00 2.90
5 3.29 3.43 0.00 3.00 2.14 3.14 4.86 4.86 2.57
6 3.69 3.75 222 4.06 3.63 3.06 4.56 431 2.94
7 2.90 3.20 2.08 3.90 3.20 3.40 4.30 4.80 2.80
8 3.33 3.83 2.50 2.67 2.00 4.00 4.00 5.00 3.67
9 4.67 3.00 0.00 4.67 1.33 3.00 4.67 5.00 3.00
10 3.43 3.71 0.63 3.29 2.71 5.00 5.00 5.00 3.14
11 3.86 4.00 1.25 3.43 3.57 4.14 4.14 5.00 2.57
12 3.78 3.67 1.92 3.89 2.00 4.00 4.11 3.78 2.78
13 4.11 3.89 1.32 3.50 4.28 3.94 4.22 4.39 3.33
14 3.89 4.00 2.08 3.11 3.11 4.00 4.56 4.89 4.11
15 3.75 3.50 2.00 3.75 2.75 3.75 4.25 5.00 3.50
16 4.00 4.00 2.27 3.40 3.40 3.60 3.70 4.80 2.90
17 391 3.73 2.50 3.73 4.45 3.80 391 4.82 3.55
18 2.83 3.50 3.75 2.33 3.50 4.00 3.83 4.17 2.83
19 3.13 3.38 5.00 2.50 4.00 4.13 4.38 5.00 2.38
20 3.25 3.25 2.78 2.25 3.13 3.00 3.50 4.00 2.75
21 4.00 3.00 2.50 3.60 3.60 4.00 3.60 5.00 2.80
22 4.50 3.88 4.44 4.50 3.38 3.88 4.00 4.88 4.13
23 3.50 3.25 4.00 4.50 3.25 4.00 4.00 5.00 3.75
24 2.90 3.50 4.55 3.60 3.70 3.00 4.20 5.00 3.00
25 3.00 3.10 0.33 2.10 2.30 2.83 4.40 4.50 3.00
26 3.86 3.79 1.58 243 3.86 4.07 4.57 4.71 3.21
27 3.75 3.88 0.56 2.63 2.63 3.63 3.25 4.63 3.00
28 443 4.14 0.42 2.43 2.57 2.71 4.00 5.00 3.29
29 3.50 3.75 1.25 2.50 4.13 4.25 2.63 4.88 2.88
30 391 391 1.67 3.45 4.09 3.73 3.18 4.64 3.36
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The values above are used to compute a single Thrust score as displayed in Figure A4.
Equal weights are assigned to the criteria in the single score calculations.

10-11 Thrusts Ranking

4.50
4.00
3.50
3.00
2.50
2.00
1.50

1.00

Average Score (Arithmetic Mean)

0.50

0.00

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
Thrusts

Figure A4. Thrust scores computed by arithmetic mean 2010-2011.
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Table A5 below, contains the average score for each Thrust in fiscal year 2010-2011. The
average values are calculated by median of the project scores in each Thrust.

Table AS. Median of project scores within each Thrust for fiscal year 2010-2011

. Potential for ) DS'T's
Torust | Hara | preiee | Eaploimtion | GOl | NS | Rreieet | Ppndn® | pimcen | QuityDST

Problems Stakeholder Rating Schedule Mgt Budget

Commitment Mgt
1 4.00 4.00 1.67 3.00 3.00 4.00 3.00 5.00 4.00
2 4.00 4.00 2.33 4.00 3.00 4.00 3.00 4.00 4.00
3 4.00 4.00 1.00 3.50 4.00 4.00 4.00 5.00 3.00
4 4.00 3.00 0.83 3.00 4.00 4.00 5.00 5.00 3.00
5 3.00 3.00 0.00 2.00 2.00 3.00 5.00 5.00 3.00
6 3.50 4.00 2.22 4.00 4.00 3.00 5.00 5.00 3.00
7 3.00 3.00 2.08 4.00 3.00 3.00 4.50 5.00 2.00
8 3.00 4.00 2.50 2.50 1.50 4.00 5.00 5.00 4.00
9 5.00 3.00 0.00 5.00 1.00 3.00 5.00 5.00 3.00
10 3.00 4.00 0.63 3.00 3.00 5.00 5.00 5.00 3.00
11 4.00 4.00 1.25 3.00 4.00 4.00 4.00 5.00 3.00
12 4.00 4.00 1.92 4.00 2.00 4.00 5.00 5.00 3.00
13 4.00 4.00 1.32 3.00 4.00 4.00 4.00 4.00 3.00
14 4.00 4.00 2.08 3.00 3.00 4.00 5.00 5.00 4.00
15 4.00 3.50 2.00 3.50 3.00 4.00 4.00 5.00 3.50
16 4.00 4.00 2.27 3.50 3.00 4.00 4.00 5.00 3.00
17 4.00 4.00 2.50 4.00 4.00 4.00 4.00 5.00 3.00
18 2.50 3.50 3.75 2.50 3.00 4.50 5.00 4.50 3.00
19 3.00 3.00 5.00 2.50 4.00 4.00 5.00 5.00 2.00
20 3.50 3.00 2.78 2.50 3.00 3.00 4.00 4.00 3.00
21 4.00 3.00 2.50 3.00 4.00 4.00 3.00 5.00 3.00
22 4.50 3.50 4.44 4.50 3.50 4.00 4.00 5.00 4.00
23 3.50 3.50 4.00 5.00 3.00 4.00 4.00 5.00 3.50
24 3.00 3.50 4.55 3.00 4.00 3.00 4.00 5.00 3.00
25 3.00 3.00 0.33 2.00 2.00 3.00 4.00 5.00 3.00
26 4.00 4.00 1.58 2.00 5.00 4.00 5.00 5.00 3.00
27 4.00 4.00 0.56 2.00 2.50 4.00 3.00 5.00 3.00
28 4.00 4.00 0.42 2.00 2.00 3.00 4.00 5.00 3.00
29 3.50 4.00 1.25 2.00 4.50 4.50 2.50 5.00 3.00
30 4.00 4.00 1.67 3.00 5.00 4.00 3.00 5.00 4.00

The values above are used to compute a single Thrust score as displayed in Figure AS.
Equal weights are assigned to the criteria in the single score calculations.
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Average Score (Median)

10-11 Thrusts Ranking

4.50
4.00
3.50
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Figure AS5. Thrust scores computed by median 2010-2011.
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Table A6 below, contains the average score for each Thrust in fiscal year 2010-2011. The
average values are calculated by mode of the project scores in each Thrust.

Table A6. Mode of project scores within each Thrust for fiscal year 2010-2011

. Potential for ) DS'T's
Torust | Hara | preiee | Eaploimtion | GOl | NS | Rreieet | Ppndn® | pimcen | QuityDST

Problems Stakeholder Rating Schedule Mgt Budget

Commitment Mgt
1 4.00 4.00 1.67 3.00 3.00 5.00 3.00 5.00 4.00
2 5.00 4.00 2.33 4.00 3.00 4.00 3.00 5.00 4.00
3 4.00 3.00 1.00 4.00 5.00 4.00 5.00 5.00 3.00
4 4.00 3.00 0.83 2.00 5.00 4.00 5.00 5.00 2.00
5 3.00 3.00 0.00 2.00 1.00 4.00 5.00 5.00 3.00
6 3.00 4.00 2.22 5.00 5.00 3.00 5.00 5.00 3.00
7 2.00 3.00 2.08 3.00 5.00 3.00 5.00 5.00 2.00
8 3.00 5.00 2.50 2.00 1.00 4.00 5.00 5.00 4.00
9 5.00 3.00 0.00 5.00 1.00 3.00 5.00 5.00 3.00
10 3.00 4.00 0.63 3.00 3.00 5.00 5.00 5.00 3.00
11 4.00 4.00 1.25 3.00 4.00 4.00 4.00 5.00 3.00
12 4.00 3.00 1.92 5.00 1.00 5.00 5.00 5.00 4.00
13 4.00 4.00 1.32 3.00 5.00 4.00 4.00 4.00 3.00
14 4.00 4.00 2.08 2.00 3.00 4.00 5.00 5.00 4.00
15 4.00 4.00 2.00 3.00 4.00 4.00 4.00 5.00 4.00
16 4.00 4.00 2.27 4.00 3.00 4.00 4.00 5.00 3.00
17 4.00 4.00 2.50 4.00 4.00 4.00 4.00 5.00 3.00
18 2.00 3.00 3.75 3.00 3.00 5.00 5.00 5.00 3.00
19 3.00 3.00 5.00 3.00 4.00 4.00 5.00 5.00 2.00
20 4.00 3.00 2.78 3.00 3.00 3.00 4.00 4.00 3.00
21 4.00 3.00 2.50 3.00 4.00 4.00 3.00 5.00 3.00
22 5.00 3.00 4.44 4.00 4.00 4.00 4.00 5.00 5.00
23 3.50 4.00 4.00 5.00 2.00 4.00 4.00 5.00 3.00
24 2.00 4.00 4.55 3.00 4.00 4.00 4.00 5.00 3.00
25 3.00 4.00 0.33 2.00 1.00 4.00 4.00 5.00 3.00
26 4.00 4.00 1.58 2.00 5.00 4.00 5.00 5.00 3.00
27 4.00 4.00 0.56 2.00 2.00 4.00 3.00 5.00 3.00
28 4.00 4.00 0.42 2.00 2.00 3.00 4.00 5.00 3.00
29 4.00 4.00 1.25 2.00 5.00 5.00 2.00 5.00 4.00
30 4.00 4.00 1.67 3.00 5.00 4.00 4.00 5.00 4.00

The values above are used to compute a single Thrust score as displayed in Figure A6.
Equal weights are assigned to the criteria in the single score calculations.
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Average Score(Mode)
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Figure A6. Thrust scores computed by mode 2010-2011.
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Tables A7 and A8 provide insight into percentage of increase/decrease in DND

leveraging, DRDC funds, FTE assignment and Thrust scores from fiscal year 2009-2010
to 2010-2011.

Table A7. 2 year comparison for DND Leveraging and DND funds for Thrusts

DND Leveraging ($) DRDC Funds ($)
Thrust 2009- 2010- % 2009- 2010- %

2010 2011 Increase 2010 2011 Increase
1 10,000 10,000 0.00 375,000 800,000 11333
2 362,000 148,000 -59.12 875,000 1,300,000 48.57
3 1,125,900 85,000 -92.45 | 1,543,000 1,850,000 19.90
4 6,122,000 1,574,000 -74.29 | 1,026,000 1,295,000 26.22
5 366,600 365,000 -0.44 | 1,215,000 1,095,000 -9.88
6 6,374,600 1,418,500 -77.75 | 1,578,000 1,860,000 17.87
7 3,597,090 150,500 95.82 | 1,115,000 1,255,000 12.56
8 270,000 40,000 -85.19 880,000 1,275,000 44.89
9 0 0 0.00 320,000 325,000 1.56
10 205,500 205,500 0.00 623,000 900,000 44.46
1 749,000 11,344,900 1414.67 580,000 325,000 -43.97
12 2,101,350 4,391,500 108.98 811,000 910,000 1221
13 5,573,200 7,744,000 38.95 | 2,005,000 2,481,700 23.78
14 2,074,985 3,294,460 58.77 | 1,025,000 1,036,000 1.07
15 925,000 755,000 -18.38 620,000 514,000 -17.10
16 1,004,700 742,100 26.14 | 1,018,000 1,255,000 23.28
17 6,350,220 5,966,000 -6.05 725,000 1,060,000 46.21
18 80,000 370,000 362.50 305,000 995,000 226.23
19 1,280,400 76,700 94.01 | 1,360,000 1,410,000 3.68
20 2,853,000 3,477,000 21.87 | 1,155,000 1,175,000 1.73
21 0 0 0.00 350,000 295,000 -15.71
22 455,000 450,000 -1.10 450,000 935,000 107.78
23 200,000 0 -100.00 332,000 270,000 -18.67
24 50,000 45,000 -10.00 | 1,013,000 980,000 -3.26
25 135,000 151,100 11.93 | 1,386,000 875,000 -36.87
26 167,000 602,000 260.48 | 2,107,000 1,759,000 -16.52
27 658,000 338,000 -48.63 929,500 1,415,000 52.23
28 150,000 30,000 -80.00 | 1,405,000 1,705,000 21.35
29 1,943,000 2,307,000 18.73 | 1,109,000 850,000 23.35
30 1,510,000 1,960,000 29.80 | 1,439,000 1,634,000 13.55
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Table A8. 2 year comparison for FTE quantities and overall ratings for Thrusts with equal
weighting of the scores

FTEs Quantity (Scientists)

Ratings (Mean)

Thrust 2009- 2010- % 2009- 2010- %

2010 2011 Increase 2010 2011 Increase
1 22.75 19.13 -15.91 3.58 3.58 0.00
2 16.99 20.23 19.07 3.52 3.53 0.50
3 22.84 17.03 25.44 3.48 3.42 -1.83
4 17.45 17.60 0.86 3.38 3.49 3.33
5 7.95 7.05 -11.32 3.02 3.14 4.14
6 2425 28.10 15.88 3.50 3.57 2.16
7 25.26 22.81 9.70 3.27 3.42 4.63
8 11.53 9.60 -16.74 3.56 3.63 1.84
9 10.07 10.12 0.50 3.50 3.50 0.00
10 15.20 11.30 -25.66 3.52 3.65 3.80
1 18.90 16.30 -13.76 3.59 3.55 -1.01
12 13.34 12.68 -4.95 3.69 3.49 -5.50
13 35.31 33.20 -5.98 3.57 3.59 0.58
14 1531 13.00 -15.09 3.47 3.83 10.35
15 9.36 9.80 4.70 3.91 3.69 -5.60
16 6.80 7.45 9.56 3.58 3.58 0.00
17 18.30 13.32 2721 3.77 3.74 -0.75
18 5.95 6.10 2.52 3.65 3.41 -6.57
19 2.93 2.25 23.21 3.73 3.73 0.00
20 7.70 5.20 3247 3.17 3.10 238
21 16.52 9.60 -41.89 3.67 3.56 2.84
22 21.88 24.92 13.89 434 427 -1.60
23 9.23 11.70 26.76 4.06 4.00 -1.54
24 15.52 15.35 -1.10 3.78 3.72 -1.51
25 9.05 13.47 48.84 2.99 2.91 22.60
26 19.41 13.81 -28.85 3.60 3.53 2.12
27 11.85 10.50 -11.39 3.26 3.16 2.88
28 19.21 19.69 2.50 3.35 3.30 -1.52
29 26.70 25.10 -5.99 3.41 3.20 -6.16
30 27.08 2481 -8.38 3.60 3.48 -3.23
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DRDC Funds vs. Ratings for ongoing projects in thrusts
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Figure A7. DRDC funds over 09-10 and 10-11 versus ratings in 09-10 for ongoing
projects
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Figure A8. DRDC funds over 09-10 and 10-11 versus ratings in 09-10 for all projects
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Table A9. contains the Thrusts and their project scores. The median is used to calculate
the average of criterion ‘Scope’ and ‘Budget Management’. The rest of criteria are
averaged using arithmetic mean.
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Table A9. Project scores and computation of Thrust scores

Alignment -

Potential for uptake

DST's Rating

DST's Rating -

1 5 4 No 3 3 5 5 5 5
2 4 4 Yes 5 5 4 4 5 4
3 4 4 No 4 3 4 4 5 5
4 5 3 No 3 4 5 3 5 3
5 5 5 Yes 3 4 4 3 5 4
6 4 3 No 3 3 3 3 5 3
7 4 4 Yes 4 3 5 3 5 4
8 4 3 No 3 3 1 1 5 2
9 5 4 No 2 3 3 1 0 3
Thrust1 4.44 3.78 1.67 3.33 3.44 4.00 3.00 5.00 3.67
10 5 3 Yes 4 4 4 4 5 4
11 3 3 Yes 5 4 4 4 5 4
12 4 4 No 1 3 5 2 5 3
13 4 5 No 2 3 5 3 5 4
14 3 3 Yes 3 1 5 3 5 3
15 4 5 Yes 5 3 4 4 4 5
16 5 4 No 4 4 4 4 5 5
17 4 4 No 4 3 4 4 4 4
18 3 4 No 3 4 3 3 4 3
19 5 5 No 3 1 5 3 3 4
20 5 4 Yes 5 1 2 1 3 3
21 5 4 No 4 2 1 3 4 4
22 4 3 Yes 4 3 2 3 2 4
23 3 4 No 3 3 5 3 3 3
24 3 4 Yes 3 3 3 2 4 3
Thrust2 | 4.00 3.93 2.06 3.53 2.80 4.00 3.07 4.00 3.73
25 4 3 No 2 4 4 2 3 3
26 5 4 yes 4 3 4 4 4 4
27 4 3 No 2 5 4 4 5 3
28 4 4 No 2 4 4 5 4 4
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
29 5 5 No 4 5 4 5 5 5
30 4 5 Yes 4 4 4 5 5 4
31 3 4 Yes 2 5 4 3 5 2
32 3 3 No 4 5 4 5 5 3
33 5 5 No 4 2 4 4 5 3
34 4 4 No 3 1 4 4 5 3
35 4 3 No 4 1 4 3 5 3
36 3 2 No 3 1 2 2 4 2
Thrust3 | 4.00 3.75 1.43 3.17 3.33 4.00 3.83 5.00 3.25
37 5 4 Yes 5 5 5 5 5 5
38 3 3 No 1 5 2 4 5 3
39 4 3 No 3 2 2 3 5 2
40 4 3 No 2 1 3 4 5 3
41 3 3 No 3 1 5 5 5 3
42 4 3 No 5 5 4 4 5 3
43 4 4 Yes 4 5 2 3 5 2
44 4 3 No 2 4 5 5 5 3
45 5 4 No 4 4 3 4 5 3
46 3 4 No 2 1 5 5 5 3
Thrustd | 3.90 3.40 0.83 3.10 3.30 3.50 4.20 5.00 3.00
47 3 3 No 4 2 5 4 5 3
48 3 4 No 2 1 3 4 5 3
49 4 4 No 2 4 4 2 5 4
50 3 4 No 2 1 3 2 5 2
51 2 3 No 2 4 2 3 4 2
52 4 3 No 5 2 3 4 5 3
53 4 3 No 4 1 4 4 5 3
Thrust5 3.29 3.43 0.00 3.00 214 3.00 3.29 5.00 2.86
54 4 3 No 3 5 3 3 5 3
55 2 5 No 1 4 2 2 5 3
56 3 4 No 3 2 3 3 5 3
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

B N e ol e i e W e S e
57 5 4 Yes 4 3 3 4 5 3
58 3 4 No 4 5 3 3 5 3
59 3 5 No 3 5 4 4 5 4
60 5 3 Yes 5 5 2 3 5 3
61 2 3 Yes 5 4 4 3 3 3
62 5 3 Yes 4 4 4 4 5 3
63 3 3 No 3 1 4 2 5 3
64 5 3 No 5 4 3 3 3 3
65 3 2 Yes 3 1 3 3 3 3
66 3 4 Yes 5 2 4 5 5 3
67 4 4 Yes 5 4 5 5 5 4
68 5 4 Yes 5 5 4 3 5 5
69 3 4 No 5 5 3 1 5 3
Thrust6 | 3.63 3.63 2.37 3.94 3.69 3.00 3.19 5.00 3.25
70 4 3 Yes 5 5 2 1 5 2
71 1 2 Yes 5 2 4 3 5 3
72 4 4 Yes 4 1 5 4 5 3
73 3 4 No 3 3 4 3 5 3
74 2 4 No 3 4 5 5 5 4
75 4 3 Yes 4 1 4 2 5 3
76 3 3 No 5 3 3 2 5 2
77 2 3 No 3 3 3 3 5 3
78 2 3 No 3 5 4 5 4 3
79 1 3 Yes 3 5 3 2 4 2
Thrust7 | 2.60 3.20 2.27 3.80 3.20 4.00 3.00 5.00 2.80
80 3 5 Yes 2 1 2 4 5 3
81 3 5 No 3 2 5 4 5 3
82 4 4 No 3 4 5 5 5 4
83 3 4 No 2 1 4 5 5 3
84 4 3 Yes 4 3 3 4 5 3
85 3 2 Yes 2 1 4 5 5 3
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
Thrust8 | 3.33 3.83 214 2.67 2.00 4.00 4.50 5.00 3.17
86 5 3 No 5 2 3 3 5 3

87 5 3 No 5 1 3 3 5 3

88 4 3 No 4 1 5 5 5 4
Thrust9 | 4.67 3.00 0.00 4.67 1.33 3.00 3.67 5.00 3.33
89 4 5 No 3 3 5 5 5 3

90 3 4 No 4 4 5 5 5 3

91 3 5 No 2 3 5 5 5 3

92 3 4 No 3 2 5 5 5 2

93 4 4 No 3 3 5 5 5 3

94 4 3 Yes 4 3 5 4 5 3

95 3 4 No 4 1 3 3 3 2
Thrust10 | 3.43 4.14 0.56 3.29 2.7 5.00 4.57 5.00 2.7
96 4 4 No 3 4 4 4 5 3

97 4 4 Yes 3 4 4 4 5 3

98 4 4 No 3 4 4 4 5 3

99 4 4 Yes 5 4 5 5 5 3
100 4 4 No 4 3 4 4 5 2
101 4 4 Yes 4 3 4 4 5 2
102 3 4 No 2 3 4 4 5 2
Thrust11 | 3.86 4.00 1.54 3.43 3.57 4.00 4.14 5.00 2.57
103 4 3 Yes 4 2 5 2 4 4
104 4 3 No 5 3 3 3 0 1
105 5 5 No 3 4 4 5 5 5
106 2 4 No 2 3 2 3 0 1
107 3 3 Yes 5 2 4 5 5 2
108 5 5 Yes 5 1 3 5 5 4
109 4 2 Yes 4 1 5 4 5 2
110 4 3 Yes 5 1 5 5 5 3
111 3 4 No 2 1 5 5 5 2
Thrust12 | 3.78 3.56 2.69 3.89 2.00 4.00 411 5.00 2.67
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
112 4 5 No 2 5 4 4 4 3
113 4 4 No 3 5 4 4 4 2
114 4 5 No 2 4 4 4 5 3
115 4 4 No 5 4 4 5 5 4
116 3 4 No 3 4 4 4 4 2
117 4 4 No 3 4 4 4 4 3
118 4 3 No 3 5 4 3 4 3
119 5 5 Yes 4 5 4 5 5 4
120 4 3 Yes 3 4 4 4 4 3
121 5 4 No 5 5 4 3 4 5
122 4 3 No 5 5 4 5 5 4
123 4 4 Yes 4 4 3 4 4 4
124 4 4 No 2 5 4 5 5 3
125 4 4 No 3 4 4 5 5 3
126 4 4 No 3 5 4 5 5 3
127 4 3 Yes 4 4 4 4 4 4
128 5 3 Yes 5 4 4 4 4 4
129 4 4 No 2 2 4 4 4 2
Thrust13 | 4.11 3.89 1.32 3.39 4.33 4.00 4.22 4.00 3.28
130 4 4 Yes 4 4 3 5 5 3
131 4 4 No 3 3 3 3 5 2
132 3 4 No 2 2 4 4 5 2
133 4 4 Yes 2 4 4 4 5 3
134 4 4 Yes 5 4 4 4 5 3
135 4 4 No 2 3 3 5 2
136 4 4 No 4 3 3 5 4
137 4 4 Yes 4 3 4 2 5 2
138 3 3 No 2 2 4 4 4 2
Thrust14 | 3.78 3.89 2.27 3.11 3.11 4.00 3.56 5.00 2.56
139 4 4 Yes 3 2 4 4 5 4
140 3 3 No 3 4 4 4 5 3
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
141 4 4 Yes 5 4 4 5 5 4
142 4 3 Yes 4 1 3 4 5 3
Thrust15 | 3.75 3.50 3.75 3.75 2.75 4.00 4.25 5.00 3.50
143 5 4 No 3 3 4 3 5 3
144 4 4 No 3 3 4 4 5 3
145 4 4 Yes 4 5 4 4 5 4
146 4 4 Yes 4 3 4 4 3 3
147 4 4 No 2 2 2 3 5 2
148 4 5 No 3 3 3 3 5 2
149 4 3 Yes 4 5 3 4 5 3
150 3 3 Yes 4 3 3 3 5 3
151 4 5 Yes 4 4 5 5 5 3
152 4 4 No 3 3 4 4 5 3
Thrust16 | 4.00 4.00 2.27 3.40 3.40 4.00 3.70 5.00 2.90
153 5 4 Yes 4 5 2 3 5 4
154 4 4 Yes 5 5 4 4 5 4
155 5 4 No 4 5 5 5 5 3
156 3 3 No 3 4 4 4 5 3
157 4 3 Yes 5 5 2 2 5 4
158 3 4 Yes 3 4 4 5 5 5
159 4 4 No 2 4 5 4 4 3
160 4 4 Yes 4 4 4 4 5 3
161 4 4 No 4 5 4 4 5 3
162 3 3 No 4 4 3 4 3
163 4 4 Yes 3 4 4 5 5 4
Thrust17 | 3.91 3.73 2.73 3.73 4.45 4.00 3.91 5.00 3.55
164 4 4 Yes 3 3 5 5 5 3
165 2 4 Yes 3 3 4 5 5 3
166 4 3 Yes 4 4 2 2 2 2
167 4 3 Yes 3 3 5 5 5 2
168 2 4 Yes 1 3 5 5 4 2
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
169 2 4 Yes 2 5 5 1 4 3
Thrust18 | 3.00 3.67 5.00 2.67 3.50 5.00 3.83 4.50 2.50
170 3 3 Yes 3 4 4 5 5 3
171 3 3 Yes 1 4 4 3 5 2
172 3 3 Yes 3 4 4 3 5 2
173 3 3 Yes 3 4 5 5 5 3
174 3 4 Yes 2 4 3 4 5 2
175 3 4 Yes 2 4 4 5 5 2
176 4 3 Yes 4 4 5 5 5 3
177 3 4 Yes 2 4 4 5 5 2
Thrust19 | 3.13 3.38 5.00 2.50 4.00 4.00 4.38 5.00 2.38
178 3 3 No 3 3 4 4 4 3
179 4 4 Yes 3 3 3 4 4 4
180 4 4 Yes 4 3 4 5 3
181 3 3 No 2 3 3 2 4 3
182 2 4 Yes 1 3 3 3 4 3
183 4 3 No 1 4 4 4 4 3
184 4 4 Yes 4 4 3 4 5 3
185 2 3 No 1 2 3 3 4 2
Thrust20 | 3.25 3.50 2.22 2.38 3.13 3.00 3.50 4.00 3.00
186 4 3 Yes 5 3 4 3 5 2
187 4 3 No 3 4 4 3 5 3
188 3 3 Yes 3 3 4 5 5 3
189 4 3 Yes 3 4 4 3 5 3
190 5 3 Yes 4 4 4 4 5 3
Thrust21 | 4.00 3.00 3.33 3.60 3.60 4.00 3.60 5.00 2.80
191 5 5 Yes 4 4 4 4 4 3
192 5 3 Yes 5 4 4 4 5 5
193 4 3 Yes 4 2 4 4 5 4
194 4 4 Yes 4 2 3 4 5 4
195 5 3 Yes 5 3 4 4 5 5
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. Alignment - . N Poten.ti al for uptake DST's Rating DST's Rating - uali
S I el v | e F s e ey
196 5 3 Yes 5 3 4 4 5 5
197 4 5 Yes 5 5 4 5 5 4
198 4 5 Yes 4 4 4 3 5 3
Thrust22 | 4.50 3.88 5.00 4.50 3.38 4.00 4.00 5.00 413
199 4 3 Yes 5 2 4 4 5 3
200 5 4 Yes 5 5 4 4 5 5
201 3 4 Yes 4 4 3 4 5 4
202 2 2 Yes 3 2 4 4 5 3
Thrust23 | 3.50 3.25 5.00 4.25 3.25 4.00 4.00 5.00 3.75
203 2 4 Yes 3 4 4 5 3
204 4 4 Yes 4 3 3 3 5 3
205 3 3 Yes 3 4 4 4 5 2
206 2 4 Yes 3 4 4 4 5 3
207 4 4 Yes 2 3 5 5 5 3
208 3 3 Yes 5 5 1 5 5 4
209 3 3 Yes 5 5 1 3 5 3
210 2 3 Yes 3 2 3 5 5 2
211 1 3 Yes 3 5 4 5 5 2
212 5 4 Yes 5 2 2 4 5 5
Thrust24 | 2.90 3.50 5.00 3.60 3.70 3.00 4.20 5.00 3.00
213 3 4 No 3 4 4 5 5 3
214 2 3 No 1 2 3 4 5 1
215 2 2 No 1 1 4 5 5 3
216 4 3 No 2 3 3 4 5 4
217 4 3 No 2 2 2 4 5 3
218 3 4 No 2 5 1 5 5 4
219 3 1 No 3 1 0 4 0 3
220 3 3 No 2 1 0 4 5 3
221 2 4 No 3 1 0 4 5 3
222 4 4 No 2 3 0 5 5 3
Thrust25 | 3.00 3.10 0.45 210 2.30 3.00 4.40 5.00 3.00
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Alignment -

Potential for uptake

DST's Rating

DST's Rating -

e G | RS | S eT rosone | et B | el | ST
223 4 4 YES 2 5 4 4 5 3
224 4 4 YES 2 5 4 5 3 3
225 3 5 YES 2 5 5 5 5 3
226 4 4 NO 2 3 4 5 4 3
227 3 4 YES 2 5 4 4 5 3
228 4 4 NO 2 5 4 5 5 4
229 4 4 NO 3 5 4 5 4 3
230 3 2 NO 2 2 4 3 5 3
231 4 2 NO 2 1 4 5 5 4
232 5 5 YES 5 5 5 5 5 4
233 4 3 NO 2 3 4 5 5 3
234 4 1 NO 1 1 1 5 5 3
235 5 5 YES 5 5 5 5 5 3
236 3 4 YES 2 4 5 3 5 3
Thrust26 | 3.86 3.64 2.33 243 3.86 4.00 4.57 5.00 3.21
237 5 4 No 3 2 4 4 4 4
238 3 4 No 2 2 4 3 4 3
239 4 4 No 3 3 4 3 5 3
240 4 4 No 2 3 4 4 5 4
241 4 4 No 3 5 3 3 5 4
242 3 4 No 2 2 3 3 5 3
243 5 4 Yes 5 3 4 3 5 3
244 4 3 No 2 1 3 3 4 3
Thrust27 | 4.00 3.88 0.56 2.75 2.63 4.00 3.25 5.00 3.38
245 4 4 No 2 4 2 4 5 2
246 5 4 No 2 2 2 4 5 3
247 4 3 No 3 1 2 2 5 2
248 5 4 Yes 5 2 3 4 5 4
249 4 5 No 2 4 3 5 5 4
250 5 4 No 2 2 2 5 5 4
251 4 5 No 1 3 4 4 5 3
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. Alignment - . N Poteenit;i/z;:oreu_ptake everage DST's Rating DST's Rating - uali
T | oy | v | Subeboder [ Raung | Proetsone | (BT Bient Bt |
Thrust28 | 4.43 4.14 1.1 2.43 2.57 2.00 4.00 5.00 3.14
252 4 4 yes 2 5 5 2 5 4
253 3 4 yes 3 5 5 2 5 3
254 3 4 no 2 2 5 3 4 3
255 4 4 yes 5 4 4 4 5 4
256 3 3 No 2 4 5 2 5 2
257 4 4 No 2 5 3 4 5 3
258 3 3 no 2 3 5 3 5 4
259 4 4 no 2 5 4 3 5 1
Thrust29 | 3.50 3.75 2.31 2.50 413 5.00 2.88 5.00 3.00
260 5 5 Yes 5 4 5 2 4 4
261 5 4 Yes 5 5 4 4 5 4
262 5 2 Yes 3 2 2 1 5 1
263 4 4 No 3 2 4 4 4 3
264 4 4 Yes 3 5 4 4 5 4
265 3 4 No 3 3 4 4 5 3
266 3 3 No 4 5 4 4 5 4
267 2 4 No 2 5 3 2 2 2
268 4 5 No 3 4 5 4 5 4
269 3 5 Yes 5 5 4 5 4 5
270 4 4 No 3 5 4 4 5 4
Thrust30 | 3.82 4.00 2.14 3.55 4.09 4.00 3.45 5.00 3.45
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Appendix B — Projects’ Scores Distribution Analysis

In this appendix, data analysis is performed on project scores to determine distribution.
The data was extracted by ‘R’ from text file “DRDC.txt” which was saved from Excel.

DRDC.data.eval=function () {
scores=matrix(scan ("DRDC.txt") ,ncol=8,byrow=T)
temp <- rep(0, 270)

par (mfrow=c(2,1))

hist (scores[, 1] ,main=paste ("Density Function,
Leverage") ,xlab="Project Scores",xlim=c(0,5) ,6 breaks=5)

hist (scores|[,2] ,main=paste ("Density Function, Hard
Problems") ,xlab="Project Scores",xlim=c(0,5),6breaks=5)

hist (scores|[, 3] ,main=paste ("Density Function,
Originality") ,xlab="Project Scores",xlim=c(0,5),6 breaks=5)

hist (scores|[,4] ,main=paste("Density Function, Potential for
uptake") ,xlab="Project Scores",xlim=c(0,5),breaks=5)

hist (scores|[,5] ,main=paste ("Density Function,
Scope") ,xlab="Project Scores",xlim=c(0,5) ,breaks=5)

hist (scores|[, 6] ,main=paste ("Density Function, Schedule
Mgt") ,xlab="Project Scores",xlim=c(0,5),6 breaksg=5)

hist (scores|[, 7] ,main=paste ("Density Function, Budget
Mgt") ,xlab="Project Scores",xlim=c(0,5),6 breaks=5)

hist (scores[, 8] ,main=paste ("Density Function,
Quality") ,xlab="Project Scores",xlim=c(0,5),breaks=5)

}
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Following is the content of the file “DRDC.txt” that was used in the above program. It

contains the score of projects with respect to the following criteria: Leverage, Hard
Problems, Originality, Potential for uptake, Scope, Schedule Management, Budget

Management and Quality.

3

3
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Following figures are the outcome of the above program:
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Appendix C — LP Data Elements

The variables in LP problem formulation consist of matrices described in this appendix.

The values are derived from project data belonging to two successive fiscal years.

Following table is Cj; which represents the “benefit function” of having people of type j

acting in Thrust i. Each entry contains a number between 0 and 100 signifying the

importance of each type in a Thrust.

Table C1. The benefit function C;;

Thrusts | Typel | Type2 | Type3 | Type4 | TypeS5 | Type6 | Type7 | Type8 | Type9 | TypelO | Typell
1 0.00 0.00 0.00 | 15.52 0.00 0.00 0.00 0.00 0.00 0.00 38.33
2 1.83 0.00 0.00 | 34.34 0.00 0.00 0.00 0.00 0.00 0.00 2.37
3 0.00 0.00 9.23 0.00 0.00 0.00 0.00 77.50 5.74 0.45 0.00
4 1.47 032 ] 11.04 2.94 0.42 0.00 9.57 0.00 23.35 0.42 0.00
5 14.78 0.00 0.18 8.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 2.74 0.46 | 54.06 7.64 | 10.15 3.54 0.00 25.22 7.76 2.05 0.00
7 0.92 0.00 1.64 | 11.17 0.51 | 59.01 0.96 0.00 19.26 0.00 0.00
8 18.90 0.00 | 11.85 1.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.44 1.32 | 12.17 0.00 0.00 4.83 0.00 0.00 0.00 2.20
10 7.51 | 19.84 0.00 3.32 0.00 0.00 0.00 1.07 0.00 2.90 3.11
1 8.88 | 30.24 | 19.90 0.22 3.26 0.00 1.69 0.00 0.00 0.00 0.00
12 0.47 0.00 2.12 0.59 1.06 1.18 | 12.48 15.52 2.59 1.41 0.00
13 6.09 | 1631 5.06 2.18 0.23 0.23 | 20.11 34.72 35.43 6.34 0.46
14 0.22 0.00 0.00 0.11 9.16 9.16 | 19.78 1.81 17.32 0.00 0.00
15 0.00 0.00 0.00 | 2435 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 0.00 0.00 | 29.66 1.05 0.00 0.00 1.40 0.12 0.00 0.00 0.00
17 0.74 0.00 | 14.65 0.00 1.35 0.00 | 27.09 2.22 41.12 0.00 0.00
18 0.00 0.00 0.00 | 14.34 2.07 0.00 0.00 0.00 0.49 0.49 0.00
19 0.00 0.00 0.00 0.10 0.00 2.06 0.00 0.00 0.00 17.55 0.00
20 14.36 1.65 0.21 0.52 0.00 0.00 0.10 0.00 0.00 1.24 0.00
21 0.00 0.00 0.00 | 30.14 0.00 0.00 0.00 0.00 0.00 5.14 4.80
22 0.00 0.00 0.00 1.66 0.00 0.00 0.00 0.00 0.00 0.89 65.25
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 24.80
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.89 36.42
25 2.76 0.00 0.00 1.96 0.00 0.00 0.00 0.36 0.00 13.87 2.40
26 0.00 0.00 0.00 0.00 0.23 0.00 0.00 | 100.00 0.00 2.56 0.00
27 18.60 0.00 1.16 6.24 0.00 0.00 0.00 0.00 0.00 0.21 4.23
28 5.72 | 40.85 0.22 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 0.68 9.57 | 29.49 0.00 0.11 0.00 0.68 0.00 3.83 0.45 5.18
30 7.06 | 2458 | 41.87 | 10.23 1.54 0.59 5.45 0.00 0.00 0.00 0.00
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Maximum availabilities of FTEs in each type are shown in Table C2.

Table C2. Upper bound on total people by type

FTE FTE FTE FTE FTE FTE FTE FTE FTE FTE FTE
Typel | Type2 | Type3 | Type4 | Type5 | Type6 | Type7 | Type8 | Type9 | TypelO | Typell
Max
No. of
FTEs 43 55 90 69 25 48 51 66 48 88
Maximum availabilities of FTEs in each skill set are shown in Table C3.
Table C3. Upper bound on total people by skill set
Group 1: Group 2: Group 3: Group 4:
Typel, Type2, Type3 Type4, Type5, Type6, Type7 Type8, Type9 | Typel0, Typell
Max
No. of
People | 188 179 142 131

There is a minimum required FTEs and maximum allowed FTEs set for each Thrust.
Table C4 contains these values.

Table C4. Minimum and maximum allowed total FTEs for each Thrust.

Thrust 1 2 3 4 5 6 7 8
FTE min, | 4 4 4 4 4 4 4 4
FTE max, | 75 75 75 75 75 75 75 75
Thrust 9 10 11 12 13 14 15 16
FTE min, |4 4 4 4 4 4 4 4
FTE max, | 75 75 75 75 75 75 75 75
Thrust 17 18 19 20 21 22 23 24
FTE min, | 4 4 4 4 4 4 4 4
FTE max, | 75 75 75 75 75 75 75 75
Thrust 25 26 27 28 29 30

FTE min, | 4 4 4 4 4 4

FTE max, | 75 75 75 75 75 75
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FTE min; and FTE max;; are 11 x 30 matrices containing the minimum required and
maximum allowed FTEs of certain type for each Thrust are displayed in Table C5 and
Cé.

Table C5. Minimum requirements for FTEs of certain type for each Thrust, FTE min;;

Thrusts | Type | Type | Type | Type | Type | Type | Type | Type | Type | Type | Type
1 2 3 4 5 6 7 8 9 10 11
1 0 0 0 3 0 0 0 0 0 0 8.5
2 1.5 0 0 10.5 0 0 1.5 0 0 0 1.5
3 0 0 3.5 0 0 0 0 13 2 1.5 0
4 1.5 1.5 4.5 2 1.5 1.5 3.5 1.5 6.5 1.5 0
5 5 0 1.5 3 0 0 0 0 0 0 0
6 2 1.5 12 2.5 4 2 0 0 6 8 1.5
7 1.5 0 1.5 4 0 15 1.5 0 5.5 0 0
8 5.5 0 3.5 1.5 0 0 0 0 0 0 0
9 0 0 1.5 5 0 0 2 0 0 0 0
10 2.5 4 0 2 0 1.5 0 1.5 0 2 2
1 3 7 4.5 1.5 2 1.5 1.5 0 1.5 0 0
12 0 0 1.5 1.5 1.5 1.5 4 4.5 2 1.5 0
13 2 4 2 1.5 0 1.5 6 8.5 11 2.5 1.5
14 1.5 0 1.5 1.5 2.5 3.5 5.5 1.5 4.5 0 0
15 0 0 0 6 0 0 0 0 0 0 0
16 0 0 7.5 1.5 0 0 1.5 1.5 0 0 0
17 1.5 0 2.5 1.5 1.5 0 5.5 1.5 8.5 0 0
18 0 0 0 4.5 1.5 0 0 0 1.5 1.5 0
19 0 0 0 0 0 1.5 0 0 0 3 0
20 3.5 1.5 1.5 1.5 1.5 0 1.5 0 0 2 0
21 0 0 0 4.5 0 0 0 0 0 2.5 1.5
22 0 0 0 1.5 0 0 0 0 0 1.5 13.5
23 0 0 0 0 0 0 0 0 0 0 7
24 0 0 0 0 0 0 0 0 0 2 9
25 1.5 0 0 1.5 0 0 0 1.5 0 8.5 2
26 0 0 0 0 1.5 0 0 15 0 2 1.5
27 4.5 0 1.5 2.5 0 0 0 0 0 1.5 3
28 2.5 12 0 1.5 0 0 0 0 0 0 0
29 0 2.5 8.5 0 1.5 0 1.5 0 2 1.5 2
30 3.5 6 10.5 3 1.5 1.5 2 1.5 1.5 0 0
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Table C6. Maximum restrictions for FTEs of certain type for each Thrust, FTE max;

Thrusts
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28
29
30
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Following table is D; which represents the “benefit function” of providing financial
resources to each Thrust i (i=1, 2, 3,...,30). Each entry contains a number between 0 and
100 signifying the fitness of each Thrust with respect to qualifying for financial
resources.

Table C7. The benefit function D; for financial resources

Thrust |1 2 3 4 5 6 7 8 9 10

D; 80.79 80.27 76.12 71.14 62.49 77.19 69.30 75.64 74.57 72.56
Thrust | 11 12 13 14 15 16 17 18 19

D, 76.06 79.64 77.72 75.58 86.14 78.69 83.30 82.23 81.90
Thrust | 20 21 22 23 24 25 26 27 28

D, 69.91 81.23 100 90.89 82.30 60.14 78.66 71.51 73.07
Thrust | 29 30

D, 76.14 73.07

Y min, and Y max, are vectors of size 30 containing the minimum budget required to run
the projects in each Thrust and the amount that each PG has asked for each Thrust.

Table C8. The upper and lower bound for budget allocation for each Thrust, Y min, and

Y max,

Thrust 1 2 3 4 5 6 7 8 9 10

Y min, 4 2.1 1.25 1.3 1.7 2.3 1.85 1.5 1.1 2.5
Y max, 8 4.2 2.5 2.6 34 4.6 3.7 3 2.2 5
Thrust 11 12 13 14 15 16 17 18 19

Y min, 2 2.5 2 0.25 1 1.15 4.5 0.9 2
Y max, 4 5 4 0.5 2 2.3 9 1.8 4
Thrust 20 21 22 23 24 25 26 27 28

Y min, 1.6 0.75 0.1 2.55 1.7 3.5 1.05 1.6

Y max, 3.2 1.5 0.2 5.1 34 7 2.1 3.2 2
Thrust 29 30

Y min, 0.8 1.15

Y max, 1.6 2.3
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Assigned weights to criteria for calculation of a single score for each Thrust.

Table C9. The weights of criteria in LP model

Potential for DST's DST's
Alignment - . o uptake of . Rating - Rating - .
Hard onroject | Exploitation | geliverable - | -eVera | Prolect | geficignt | Efficient | Quaity DST
Problems 9 Y : Stakeholder g P Schedule Budget
Commitment Mgt Mgt
0.03 0.07 0.39 0.10 0.21 0.00 0.00 0.13 0.07
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Appendix D — LP Problem Formulation

LP Formulation Technique

The following are the steps taken in order to formulate the LP model in standard form
(Stevenson, 2010; Darst, 1991; Eiselt and Sandblom, 2007):

1-Understanding the problem:

The goal of the DRDC annual S&T allocation problem is to assign human and financial
resources to various Thrusts within DRDC that will optimize total government objective
written as a single-valued linear function. The following definitions guide through the
next crucial steps that define the LP model:

People type: Specific skill a human resource possesses (11 different types)
Thrusts: 30 Thrusts, Specific focus groups with various project types
Budget The financial resources (aside from FTEs) assigned to each Thrust

The DRDC problem can be described in the LP framework as the problem of how to
distribute the constrained budget and human resources among the Thrusts in order to
optimize the total sum of all projects’ measured expected outcome.

2-Identifying the decision variables:
Decision variables are the factors that can be adjusted in order to improve results. They
are the decisions that need to be made. In this problem, decision variables include the

assignment of various types of FTEs and financial resources to Thrusts.

The following decision variables are introduced:

X Number of people of type j, working in Thrust i
fori=1,2,3,...,.30 and j=1,2,3,...,11

Y; Budget assignment to each Thrust (Millions of Dollars)
fori=1,2,3,...,30

3- Determining the LP single-valued objective function:

This step captures the mathematical relationship between decision variables and the
overall goal expressed as the LP objective function. This function is a linear combination
of the decision variables. Normally the business outcome is measured through financial
gain. In the DRDC problem, the objective is defined by successful projects that do not
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return measurable monetary benefits. However, the objective is to maximize the
expectation of benefit and success from the assignment of resources to Thrusts.

The resources in the DRDC problem consist of 2 categories: people and the budget. First,
people, X;; are designated as Full-Time Equivalents (FTE). This group refers to DRDC
scientists. Secondly, the Budget resource amount, Y; is to be spent on project-related
activities. This fund is often spent on acquiring expert help from the private sector.

The following constants are introduced in the LP formulation:

Cyj The “benefit function” of having people of type j acting in Thrust
(2D matrix of size: 30 x11) in “benefit units”
D, The "benefit function" for assigning budget to each Thrust (Vector

of size 30) in “benefit units”

Now, define the LP objective function, Z in “benefit units” that captures the compounded
benefit of assigning different types of resources to Thrusts. The objective is to maximize
the total benefits function as defined in the following:

Z=%C,X,+2DY.

Cjj and D; are termed the “benefit function” signifying the “benefit” of assigning
resources of certain type to a certain Thrust (FTEs in case of Cj; and budget in case of ¥).
These two matrices are the fixed components in the formula and efforts are taken to
optimize Xj; and ¥; in order to maximize Z.

Cjj and D; are computed by data available through the CMPE from the previous years’
resource assignment. These data display the level of importance and profit of each Thrust
that was implicitly decided by DRDC.

4-Idendifying the constraints:

Constraint equations capture the limitations that exist within the LP model with respect to
the decision variables. For example, the quantity of Type-1 employees available in
DRDC is limited to 140 individuals. The constraint equations can also be a linear
combination of several variables. For example, the total assignment of FTEs of different
types within a Thrust is limited to 75 individuals.

Constraints play a major role in the solution space. There are lower and upper bounds
enforced to the number of human resources assigned to Thrusts, skill types, and budget.
Constraints are critical in ruling out infeasible solutions and setting proper initial states.

a) Non-negativity of resource assignment:
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The elements in matrix X represent the quantity of FTEs that are either zero or a positive
number. Vector Y contains the value of DRDC funds awarded which is also constrained
to be non-negative in all its values.

b) Total number of employees:
> X< 640

In the DRDC problem, the problem is how to assign 11 types of scientists to 30 Thrusts.
There are an estimated 640 scientists employed by DRDC, however, this value may
change and later is the subject of sensitivity analysis.

¢) Minimum and maximum number of FTEs of each type assigned to each
Thrust:

FTE min; < X;; < FTE_max;

The Thrusts submit proposals for their operational requirements in terms of the number of
scientists required of each type. This is translated to the FTE max;; matrix. Due to
resource limitations, not all Thrusts are awarded what they had requested. However, they
are guaranteed a minimum percentage of what their proposal requests. FTE min; will
contain the quantities that the model assigns to each Thrust as a minimum. Note that both
minimum and maximum constraints are presented in 2D matrices of size 30x11.

d) Minimum and maximum of total FTEs in each Thrust:
FTE min, <} X,; < FTE max, (1<n<30)
Restrictions are imposed on total FTE assignment to each Thrust (i.e., the total number of
different scientist types assigned). This value is estimated from available data and
managerial experience.
e) Maximum number of FTEs available capable of each skill type:
Y Xin < FTE type max, (1<m<Il)
The expression above sets the limits on how many scientists available that are capable of
being of each type. Since an FTE is capable of being assigned to different types,
FTE type max can be up to 640 for each type.

f) FTEs with multiple skills:
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An individual scientist as FTE can be associated with different and multiple types of
skills. If total FTEs are 640, then the sum of all types available is more than 640.
Therefore there will be additional constraints for the sum of certain types.

For instance if there are 3 individuals in the resource base, and there are 5 different types
of skills, then suppose the capabilities of each individual are as follows:

Individual 1: Typel, Type3, Type4
Individual 2: Type2, Type3, Type4
Individual 3: Type3, Type4, Type5

Then the total availabilities are as follows:

Typel Type2 Type3 Type4 Type5
1.0 1.0 3.0 3.0 1.0

Which totals 9 units (1+1+3+3+1) of 5 different types utilizing only 3 individuals.

If individual 1 has been completely assigned to a Thrust, then the remaining availability,
after removing individual 1 becomes as follows:

Typel Type2 Type3 Type4 Type5
0 1.0 2.0 2.0 1.0

Which totals 6 (0+1+2+2+1) units of 4 different types utilizing 2 individuals.

The scientific skills in FTEs can be divided into four groups in the DRDC problem with
similar skill sets among the 11 people types. Table D1 summarizes a possible grouping of
skill types based on their similarities. An FTE belonging to each group possesses the
skills listed for that group and his/her time can be divided doing different or the same
tasks between Thrusts.
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Table D1. Categories of skill types within scientific FTE group (Source: DRDC, 2011b)

Groups Skill Set
Group 1 e Command and Control Information
(Types 1, 2,3) Systems Performance

e Communications Networks
e Intelligence, Surveillance and
Reconnaissance

Group 2
(Types 4,5,6,7)

Complex Systems
System Autonomy
Mobile Systems

Weapons Systems

Group 3 e Personnel Protection
(Types 8.9) e Protection of Assets

Group 4 e Human Systems Integration
(Types 10,11) e Behavioural Effects

This will introduce another set of constraints to include in the LP model as follows:

Group 1: > X< FTE type Groupl max (1< <3)
Group 2: Y X< FTE type Group2_max (4<;<7)
Group 3: Y Xi < FTE type Group3_max (8<j=9)
Group 4: Y X< FTE type Group4_max (10<j <11)

g) Maximum budget available (Millions of Dollars):
> Y:< Total Budget
This budget refers to the DRDC funds which are awarded to Thrusts in order to be spent
on external resource procurement and other research expenses. The total budget for fiscal
year 2009-2010 was ~$30M and for 2010-2011 was ~$34M.
h) Minimum and maximum amount given to each Thrust:

Y min; <Y; <Y max;

The constraint above is extracted from the proposals for resources where Y max; is the
amount asked for by each Thrust. At this point, the fact that sometimes more funds are
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directed towards some Thrusts to meet certain objectives is ignored (and the limit strictly
applied).

The above formulae and constraints are used to model the linear programming structure
of the DRDC problem to build upon and expand to capture the reality of DRDC’s
problem. Appendix C-“Linear Programming Data Elements” provides a detailed
description of the LP data presented above in matrix format.

5-Determining appropriate values for parameters:

The relationship between various skill types and their value to each Thrust (matrix Cj)
and the benefit of applying financial resources to each Thrust (vector D;) need to be
determined. To construct the initial set of data for C;; and D; the data from previous years
are utilized to model the historical resource distribution among Thrusts. This information
provides what management decided on previously for types and resources to Thrusts. The
relationship extracted from previous data is acknowledged as a combination of Thrust
evaluations, as well as management’s discretion. The data from previous years are also
utilized as a possible means of guiding the LP results through the solution space.

LP Related Data

DRDC, through its database, Collaborative Planning and Management Environment
(CPME), tracks all of the R&D projects. CPME is DRDC’s enterprise resource planning
tool used to manage internal resources as well as track external leveraging and
international activities (Wheaton and Bayly, 2010).

All project managers provide regular updates through CPME. All resource-related details
about the projects are accessible and can be verified. The CPME is the only source of
project-related information with which this research works. The data for two successive
fiscal years (2009-2010 and 2010-2011) are used to construct elements of the LP model.

There are two categories of data provided by CPME. The first category relates to the
project specifics such as start and end date, DRDC and DND funds and the quantity of
various FTE types involved along with their cost. The second group of data relates to the
9 scores given by management to the projects. The criteria include:

Alignment to Hard Problems,
Project Originality,
Exploitation Plans,

Potential for Uptake,

Project Scope,

Schedule Management,
Budget Management,
Leverage and

e B e
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9. Overall Quality.

These data elements are drawn from DRDC’s Performance Management Framework
(PMF). There are multiple LP model elements that need to be defined or extracted from
the CPME data. These include:

the benefit function for FTE assignment (Cj);

the benefit function for DRDC fund distribution (D;);

the constraint values for multiple FTE upper and lower bounds

the constraint values for fund allocation

the various Thrust related data required to set up the model as noted above.

SNh WD -

Applicable data from CPME were selected by DRDC and communicated in MS-Excel
sheets. Next, the steps to obtain the C;; and D; are explained.
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Computing the benefit functions

As formulated earlier, the LP model relies on matrices Cj; and D; which are termed the
benefit functions. They contain the relative benefit to DRDC and the Government of
Canada of applying different resources to various Thrusts. The scores provided by
management is a meaningful measure that can define a Thrust’s overall value. Let us
define the benefit matrix Cj; as a function of Thrust scores, such that

Cyj ©< Weighted Thrust_Scores i

However, not all criteria have the same importance. For example, “Alignment to Hard
Problems” is considered more important compared to “Project Originality”. The weight
of each score needs to be determined in order to draw an accurate picture of the implicit
system. Therefore, the overall Thrust scores are obtained through the weighted average of
scores for individual criteria, as follows:

Weighted Thrust Scores;. = Weightsy x Thrust_Scoresix

Weights; contains the weighting scheme for the criterion k. The result of the above
equation is a vector with a scalar value representing the score of each Thrust. However,
Cj; 1s expected to represent the value of different FTE types for each Thrust. There are 11
different FTE types which might have different values for different Thrusts. Therefore, it
is required to create a function that produces this two dimensional matrix.

Another set of information is the FTE assignment of the 2009-2010 fiscal year. This
matrix is an indication of the Thrust requirements for FTEs and what FTE types are
assigned that were deemed more beneficial. This matrix contains the resources requested
by Thrusts each year prior, and requirements will be different in the new fiscal year.
However, in our LP formulation, this fact has already been accounted for through
minimum constraint settings for FTE assignment for each Thrust. This minimum
constraint is based on the request placed forward by each Thrust.

Considering the above argument, the Cj; function is defined as follows:

C,'j o< X(go()g_go]o)[j X Weightsk X Th}’uS[_SCOI"QS(g()()g_g()]o) ik

Now, the 2D matrix values correspond to 11 FTE types and 30 Thrusts. Each value in the
matrix represents the benefit of allocating an FTE of a certain type to a particular Thrust.

To determine the value of Cj, the only unknown is the weights of the scores, Weightsy.
The LP is used to establish the relationship between the ratings of the projects in fiscal
year 2009-10 and resource assignments. Going back to the CPME, results are available
for two consecutive fiscal years. Therefore, one sample solution is available that can be
useful in order to determine the weighting scheme for the criteria. Looking at the LP
formulation, the objective is to maximize the following function:
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Maximize X(g()]()_z()[]) i = Cif
= Xp2010-2011) 5 * (X2009-2010) i * Weightsy < Thrust_Scores 20092010 j)

The data provide the FTE allocation for two consecutive years in addition to the Thrust
scores. Therefore the only unknown remaining in the above formula is the weighting
scheme of the scores, Weightsy.

In order to solve the above maximization problem, the constraints surrounding the
weights of the score need to be defined. They should all be greater than zero and less than
1, and they should sum up to 1. Solving for the above equation in the LP will not result in
a realistic weighting scheme because the constraints are not known or well defined.
Therefore the values for the score weights are estimated using a more direct relationship
between the discussed elements. If it is assumed that the X20;¢-2011) i 1s the result of X 2999.
2010) i being influenced by the benefit function Cj;, then using LP, the following
relationship will yield values for the weights:

Xeo10-2011) ij = X2009-2010) i % Weightsy < Thrust_Scores 2009-2010) ik

However, solving the above equation using CPME’s raw data will not result in a solution.
It must be kept in mind that the aim is to estimate the relationship between X 20102011
and X 2009-2010) 7 and, in reality, such a solid relationship does not exist. Therefore some
manipulations are required to smooth out the inconsistencies in the data resulting in a
desirable linear relationship.

As discussed in, the following formula is used to estimate the values of score weights.
Xii2010-2011 = Xjj 2009-2010 X Weights x Thrust Scoreszopg-2010

Theoretically all the weights are the same across all Thrusts. However with great number
of equations involved, this will result in infeasibility. We will solve the above equation
allowing for different weights for scores in each Thrust and at the end obtain the average
of weights across the 30 Thrust.

The product of scores and their pertinent weights are modified to allow up to 100%
increase or decrease in the FTE assignment. Also a constraint for the total number of
FTEs is implemented.

As expected of LP, the algorithm configures the variables with highest rate of return first
up to the value allowed by the constraint. Considering that the only constraints that are
set on the weights is the total sum (equal to one) and the individual value (between zero
and one). Therefore the solution for each Thrust contains a value of one for a particular
type as shown in the next table. To obtain a global weight for each score across the
Thrusts, we calculate the arithmetic mean of the weight in each Thrust.
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The equations are implemented in MS-Excel and What’s Best! add-on was utilized to
solve. ‘Project Scope’ and ‘Schedule Management’ contain weight of zero. Although this
is an unrealistic outcome, we will treat this as the best estimate.

Once the criteria weights are obtained, we will use the following formula to construct the
benefit function. Appendix C — Linear Programming Data Elements, contains the values
for matrices C; and D;.

Table D2. Calculations of the criteria weights for LP model

Potential for DST's DST's
Alignment . s uptake of Leverage . Rating - | Rating - Qualit
“Hard oz;‘i’gﬁtty Exploitation deliverable - Ds_Tg Ps'féi‘: Efficient | Efficient DST_y
Problems Stakeholder Rating Schedule | Budget | Evaluation
Commitment Mgt Mgt
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 0.00 0.60 0.00 0.40 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
Arithmetic Mean
0.03 | 0.07 | 0.39 | 0.10 | 021 ]  0.00 | 0.00 | 0.13 | 0.07

Table D3 contains the weights for criteria that were estimated from the CPME data of 2
consecutive years. These score weights contribute to construction of the benefit function
(Cj) as described earlier.
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Table D3. Assigned weights to criteria

Alignment | p soct | Exploitation | Fotential Project | Schedule | Budget | Quality DST
- Hard Originality Plan? for Leverage Scope Mgt Mgt Evaluation
Problems ) uptake
0.03 0.07 0.39 0.10 0.21 0.00 0.00 0.13 0.07

The benefit function for DRDC fund calculation (D;) is taken directly proportional to the
Thrust scores.

D; = Weightsy x Thrust Scores(2009-2010)

The benefit function Cj; includes the initial resource assignment of FTEs. However, in the
D; calculations, the budget allocation of 2009-10 fiscal year was ignored. This decision
was taken after studying the amounts of DRDC funds in both fiscal years. The values
were not consistent enough to make logical conclusions on their possible relationship.
However, based on the current practice at DRDC, the amount of DND funds influence
the decision for DRDC fund allocation.

Appendix C—Linear Programming Data Elements”, contains the computed values for the
C;j and D;matrices. The data from CPME, covering two consecutive fiscal years was used
to calculate the missing component in the LP formula, which were the weights for criteria
scores in CPME. Now the LP framework is complete and ready to find an optimum
solution for resource allocation. However, in the above computations, the Thrust scores
yet to be defined. Through CPME, scores for projects were provided, but in the LP
formulation, Thrust scores are utilized. The following pages discuss the steps to compute
scores for Thrusts.

Computing Thrust scores

In computing the benefit function above, Thrust scores are taken into consideration.
However, the scores provided in CPME for criteria in are for the individual projects. The
LP model requires the scores at the Thrust level. Thus, there is a need to convert Project
scores to values that capture the quality of each Thrust with respect to the nine criteria.
For example, Table D4 displays the score values for Projects 1 to 9 attributed to Thrust 1.
The arithmetic mean is used to compute the average of the scores of the projects for each
criterion for that Thrust. These mean values could be used to represent the scores for
Thrust 1.
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Table D4. Average score for criteria for Thrust 1 by arithmetic mean

. Potential for DS'_I"s DS'_I"s )

Mlara | GFroiect | Exloftation | qgiorapie - | DoTo | IOI%Ct | (Ericiont | (Efciont | DST

Problems Stakeholder Rating Schedule Budget Evaluation

Commitment Mgt) Mgt)

Project1 5 4 0 3 3 5 5 5 5
Project2 4 4 5 5 5 4 4 5 4
Project3 4 4 0 4 3 4 4 5 5
Project4 5 3 0 3 4 5 3 5 3
Project5 5 5 5 3 4 4 3 5 4
Project6 4 3 0 3 3 3 3 5 3
Project7 4 4 5 4 3 5 3 5 4
Project8 4 3 0 3 3 1 1 5 2
Project9 5 4 0 2 3 3 1 5 3
Average
e 444 | 378 1.67 333 | 344 378 3 5| 367
Thrust 1

There are 3 main methods to produce an average for each criterion for the projects within
a Thrust, which are mean, median and mode.

These different statistical single point measures are applied to Project scores to yield
representative Thrusts scores depending on the characteristics of the data. In order to
select between the choices of which measure is most relevant here, further processing of
the data and analysis of their distribution is required. Appendix A—“CPME Data
Analysis”, contains the data analysis and tables of the mean, median and mode score
values attributed to each Thrust.

A/ﬂk

Mean / T '\Mode Median/T'\ Mean Mode/ T\Mean
Median Mode Median
Left skewed Symmetric Rightkensad

Figure D1. Types of distribution functions (Source: Weiss, 1999)

As shown in Figure D1, when the distribution (i.e., of Project scores for a single Thrust)
is right-skewed, the values are concentrated at the left. In this case the mean is located to
the right of both median and mode. Whereas, when the distribution is left-skewed and
values are more concentrated to the right, the mean is located to the left of both median
and mode. Similarly, the mode is greatly influenced by the high frequency of a single
value while the mean is affected by extreme values. To avoid these difficult responses
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when score distributions are skewed, the median (which is less affected) is often
considered as a less biased single point measure. The median is between the mean and
mode measures, and is considered to dampen the effects of both frequency and extremity
of data (Levin, 1987 and Berenson et. al, 1988).

Table D5 contains the mean and standard deviation for the scores in each category across
all projects. These values are calculated based on all the raw data at the Project level from
CPME. However, the ‘Exploitation Plan’ is marked as a Yes/No and the mean is
calculated as the ratio of “Yes’ scores (=1, otherwise 0) to the total number of projects.

Table D5. Mean and standard deviation of Thrust scores

Hard Project Exploitation Potential L Project | Schedule | Budget lit
Problems | Originality Plan for uptake everage Scope Mgt Mgt Quality
Mean 3.71 3.64 0.46 3.28 3.19 | 3.75 381 4.78 3.12
Standard
deviation 0.50 0.32 0.50 0.65 0.75] 045 0.50 | 0.27 0.42

There are 3 categories of distributions detected in the data. The first group of data are
slightly left-skewed as displayed in Figure D2 for alignment to “Hard Problems”. For this
case, the Project scores distribution graph is not completely symmetrical. Weiss (1999)
indicates that it is not necessary to insist on precise symmetry to classify a distribution as
normal and to assume normality in functional form. Therefore, in cases like Figure D2,
the mean is used for this group of project scores to calculate a representative score value
for each Thrust. The variables deemed slightly left skewed are Hard Problems,
Originality and Schedule Management.

Density Function, Hard Problems
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Figure D2. Distribution function for “Hard Problems” criterion Project scores (Source:
DRDC, 2011b).
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The calculated values for mean, median and mode for these criteria are shown in Table

De.

Table D6. Values of mean, median and mode for left-skewed data of scoring criteria

Criteria Mean Median | Mode
Alignment to Hard Problems 3.7185 |4 4
Originality 3.6814 |4 4
Schedule Management 3.7888 | 4 4

The second class of distributions detected in the data are normal. Figure D3Figure
displays the distribution function for “Potential for Uptake”. Therefore, in cases like

Figure D3, the mean is used for this group of project scores to calculate a representative

score value for each Thrust.

Other groups of data that demonstrate the same characteristics as Potential for Uptake are

Quality and Leverage.

Density Function, Potential for uptake

Freguency
0 20 40 60 80
|

Project Scores

Figure D3. Near symmetric distribution function of “Potential for Update” criterion
Project scores (Source: DRDC, 2011b)

Table D7 shows close values of the corresponding means, medians and modes for the

near-symmetric criteria Project scores. In this case, the mean value is selected to calculate

the single point score for each Thrust.
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Table D7. Values of mean and median for near-symmetric data of scoring criteria

Criteria Mean Median | Mode
Potential for Uptake 32593 |3 3
Quality 3.1407 |3 3
Leverage 3.3222 |35 4

The last group that displays definite skewness includes Budget Management and Scope.
Figure D4 shows the extremely left-skewed plot.

Density Function, Budget Management
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Figure D4. Distribution function for “Budget Management” criterion Project scores

Project Scores

(Source: DRDC, 2011b)

Feedback from DRDC indicates that this is quite normal for Budget Management

distribution across Project as this criterion is always dealt with diligently and monitored
to ensure compliance by all projects. Given the skewed distribution, the median value is
used for the Budget Management and Scope criteria Project scores to compute an average
value for Thrusts. Values of mean, median and mode for Budget Management and Scope

are displayed in Table DS.

Table D8. Mean and Median of left-skewed data

Criteria Mean Median | Mode
Budget Management 4.7256 5 5
Scope 3.7548 4 4
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The Exploitation Plan is a unique criterion as it contains only Boolean values. Arithmetic
mean can be calculated by dividing the total number of ‘Yes’ scores by the total number
of projects. However, the median and mode values for Exploitation Plan are found to be
zero.

Finally, Table D9 captures the values of the nine Project scoring criteria assigned to each

Thrust in the formulated LP model. The “Overall Score” is calculated based on identical
weighting of the criteria. The ‘Overall Score’ is the average of all 9 scores by Thrusts.
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Table D9. Thrusts scores for 2009-10 (combined) based on the single point measures
from the distribution of Project scores by Thrust.

hust | Proble | Orin | EApa | O | | Proect | Shedute | Budset || Qera
ms ality uptake
1 4.44 3.78 0.33 3.33 3.44 4.00 | 3.00 5.00 | 3.67 3.59
2 4.00 3.93 0.41 3.53 2.80 4.00 | 3.07 4.00 | 3.73 3.46
3 4.00 3.75 0.29 3.17 3.33 4.00 3.83 5.00 3.25 3.53
4 3.90 3.40 0.17 3.10 3.30 3.50 | 4.20 5.00 | 3.00 3.36
5 3.29 3.43 0.00 3.00 2.14 3.00 | 3.29 5.00 | 2.86 2.89
6 3.63 3.63 0.47 3.94 3.69 3.00 | 3.19 5.00 |3.25 3.52
7 2.60 3.20 0.45 3.80 3.20 4.00 | 3.00 5.00 | 2.80 3.32
8 3.33 3.83 0.43 2.67 2.00 4.00 4.50 5.00 3.17 3.40
9 4.67 3.00 0.00 4.67 1.33 3.00 | 3.67 5.00 |3.33 3.19
10 3.43 4.14 0.11 3.29 2.71 5.00 4.57 5.00 2.71 3.49
1 3.86 4.00 0.31 3.43 3.57 4.00 | 4.14 5.00 | 2.57 3.57
12 3.78 3.56 0.54 3.89 2.00 4.00 | 4.11 5.00 | 2.67 3.52
13 4.11 3.89 0.26 3.39 4.33 4.00 | 4.22 4.00 | 3.28 3.62
14 3.78 3.89 0.45 3.11 3.11 4.00 | 3.56 5.00 | 2.56 3.48
15 3.75 3.50 0.75 3.75 2.75 4.00 4.25 5.00 3.50 3.81
16 4.00 4.00 0.45 3.40 3.40 4.00 | 3.70 5.00 | 2.90 3.63
17 3.91 3.73 0.55 3.73 4.45 4.00 | 391 5.00 | 3.55 3.89
18 3.00 3.67 1.00 2.67 3.50 5.00 | 3.83 4.50 | 2.50 3.74
19 3.13 3.38 1.00 2.50 4.00 4.00 | 4.38 5.00 | 238 3.75
20 3.25 3.50 0.44 2.38 3.13 3.00 3.50 4.00 3.00 3.11
21 4.00 3.00 0.67 3.60 3.60 4.00 | 3.60 5.00 | 2.80 3.66
22 4.50 3.88 1.00 4.50 3.38 4.00 4.00 5.00 4.13 4.27
23 3.50 3.25 1.00 4.25 3.25 4.00 | 4.00 5.00 |3.75 4.00
24 2.90 3.50 1.00 3.60 3.70 3.00 | 420 5.00 | 3.00 3.77
25 3.00 3.10 0.09 2.10 2.30 3.00 | 440 5.00 | 3.00 2.93
26 3.86 3.64 0.47 243 3.86 4.00 | 4.57 5.00 ]3.21 3.66
27 4.00 3.88 0.11 2.75 2.63 4.00 3.25 5.00 3.38 3.27
28 4.43 4.14 0.22 243 2.57 2.00 | 4.00 5.00 | 3.14 3.20
29 3.50 3.75 0.46 2.50 4.13 5.00 | 2.88 5.00 | 3.00 3.56
30 3.82 4.00 0.43 3.55 4.09 4.00 | 345 5.00 | 345 3.72

Selecting projects within Thrusts

There are two sets of data available which are for fiscal years 2009-2010 and 2010-2011.
All Projects listed in the CPME have a start and end date. It is observed that some
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projects are listed in 2009-2010 that are not present in 2010-2011, and vice versa. Two
ways for selecting projects within Thrusts (to calculate an overall score in each category
for each Thrust) are investigated next.

There are 429 Projects listed for the 2009-2010 fiscal year and 114 are initially
eliminated because of missing ranking information, project details, or both. For the first
set of analysis, only a set of projects are chosen that are continued to the second fiscal
year, a total of 270 projects. This will allow specific analysis of the influence of
performance scores in resource assignments in the second year for the ongoing projects.

Figure D5 displays the allocated DRDC funds to the ongoing Thrusts based on total
project funding in both fiscal years along with their scores in 09-10.

DRDC Funds vs. Ratings for ongoing projects in thrusts
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Figure DS. DRDC funds in 09-10 and 10-11 versus ratings in 09-10, ongoing projects
(Source: DRDC, 2011b)

Next, the data for all the projects involved are evaluated. This time, the new projects
introduced in 2010-11, as well as completed projects in 2009-10 are taken into account, a
total of 315 projects. Figure D6 displays the DRDC fund for 2009-2010 and 2010-2011
with the Thrust scores 2009-2010. The Thrust scores are calculated as the mean of project
scores within each Thrust, with equal weights assigned to each score.

The graph in Figure D6 shows little difference compare to Figure D5. The relative rise

and fall of the funds over the two years is almost identical to when only ongoing projects
were considered in Figure DS5.
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DRDC Funds vs. Ratings for all projects in thrusts
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Figure D6. DRDC funds over 09-10 and 10-11 versus ratings in 09-10 for all projects
(Source: DRDC, 2011b)

Looking at the analysis of the data displayed in Figure D5 and Figure D6, there is not a
consistent pattern between ratings and resources. The expectation is that with good
ratings, both FTE and DRDC funds must increase or stay the same, but it is not always
the case. The reason they could stay the same is that Thrusts might not ask for more funds
or human resources. The quantities must always be in the context of what the requested
amounts are. Also, there are some Thrusts in 2010-2011 with FTE types that were not
part of the program in 2009-2010 and vice versa.

This can be explained by the change in project requirements as the project goes through
its phases. This should correct itself as the proposals by each Thrust indicating their FTE
and fund requirements are taken into account. This information is considered in the LP
formulation as constraints with upper values of each resource (FTE max) and lower
limits for each Thrust (FTE min). Therefore, if there are requirements for new FTE types
for certain Thrusts, it can be taken into account. However, the current trend in the
resource assignment is a mix of the ratings as well as management’s judgment which are
translated into decisions for Thrusts.

Another factor that can contribute to the value of Thrust scores is the importance of each
scoring criteria. The graphs in Figure D5 and Figure D6 are calculated with the
assumption that all scoring criteria are equally important. However, in reality, this is not
the case. This will indicate that some weighting of the criteria must be included. For
example, the consensus among DRDC managers is that “Alignment to Hard Problems” is
one of the more important criteria. The idea here is to adjust the weighting of each
criterion in order to explain the variation of resources from one year to another.

The LP problem is solved using the data for ongoing Projects. However, the assumption
here is that other new Projects do not have effects on existing ones. But in reality, every
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year some projects expire and new projects are introduced. Some new projects might be
deemed more important and draw away resources from others. In other words, our
assumptions taken to simplify the relationships can be misleading.
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Appendix E — LP Solutions

In this appendix the results of LP optimization software is presented. Screen shots of the
What'’s Best! report page is displayed, followed by the resource assignment tables
extracted from MS Excel formula sheets which are filled out by What s Best!.
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File Edit Miew Insert Format Tools Data Window WB! Help -8 X
E 7 Courier -9 - B I US=E=EBE $%E -d-A-?
B K2 i=x==8,

Al - A What'sBest'® 9.0.4.1 {Jul 01, 2009) - Library 5.0.1.411 - Status Report -

A B C i
1| What 'sBest!® 9.0.4.1 KJul 01, 2009) - Library 5.0.1.411 — Status Report |
2
3 | DATE GEHERATED: Jan 31, 2012 11:50 PH
a
5
6 | HODEL INFORMATION:

7

B CLASSIFICATION DATA Current Capacity Limits

9

10 Humerics 31413

11 Variables 126

12 Adjustables 360 g000

13 Constraints 17 4000

14 Integers-Binaries 00 a0o0 b
15 Honlinears I 800

16 Cosfficients 993

17

18 Hinimum coefficient wvalue: 0.097119450317125 on WEB Formula!FG7
19 Minimum coefficient in formula: WEB FormulalC2

20 Mazimum coefficient walus: 640 on <RHS:

21 Mazimum coefficient in formnula: WEB FormulalP74

22

23 | HODEL TYPE: Linear

24

25| SOLUTION STATUS: GLOBATLY OPTIMAT

26

27| OBJECTIVE VALUE: 41707 . 277212461

28

29| DIRECTION: Mazimize

30

31| SOLVER TYFPE:

32

33| TRIES: 1

34

35| INFEASIBILITY: 7.2759576141834e-012

36 -
M « » W[ WB! Status/ Datsbase_09-10_Values / 09-10 Average / Database_10-1 ]« | | Dol
Ready LM

Figure E1. Output of What’s Best! limited constraints

Table E1 contains the resource assignment as outputted by What's Best!.
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Table E1. FTE resource assignment with FTE min and FTE max removed

Thrusts | Typel | Type2 | Type3 | Type4 | Typeb | Type6 | Type7 | Type8 | Type9 | Typel10 | Typeli
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0
2 0.0 0.0 0.0 61.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 1.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0
5 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 75.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 48.0 0.0 0.0 0.0 0.0 0.0
8 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0
10 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 40.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0 39.0 0.0 36.0 0.0 0.0
18 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 38.0 0.0
20 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 75.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66.0 0.0 0.0 0.0
27 27.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 51.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 7.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table E2. DRDC fund allocation along with D; benefit function with no constraints

Thrusts | Y; (M$) D;

1 $0.00 80.23
2 $0.00 77.07
3 $0.00 75.72
4 $0.00 71.42
5 $0.00 59.30
6 $0.00 77.41
7 $0.00 72.29
8 $0.00 74.29
9 $0.00 69.64
10 $0.00 74.04
1 $0.00 79.87
12 $0.00 77.24
13 $0.00 84.14
14 $0.00 77.74
15 $0.00 85.91
16 $0.00 81.18
17 $0.00 89.41
18 $0.00 86.45
19 $0.00 88.20
20 $0.00 73.22
21 $0.00 85.35
22 $100.00 100.00
23 $0.00 91.87
24 $0.00 85.32
25 $0.00 61.44
26 $0.00 84.48
27 $0.00 72.48
28 $0.00 72.80
29 $0.00 83.37
30 $0.00 85.16
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Table E3. FTE resource assignment with no constraints for Thrusts

Thrusts | Typel | Type2 | Type3 | Type4 | Typeb | Type6 | Type7 | Type8 | Type9 | Typel10 | Typeli
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 71.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 | 105.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 84.0 0.0 0.0 0.0 0.0 0.0
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0 24.0 0.0 72.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 42.0 0.0
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 89.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.0 0.0 0.0 0.0
27 24.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 59.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table E4. DRDC fund allocation along with D; benefit function with no constraints

Thrusts | Y; (M$) D;

1 $0.00 80.23
2 $0.00 77.07
3 $0.00 75.72
4 $0.00 71.42
5 $0.00 59.30
6 $0.00 77.41
7 $0.00 72.29
8 $0.00 74.29
9 $0.00 69.64
10 $0.00 74.04
11 $0.00 79.87
12 $0.00 77.24
13 $0.00 84.14
14 $0.00 77.74
15 $0.00 85.91
16 $0.00 81.18
17 $0.00 89.41
18 $0.00 86.45
19 $0.00 88.20
20 $0.00 73.22
21 $0.00 85.35
22 $100.00 100.00
23 $0.00 91.87
24 $0.00 85.32
25 $0.00 61.44
26 $0.00 84.48
27 $0.00 72.48
28 $0.00 72.80
29 $0.00 83.37
30 $0.00 85.16
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@ File Edit View Insert Format Tools Data Window WB! Help -0 X
[ Z - Courier - 9 -lB I U EE=EE % | = _viﬁ}'viv}:
BE K2 === B,
Al - A What'sBestl® 9.0.4.1 (Jul 01, 2009) - Library 5.0.1.411 - Status Report -
A B C =l
1 | What'sBest!® 9.0.4.1 KJul 01, 2009) — Librarv 5.0.1.411 - Status Report |
2
3 | DATE GENERATED: Feb 01, 2012 10:44 FH
4
5
6 | HODEL INFORMATIOHN:
7
] CLASSIFICATICN DATA Current Capacity Limits
9
10 Humerics 31467
11 Variables 1236
12 Adjustables 360 aoon
13 Constraints= 797 4000
14 Integers~Binaries a0 200 b
15 Honlinears 0 a0a
16 Cosfficients 2913
17
18 Minimum cosfficient wvalue: 0.097119450317125 on WB Formula!FG7
19 Minimum coefficient in formula: WE FormulalC2
20 Mazimun cosfficient wvalue: 640 on <RHS:
21 Mazimumn cosfficient in formula: WEB FormulalP74
22
23| MODEL TY¥PE: Linear
24
25| SOLUTICH STATUS: GLOBALLY COPTIMAL
26
27| OBJECTIVE VALUE: 23026 .5884381
28
29| DIRECTION: Hazinize
30
31| SOLVER TYPE:
32
33| TRIES: 16
34
35| INFEASIBILITY: 1.818989403545%9=-012
36 -
M 4 » W[, WB! Status, Database_09-10_Values  09-10 Average / Database_10-1] 4| | [
Ready NUM

Figure E2. Solution sheet by What’s Best! in MS Excel, with all constraints
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Table E5. FTE resource assignment with solution with all constraints

Thrusts | Typel | Type2 | Type3 | Type4 | Typeb | Typeb6 | Type7 | Type8 | Type9 | Typel10 | Typeld
1 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 17.0
2 1.5 0.0 0.0 16.5 0.0 0.0 1.5 0.0 0.0 0.0 1.5
3 0.0 0.0 3.5 0.0 0.0 0.0 0.0 26.0 2.0 1.5 0.0
4 1.5 1.5 4.5 2.0 1.5 1.5 3.5 1.5 6.5 1.5 0.0
5 5.0 0.0 1.5 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 2.0 1.5 24.0 25 4.0 2.0 0.0 0.0 6.0 8.0 1.5
7 1.5 0.0 1.5 4.0 0.0 30.0 1.5 0.0 5.5 0.0 0.0
8 5.5 0.0 3.5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 1.5 5.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0
10 2.5 4.0 0.0 2.0 0.0 1.5 0.0 1.5 0.0 2.0 2.0
11 3.0 7.0 4.5 1.5 2.0 1.5 1.5 0.0 1.5 0.0 0.0
12 0.0 0.0 1.5 1.5 1.5 1.5 4.0 4.5 2.0 1.5 0.0
13 2.0 4.0 2.0 1.5 0.0 1.5 6.0 8.5 12.5 2.5 1.5
14 1.5 0.0 1.5 1.5 25 3.5 5.5 1.5 4.5 0.0 0.0
15 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 7.5 1.5 0.0 0.0 1.5 1.5 0.0 0.0 0.0
17 1.5 0.0 2.5 1.5 1.5 0.0 5.5 1.5 17.0 0.0 0.0
18 0.0 0.0 0.0 4.5 1.5 0.0 0.0 0.0 1.5 1.5 0.0
19 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 3.0 0.0
20 3.5 1.5 1.5 1.5 1.5 0.0 1.5 0.0 0.0 2.0 0.0
21 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 0.0 2.5 1.5
22 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 1.5 27.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.5
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 18.0
25 1.5 0.0 0.0 1.5 0.0 0.0 0.0 1.5 0.0 8.5 2.0
26 0.0 0.0 0.0 0.0 1.5 0.0 0.0 30.0 0.0 2.0 1.5
27 4.5 0.0 1.5 25 0.0 0.0 0.0 0.0 0.0 1.5 3.0
28 2.5 24.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 2.5 9.5 0.0 1.5 0.0 1.5 0.0 2.0 1.5 2.0
30 3.5 6.0 21.0 3.0 1.5 1.5 2.0 1.5 1.5 0.0 0.0
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Table E6. DRDC fund allocation along with D; benefit function taking into account the

constraints

Thrusts Yi (M$) Di
1 $4.00 80.23
2 $2.10 77.07
3 $1.25 75.72
4 $1.30 71.42
5 $1.70 59.30
6 $2.30 77.41
7 $1.85 72.29
8 $1.50 74.29
9 $1.10 69.64
10 $2.50 74.04
1 $2.00 79.87
12 $2.50 77.24
13 $2.00 84.14
14 $0.25 77.74
15 $1.00 85.91
16 $1.15 81.18
17 $9.00 89.41
18 $0.90 86.45
19 $3.15 88.20
20 $1.60 73.22
21 $0.75 85.35
22 $0.20 100.00
23 $5.10 91.87
24 $1.70 85.32
25 $3.50 61.44
26 $1.05 84.48
27 $1.60 72.48
28 $1.00 72.80
29 $0.80 83.37
30 $1.15 85.16
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Appendix F — LP Sensitivity Analysis for FTE Types

Table F1. Dual values for the RHS of minimum constraints on FTE types for Thrusts

Thrusts Typel Type2 Type3 Type4 TypeS Typeb Type7 TypeS Type9 Typel0 Typell
1 0.00 0.00 0.00 -22.82 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 -40.02 | 0.00 0.00 0.00 0.00 0.00 -42.39 1 0.00 0.00 0.00 -36.78
3 0.00 0.00 -30.88 | 0.00 0.00 0.00 0.00 0.00 -38.52 | -39.16 0.00
4 -40.50 | -41.90 | -28.93 | -38.83 | -41.88 | -42.39 | -30.82 | -45.61 | -17.38 | -39.20 0.00
5 -26.92 | 0.00 -42.09 | -34.04 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -38.34 | -41.62 | 0.00 -31.39 | -27.78 | -37.30 | 0.00 0.00 -34.44 | -36.76 -39.71
7 -40.90 | 0.00 -39.83 | -25.71 | 0.00 0.00 -40.95 | 0.00 -16.84 | 0.00 0.00
8 -18.94 | 0.00 -27.64 | -40.24 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 -41.09 | -31.46 | 0.00 0.00 -38.06 | 0.00 0.00 0.00 0.00
10 -34.19 | -20.90 | 0.00 -38.81 | 0.00 -42.39 | 0.00 -44.45 | 0.00 -36.59 -36.36
11 -30.75 | -3.03 -16.45 | -42.10 | -38.16 | -42.39 | -40.20 | 0.00 -45.61 | 0.00 0.00
12 0.00 0.00 -39.54 | -41.63 | -41.02 | -40.87 | -26.28 | -25.58 | -42.26 | -37.89 0.00
13 -34.44 | -21.28 | -35.77 | -39.58 | 0.00 -42.10 | -16.51 | -0.92 0.00 -31.55 -39.12
14 -41.98 | 0.00 -42.28 | -42.24 | -29.88 | -29.88 | -15.39 | -43.14 | -21.96 | 0.00 0.00
15 0.00 0.00 0.00 -7.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 0.00 0.00 -1.90 -40.97 | 0.00 0.00 -40.49 | -45.45 | 0.00 0.00 0.00
17 -41.19 | 0.00 -20.71 | -42.39 | -40.40 | 0.00 -2.52 -42.34 | 0.00 0.00 0.00
18 0.00 0.00 0.00 -18.70 | -38.98 | 0.00 0.00 0.00 -44.80 | -38.91 0.00
19 0.00 0.00 0.00 0.00 0.00 -38.83 | 0.00 0.00 0.00 -9.36 0.00
20 -22.37 | -39.99 | -41.99 | -41.68 | -42.39 | 0.00 -42.25 | 0.00 0.00 -37.99 0.00
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -32.03 -32.53
22 0.00 0.00 0.00 -39.91 | 0.00 0.00 0.00 0.00 0.00 -38.38 0.00
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -32.87 0.00
25 -39.12 | 0.00 0.00 -40.15 | 0.00 0.00 0.00 -45.20 | 0.00 -23.82 -36.96
26 0.00 0.00 0.00 0.00 -42.07 | 0.00 0.00 0.00 0.00 -36.22 -39.71
27 -22.29 1 0.00 -41.03 | -35.69 | 0.00 0.00 0.00 0.00 0.00 -39.48 -35.17
28 -35.63 | 0.00 0.00 -41.26 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 0.00 -28.56 | 0.00 0.00 -42.23 | 0.00 -41.42 | 0.00 -40.12 | -39.07 -32.29
30 -32.55 | -8.39 0.00 -28.29 | -40.27 | -41.58 | -34.88 | -45.61 | -45.61 | 0.00 0.00
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Table F2. Dual values for the RHS of maximum constraints on FTE types for Thrusts

Thrusts | Typel | Type2 | Type3 | Typed4 | TypeS | Type6 | Type7 | TypeS | Type9 | TypelQ | Typell
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.62
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 50.12 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 35.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 45.75 0.00 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 14.92 0.00 0.00
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
21 0.00 0.00 0.00 2.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 58.22
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 24.34
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 90.77 0.00 0.00 0.00
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 0.00 5.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 0.00 0.00 15.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

160




Table F3. Dual values for the adjustable cells

Thrusts | Typel | Type2 | Type3 | Typed4 | TypeS | Type6 | Type7 | TypeS | Type9 | TypelQ | Typell
1 42.28 42.28 42.28 0.00 42.39 42.39 42.39 45.61 45.61 39.71 0.00
2 0.00 42.28 42.28 0.00 42.39 42.39 0.00 45.61 45.61 39.71 0.00
3 42.28 42.28 0.00 42.39 42.39 42.39 42.39 0.00 0.00 0.00 39.71
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.71
5 0.00 42.28 0.00 0.00 42.39 42.39 42.39 45.61 45.61 39.71 39.71
6 0.00 0.00 0.00 0.00 0.00 0.00 42.39 9.33 0.00 0.00 0.00
7 0.00 42.28 0.00 0.00 41.63 0.00 0.00 45.61 0.00 39.71 39.71
8 0.00 42.28 0.00 0.00 42.39 42.39 42.39 45.61 45.61 39.71 39.71
9 42.28 41.88 0.00 0.00 42.39 42.39 0.00 45.61 45.61 39.71 37.73
10 0.00 0.00 42.28 0.00 42.39 0.00 42.39 0.00 45.61 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 45.61 0.00 39.71 39.71
12 41.67 42.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.71
13 0.00 0.00 0.00 0.00 42.10 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 42.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.71 39.71
15 42.28 42.28 42.28 0.00 42.39 42.39 42.39 45.61 45.61 39.71 39.71
16 42.28 42.28 0.00 0.00 42.39 42.39 0.00 0.00 45.61 39.71 39.71
17 0.00 42.28 0.00 0.00 0.00 42.39 0.00 0.00 0.00 39.71 39.71
18 42.28 42.28 42.28 0.00 0.00 42.39 42.39 45.61 0.00 0.00 39.71
19 42.28 42.28 42.28 42.22 42.39 0.00 42.39 45.61 45.61 0.00 39.71

20 0.00 0.00 0.00 0.00 0.00 42.39 0.00 45.61 45.61 0.00 39.71
21 42.28 42.28 42.28 0.00 42.39 42.39 42.39 45.61 45.61 0.00 0.00
22 42.28 42.28 42.28 0.00 42.39 42.39 42.39 45.61 45.61 0.00 0.00
23 42.28 42.28 42.28 42.39 42.39 42.39 42.39 45.61 45.61 39.71 0.00
24 42.28 42.28 42.28 42.39 42.39 42.39 42.39 45.61 45.61 0.00 0.00
25 0.00 42.28 42.28 0.00 42.39 42.39 42.39 0.00 45.61 0.00 0.00
26 42.28 42.28 42.28 42.39 0.00 42.39 42.39 0.00 45.61 0.00 0.00
27 0.00 42.28 0.00 0.00 42.39 42.39 42.39 45.61 45.61 0.00 0.00
28 0.00 0.00 42.03 0.00 42.39 42.39 42.39 45.61 45.61 39.71 39.71
29 41.31 0.00 0.00 42.39 0.00 42.39 0.00 45.61 0.00 0.00 0.00
30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.71 39.71

161




Appendix G — LP Results Analysis

Solution with limited Constraints

The logic behind the LP algorithm is to place resources where most benefit is gained.
This is displayed with our model solved in What’s Best! with some constraints being
removed from the original complete formulation of Section 3.3. Table G1 below isplays a
feasible solution with limited constraints where the minimum and maximum restrictions
on specific type assignment have been eliminated.
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Table G1. LP limited constraints solution of FTE resource assignment by type with
FTE min and FTE max restrictions removed

Thrusts | Typel | Type2 | Type3 | Typed | TypesS | Type6 | Type7 | Type8 | Type9 | TypelO | Typell
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0
2 0.0 0.0 0.0 13.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 40.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0
5 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.0
6 0.0 0.0 75.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 75.0 0.0 0.0 0.0 0.0 0.0
8 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0
10 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.0 0.0 0.0
18 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.0 0.0

20 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 75.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 75.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 26.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 75.0 0.0 0.0 0.0
27 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 55.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 28.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

The results indicate that each of the 30 Thrusts is assigned a minimum of 4 and maximum
of 75 FTEs in this model run, as per the Thrust constraints. As well, the FTE resources
are assigned to the FTE Type/Thrust combination that yields the highest benefit value in
the objective function matrix Cj;. The LP algorithm only assigns one FTE type to each
Thrust because allocating FTEs of other types with equal or lower benefit does not
improve the objective function. However, in Table G1, Thrust 5 has its minimum share
made up of two different FTE types. This is caused by the constraints of the FTEs of
multiple skill types (section 3.3 LP Formulation, constraint number 6).

Next, LP results for the model with the constraints removed on the limits for total FTE
assignment for each Thrust. These results are displayed in Table G2.
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Table G2. FTE resource assignment with no constraints for Thrusts

Thrusts | Typel | Type2 | Type3 | Typed | TypeS | Type6 | Type7 | Type8 | Type9 | TypelO | Typell
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 00 ] 111.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 99.0 0.0 0.0 0.0 0.0 0.0
8 14.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 27.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 22.0 0.0

20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 80.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 109.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ] 1150 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 63.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Comparing Table G1 and Table G2 above, it is evident that the resources tend to
concentrate on cells with the highest value in the corresponding cell in Cj;, the component
of the benefit function. The only constraint in Table G2 is the number of available FTEs
in different types. The value of the objective function for results of Table G1 (limited
constraints) is 58,119 benefit units, and for results of Table G2 (no constraints) is 63,891
benefit units. Thus, the Z value has increased as expected.

In Table G2, there are 21 Thrusts that have no FTEs assigned to them. The Thrusts with
lowest assigned FTEs in Table G1 (who have lower benefit value) are the first to lose
their resource allocations in the LP calculations with no constraints of Table G2. Once
again only one type is awarded to each Thrust, i.e., the type with the highest benefit
value.
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Constrainted Problems Solutions

The results of the LP models with all the pertinent constraints that were introduced are

presented next. Table G3 displays the results of the solution copied from What’s Best! in

MS-Excel for the fully constrained problem as defined in Section 3.3.

Table G3. LP constrained solution FTE resource assignment by Thrusts and FTE Type

Thrusts | Typel | Type2 | Type3 | Type4 | Type5 | Type6 | Type7 | TypeS | Type9 | TypelO | Typell
1 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 17.0
2 1.5 0.0 0.0 12.0 0.0 0.0 1.5 0.0 0.0 0.0 1.5
3 0.0 0.0 3.5 0.0 0.0 0.0 0.0 26.0 2.0 1.5 0.0
4 1.5 1.5 4.5 2.0 1.5 1.5 3.5 1.5 6.5 1.5 0.0
5 5.0 0.0 1.5 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 2.0 1.5 24.0 2.5 4.0 2.0 0.0 0.0 6.0 8.0 1.5
7 1.5 0.0 1.5 4.0 0.0 30.0 1.5 0.0 5.5 0.0 0.0
8 5.5 0.0 3.5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 1.5 5.0 0.0 0.0 2.0 0.0 0.0 0.0 0.0
10 2.5 4.0 0.0 2.0 0.0 1.5 0.0 1.5 0.0 2.0 2.0
1 3.0 7.0 4.5 1.5 2.0 1.5 1.5 0.0 1.5 0.0 0.0
12 0.0 0.0 1.5 1.5 1.5 1.5 4.0 4.5 2.0 1.5 0.0
13 2.0 4.0 2.0 1.5 0.0 1.5 6.0 8.5 12.5 2.5 1.5
14 1.5 0.0 1.5 1.5 2.5 3.5 5.5 1.5 4.5 0.0 0.0
15 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 7.5 1.5 0.0 0.0 1.5 1.5 0.0 0.0 0.0
17 1.5 0.0 2.5 1.5 1.5 0.0 5.5 1.5 17.0 0.0 0.0
18 0.0 0.0 0.0 4.5 1.5 0.0 0.0 0.0 1.5 1.5 0.0
19 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 3.0 0.0
20 3.5 1.5 1.5 1.5 1.5 0.0 1.5 0.0 0.0 2.0 0.0
21 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 2.5 1.5
22 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 1.5 27.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.5
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 18.0
25 1.5 0.0 0.0 1.5 0.0 0.0 0.0 1.5 0.0 8.5 2.0
26 0.0 0.0 0.0 0.0 1.5 0.0 0.0 30.0 0.0 2.0 1.5
27 4.5 0.0 1.5 2.5 0.0 0.0 0.0 0.0 0.0 1.5 3.0
28 2.5 24.0 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 2.5 9.5 0.0 1.5 0.0 1.5 0.0 2.0 1.5 2.0
30 3.5 6.0 21.0 3.0 1.5 1.5 2.0 1.5 1.5 0.0 0.0

Comparing the results of the fully constrained LP solution decision variables of Table G3
with those of Table G1 and Table G2, it is observed that the complete LP model solution

1s more distributed across the FTE Types and Thrusts, satisfying all the constraints for

minimum and maximum Thrust allocations, and minimum and maximum FTE allocations
by type. It answers to the minimum needs of all Thrusts as specified and places the

remainder of resources where most benefit is obtained up to the specified maximums.
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Table G4 also displays the same trend in DRDC funds allocation based on the funds
minimum and maximum constraints by Thrusts. Thrust 1 is the only Thrust that its share
is intermediate (“Inter”), i.e., somewhere between its requested fund and the minimum
guaranteed allocation. All the rest either have received the minimum or have been
awarded the amount they requested.

Table G4. DRDC funds allocation, Y; and D; benefits function by Thrusts i from the fully
constrained LP problem

Thrusts Y; (M$) D; Min/Inter/Max
1 0.55 301.11 Inter
2 0.75 292.96 Min
3 0.85 277.96 Min
4 1.00 254.30 Min
5 0.75 192.00 Min
6 2.00 328.31 Max
7 1.50 306.04 Max
8 0.80 276.24 Min
9 0.25 198.00 Min
10 0.65 231.10 Min
11 0.25 291.86 Max
12 1.20 303.92 Max
13 1.50 295.76 Min
14 1.30 305.08 Max
15 0.75 366.75 Max
16 1.50 316.74 Max
17 1.30 362.45 Max
18 1.30 401.50 Max
19 2.00 418.63 Max
20 0.90 286.54 Min
21 0.60 359.20 Max
22 1.30 44375 Max
23 0.60 430.25 Max
24 1.40 427.90 Max
25 0.65 203.73 Min
26 2.50 317.14 Max
27 1.05 227.17 Min
28 1.30 250.90 Min
29 1.30 322.75 Max
30 2.20 326.48 Max

The complete output of the What’s Best! solution for the complete LP problem is
provided in Appendix C—Linear Programming Solutions”. This optimization problem
has taken the software 16 iterations, compared to 1 iteration in the reduced constraint
experiment (Table G1). The constraint equations are numbered at 797 with 360 cells to
optimize. The value of Z in the above solution is 37,045 benefit units, which is
considerably lower than the previous two cases. Now the LP is allocating resources to
Thrusts with lower benefit values in order to satisfy the added constraints.
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Actual 2010-2011 resource assignment

The actual resource assignment for the fiscal year 2010-2011 is presented for FTEs and
DRDC Funds by Thrusts in the table below. These data are obtained from CPME. Table

G5 contains the allocation of FTEs by DRDC among the 30 Thrusts.

Table G5. Actual FTE resource assignment in fiscal year 2010-2011 (DRDC, 2011b)

Thrusts | Typel | Type2 | Type3 | Typed | TypeS | Type6 | Type7 | Type8 | Type9 | TypelO | Typell
1 0.00| 000| 000| 328| 000| 0.00] 0.00] 0.00] 0.00 0.00 | 14.65
2 0.82| 0.00| 0.00]| 1886 | 0.00| 0.00| 0.00| 0.00] 0.00 0.00 0.45
3 0.00| 000| 460| 000| 0.00| 0.00] 0.00] 23.12 ] 1.40 0.20 0.00
4 0.50| 0.05| 6.60| 120| 020| 0.00| 4.55]| 0.00] 10.95 0.20 0.00
5 7.55| 000| 0.10| 345| 0.00| 0.00] 0.00| 0.00] 0.00 0.00 0.00
6 145 040] 21.16 | 295| 525 1.75] 0.00| 0.00| 9.10| 13.66 0.00
7 0.65| 000| 050| 540] 0.00| 2709| 0.01] 0.00 | 8&.55 0.00 0.00
8 9.00| 000| 500| 075] 0.00| 0.00] 0.00] 0.00] 0.00 0.00 0.00
9 0.00| 000| 035| 745| 0.00| 0.00] 1.82] 0.00] 0.00 0.00 0.00
10 265| 585 000 1.65]| 0.00| 0.00| 0.00| 0.50| 0.00 1.28 1.90
11 320 1145| 6.85| 040| 130| 0.00] 0.65| 0.00] 0.00 0.00 0.00
12 0.00| 000| 075| 020] 055] 025] 595| 643 1.40 0.95 0.00
13 145 535 1.58] 045] 0.00] 0.20] 9.99 | 14.58 | 19.06 2.15 0.28
14 030 0.00| 000| 0.10| 255| 450| 870] 090 | 6.45 0.00 0.00
15 0.00| 000| 000| 980| 000| 0.00] 0.00] 0.00] 0.00 0.00 0.00
16 0.00| 0.00) 1230| 0.25| 000, 0.00| 0.60| 0.10| 0.00 0.00 0.00
17 030 000| 262| 000| 055| 000| 890| 0.85] 14.25 0.00 0.00
18 0.00| 000| 000| 650| 080| 0.00] 0.00] 0.00] 0.20 0.40 0.00
19 0.00| 000| 000| 000| 000| 085] 0.00] 0.00] 0.00 3.38 0.00
20 480 0.70| 0.10| 0.20] 0.00| 0.00| 0.10| 0.00| 0.00 1.35 0.00
21 0.00| 000| 000| 670| 0.00| 0.00] 0.00] 0.00] 0.00 245 0.90
22 0.00| 000| 000| 045| 0.00| 0.00] 0.00] 0.00] 0.00 0.50 | 24.07
23 0.00| 000| 000| 000| 000| 0.00] 0.00] 0.00] 0.00 0.00| 11.70
24 0.00| 000| 000| 000| 000| 0.00] 0.00] 0.00] 0.00 1.25 15.40
25 1.00| 0.00]| 0.00| 095| 000| 0.00| 000| 065| 0.00| 1441 2.00
26 0.00| 000| 0.00| 0.00| 0.10| 0.00| 0.00] 27.61 | 0.00 1.10 0.00
27 670 | 0.00| 005| 270| 0.00| 0.00] 0.00] 0.00] 0.00 0.55 3.20
28 230) 21.19| 0.00| 0.60]| 0.00| 0.00| 0.00| 0.00| 0.00 0.00 0.00
29 0.00| 225]| 14.10| 0.00| 0.05| 0.00] 030] 0.00] 1.90 0.80 1.70
30 475] 930 1831 350| 0.60| 0.15| 1.85| 0.00] 0.00 0.00 0.00
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Table G6 contains the actual DRDC fund allocation among the Thrusts.

Table G6. Actual DRDC fund allocation for fiscal year 2010-2011 (Source: DRDC,
2011b)

Thrusts |  Y; (M$)
1 0.800
2 1.300
3 1.850
4 1.295
5 1.095
6 1.860
7 1.255
8 1.275
9 0.325
10 0.900
11 0.325
12 0.910
13 2.481
14 1.036
15 0.514
16 1.255
17 1.060
18 0.995
19 1.410
20 1.175
21 0.295
22 0.935
23 0.270
24 0.980
25 0.875
26 1.759
27 1.415
28 1.705
29 0.850
30 1.634

LP Sensitivity Analysis

In the DRDC problem the coefficients which are included in the benefit function were
estimated based on the resource assignment of previous years since these coefficients are
in fact not directly determinable from the actual process. Therefore, it is imperative to
know how changes in the coefficients can affect the output of the algorithm. Through
sensitivity analysis, robustness of the current solution (Table G3 and Table G4) can be
investigated. Sensitivity analysis determines the range of variation of the coefficients for
which the characteristics of the current solution remain optimal.
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Structural changes are not considered part of the sensitivity analysis (i.e. addition/deletion
of a variable or a constraint). Through sensitivity analysis, changes in the following
coefficients are investigated:

e Coefficients of the objective function (function Z in section 3.3 LP Formulation)
e The right-hand side (RHS) of the constraint equations (all constraints are listed in
section 3.3 LP Formulation)

The coefficients of the objective function correspond to the value of resources in the
DRDC problem, which is equivalent to the benefit function in this case. The right hand-
side of the constraint equations in DRDC problem is related to the availability of FTEs in
various aspects (Total FTEs available, total allowable FTEs for each Thrust, Total FTEs
available within each skill type, etc). Coefficients in the constraint equations provide
insight into the relationship between variables of the LP process from various angles. The
focus is on coefficients that entail some degree of uncertainty.

LP Elements for Sensitivity Analysis
RHS of constraints:

Constraints with respect to the FTEs are reliable data. They refer to the quantities of total
FTEs available, FTEs of certain types available and quantities of multi-tasking FTEs. The
second set of constraints involves the maximum and minimum allowable FTE assignment
to each Thrust. These values are extracted from previous years’ data and are not strictly
determined in the process, but rather are implicitly accounted for in subsequent allocation
years.

Coefficients of the objective function:

The most uncertain portion of the deterministic LP model is the benefit function which is
designed proportional to various indecisive factors including the weights of the scores of
criteria and resource assignment of the preceding year. This accounts for 360 coefficients.

The LP model allocates the minimum amount of required resources to all Thrusts and
then redistributes the remaining to the Thrusts with higher weights. Therefore inspecting
the LP solution of Table G4, it is observed that all Thrusts have either received what they
were asking for (the maximum amount) or are assigned the minimum amount. There is
only one Thrust (Thrust 1) that optimally receives an intermediary amount somewhere
between the minimum and the maximum. Increases in the values of coefficients do not
affect the values of the variables until the point where a Thrust with lower weight
(minimum limits) joins the upper weight class (maximum limits).
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Sensitivity of LP Results

What's Best! includes tools to provide valuable sensitivity information. One of the tools
provided which is termed ‘Dual Value’ computes the rate of improvement when the RHS
of a constraint is increased. The following groups for FTE type maximums are defined to
correspond to an individual who is capable of being several FTE types (either types 1-3,
4-7, 8-9 or 10-11). This is an interesting constraint since an FTE can be assigned to
multiple types in Thrusts and the rate of improvement in the objective function is not
dependent to a single Thrust/Type benefit value. The grouped FTE type upper bound
constraints are given by:

Group 1: Y Xin < FTE type Groupl max  (1<n<3)
Group 2: Y Xin < FTE type Group2 max  (4<n<7)
Group 3: Y Xin < FTE type Group3 max  (8<n<9)
Group 4: Y Xin < FTE type Group4 max  (10<n<l1)

The Dual Value sensitivity analysis tool for these constraints are presented in Table G7.

Table G7. Dual values for RHS of FTE type for groups constraints

Groups | ) X,; | FTE type Group max | Dual Value
1 188 188 2.59

2 179 179 2.68

3 142 142 5.89

4 131 131 0

The sensitivity results of Table G7 indicate that increasing the quantity of FTE of Group
3 (capable of being types 8 or 9) will produce the highest per unit benefit increase to our
objective function per unit increase in the FTE type maximum. Whereas, for an FTE
belonging to Group 4 (types 10 or 11), an increase in the FTE type group maximum
would have no effect on the current optimal solution. As mentioned, the dual value
displays the rate of change in the value of objective function with a unit increase in the
RHS in the pertinent constraint. As determined in the report, the Dual Values for the
RHS of the FTE group maximum can increase up to an additional 2.59 with addition of
each FTE units of Group 1 (types 1, 2 or 3).

Another set of constraints that are analyzed are the maximum values set for the DRDC
fund allocation. Performing the dual value analysis for these constraints, the Thrusts in
Table G8 all demonstrated gains in the objective value per unit increase in these
allocations limits by Thrust.
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Table G8. Dual values for the RHS of maximum fund constraints for Thrusts

Thrust Dual Value | Thrust | Dual Value
6 27.19 19 117.51

7 493 21 58.09

12 2.81 22 142.64

14 3.97 23 129.14

15 65.64 24 126.79

16 15.63 26 16.03

17 61.34 29 21.64

18 100.39 30 25.37

For example, relaxing the RHS in the constraint for Thrust 22 by increasing the allocation
maximum is deemed the most beneficial to our objective function with a unit benefit
increase of 142.64 per unit increase in the allocation maximums. All the remaining
Thrusts except Thrust 1 (which is awarded a fund between its minimum and maximum
bounds) have their dual value determined to be non-zero as in Table G8.

Table G9 contains the dual values for the minimum DRDC fund allocation. Thrust 5 has
the highest Dual Value (109.11), implying that decreasing the minimum constraint will
improve the objective function by the largest amount per unit increase in the minimum
fund constraint, while decreasing the minimum for Thrust 13 provides the lowest per unit
additional benefit.

Table G9. Dual values for the RHS of minimum fund constraints for Thrusts

Thrust Dual Value | Thrust | Dual Value
2 8.15 11 9.25

3 23.15 13 5.35

4 46.81 20 14.57

5 109.11 25 97.38

8 24.87 27 76.94

9 103.11 28 50.21

10 70.02

The same concept can be applied to the minimum and maximum constraints set for each
FTE type for Thrusts which is an 11x30 matrix. Some of the dual values of these two sets
of constraints are inevitability zero as the solutions are smaller than the RHS values.
Appendix F—“LP Sensitivity Analysis for FTE Types” contains the matrices for the dual
values of maximum and minimum FTE constraints. They suggest that increasing the
maximum allowed FTE would only result in a handful of Thrusts contributing to gain in
objective function. However, increasing the minimum quantity required for each Thrusts
results in reduction in the value of the objective function for many Thrusts. The latter is
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due to the fact that by increasing the minimum value, the LP solver is dictated to allocate
FTEs to Thrusts that do not necessarily contribute more benefit.
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Appendix H

— AHP Data Grids

This section contains the data grid as entered into Expert Choice and pairwise
comparisons data. The values in data grid are extracted from CPME and are the average
of values for projects within each Thrust.

Figure H1. Partial data grid in Expert Choice showing Scope, Hard Problems and

Originality
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Figure H2. Partial data grid in Expert Choice showing Leverage, Schedule management
and Budget management.
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The following pages include the tables collected from participant containing the pairwise
comparisons between criteria. The Consistency Ratio (CR) or inconsistency as displayed
here is calculated by Expert Choice upon entering these values in the software.

Pair-wise comparison by Participant 1:

Table H1. Pairwise comparison with respect to the Main Objective
Main Overall
Objective Accountability | Outcome | Quality
Design 5
Accountability
Outcome
Overall Quality

Inconsistency: 0.05

Table H2. Pairwise comparison with respect to Design
Hard
Problems | Originality
3 1

Hard
Problems

Inconsistency: 0.35

Table H3. Pairwise comparison with respect to Accountability

Schedule Budget
Accountability Management Management
Leverage 6 8

Schedule
Management

Budget Management
Inconsistency: 0.13

4

Table H4. Pairwise comparison with respect to Outcome
Exploitation Potential for
Plan Uptake

-5

Outcome
Exploitation Plan
Potential for
Uptake
Inconsistency: 0.00
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Pair-wise comparison by Participant 2:

Table H5. Pairwise comparison with respect to the Main Objective
Main Overall
Objective Accountability | Outcome | Quality
Design 1
Accountability
Outcome
Overall Quality

Inconsistency: 0.17

Table H6. Pairwise comparison with respect to Design
Hard
Problems | Originality
-7 -3

Hard
Problems

Inconsistency: 0.13

Table H7. Pairwise comparison with respect to Accountability

Schedule Budget

Accountability Management Management

Leverage 2

Schedule
Management

Budget Management
Inconsistency: 0.03

Table HS. Pairwise comparison with respect to Outcome

Exploitation Potential for
Outcome Plan Uptake
Exploitation Plan 1
Potential for
Uptake

Inconsistency: 0.00
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Pair-wise comparison by Participant 3:

Table H9. Pairwise comparison with respect to the Main Objective
Main Overall
Objective Accountability | Outcome | Quality

Design -3
Accountability
Outcome
Overall Quality
Inconsistency: 0.04

Table H10. Pairwise comparison with respect to Design
Project Hard
Design Problems | Originality
-5 3

Hard
Problems

Inconsistency: 0.13

Table H11. Pairwise comparison with respect to Accountability

Schedule Budget

Accountability Management Management

Leverage 3

Schedule
Management

Budget Management
Inconsistency: 0.04

Table H12. Pairwise comparison with respect to Outcome

Exploitation Potential for
Outcome Plan Uptake
Exploitation Plan 5
Potential for
Uptake

Inconsistency: 0.00
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Appendix I - AHP Alternative Ranking

Results of the phase I of the AHP methodology for the 5 groups of Thrusts are displayed
in the following pages. The values are extracted from Expert Choice.

Table I1.

Phase I AHP ranking results

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

High High Low Low DND Midrange

DND DRDC quantity fund DND and

fund fund of DRDC fund

scientists

Thrust Thrust Thrust Thrust Thrust

(Rank) (Rank) (Rank) (Rank) (Rank)

17 (0.200) | 30 (0.196) 23(0.259) | 24 (0.206) 22(0.214)

6 (0.183) 19 (0.189) 15(0.228) | 21 (0.180) 2(0.151)

13 (0.164) | 26 (0.172) 16 (0.186) | 1(0.178) 12 (0.139)

7(0.161) | 3(0.171) 18 (0.185) | 8(0.154) 29 (0.130)

20 (0.148) | 28 (0.150) 5(0.141) 9 (0.154) 14 (0.125)

4(0.143) | 25(0.121) 10 (0.128) 11(0.123)
27 (0.118)

Results of the phase Il of AHP methodology for all Thrusts. The values are extracted
from Expert Choice.

Table 12.

Phase II AHP ranking results

Phase II Thrust Groups | Thrusts Priority
Group 1 - Ranked First 17,30, 23, 24, 22 0.215
Group 2 - Ranked Second | 6, 19, 15, 21,2 0.184
Group 3 - Ranked Third 13,26,16,1, 12 0.167
Group 4 - Ranked Fourth | 7, 3,18, 8,9, 29 0.160
Group 5 - Ranked Fifth 20,28, 5,14 0.138
Group 6 - Ranked Sixth 4,25,10,11, 27 0.135
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Appendix J — ‘R’ Data Components for Clustering

The following pieces of code written in ‘R’ apply k-means algorithm and graph DBI,
cluster-compactness and between cluster separation.

Following are the Thrusts’ variables used for clustering as entered into R’s command
prompt:

Thrusts info=c(375000,10000,23,2123263,22.75,875000,362000,17,154
6640,16.99,1543000,1125900,42,3657537,22.84,1026000,6122000, 25,22
20132,17.45,1215000,366600,13,1155142,7.95,1578000,6374600,56,479
6937,24.25,1115000,3597090,51,4239183,25.26,880000,270000,15,1360
074,11.53,320000,0,10,840617,10,623000,205500,18,1563968,15.20,58
0000,749000,31,2852921,18.90,811000,2101350,25,2137862,13.34,2005
000,5573200,69,5602976,35.31,1025000,2074985,26,2296459,15.31,620
000,925000,10,905251,9.36,1018000,1004700,14,1343126,6.8,725000,6
350220,38,3332905,18.30,305000,80000,8,702840,5.95,1360000,128040
0,10,857537,2.93,1155000,2853000,10,8503%96,7.7,350000,0,17,146714
2,16.52,450000,455000,23,2014530,21.88,332000,200000,10,757403,9.
23,1013000,50000,21,1741114,15.52,1386000,135000,15,1272032,9.05,
2107000,167000,46,3661503,19.41,929500,658000,16,1458562,11.85,14
05000,150000,24,2131874,19.21,1109000,1943000,34,3019920,26.70,14
39000,1510000,41,3672196,27.08)

The following command structures the above data into a matrix of 30 rows and 5
columns:

Thrusts=matrix (Thrusts_ info,ncol=5,byrow=T)

The following code implements the Davies—Bouldin Index (DBI):
Davies.Bouldin.Index = function(CC,WSS,ClusterSize){

# The following code for DBI function is a personal #

# communication and was used with the author’s consent #
CC- Center of cluster

WSS - Within sum of squares

ClusterSize - Size of the cluster

HH = FH*

N = nrow (CC) # Number of clusters
= sgrt (WSS/ClusterSize) # inter cluster distance
M = as.matrix(dist (CC)) # get the dist between centers

n

# Get the ratio between intercluster/centre.dist
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Ratio = matrix(0,N,N)
for(i in 1:(N-1))
{
for(j in (i+1) :N)
{
Ratiol[i,j] = (S[il1+SI[j])/MI[1i,7]
Ratio[j,i] = Ratiol[i, j]
}
}

return (mean (apply (Ratio, 1, max)))

}

The following code conducts 10 runs of k-means with random initial conditions for
cluster sizes from 2 to 14. It graphs the plots of DBI along, cluster-compactness and

between cluster separations. Plots are shown on the following pages.

Cluster.Thrusts.kmeans:function(){

errs <- matrix(0,10,13)

DBI <- matrix(0,10,13)
separation <- matrix(0,10,13)
errs_sum <- rep(0,13)

DBI sum <- rep(0,13)
separation sum <- rep(0,13)
errs ave <- rep(0,13)

DBI ave <- rep(0,13)
separation ave <- rep(0,13)

#
for(j in 1:10){
for (i in 2:14) {
KM <- kmeans (thrusts, i, 10000)
errs([j,i-1] <- KMStot.withinss
DBI[]j,i-1] <- Davies.Bouldin.Index (KM$Scenters,
KMSsize)
separation[j,i-1] <- KMS$betweenss/KMS$Stotss
}
#

}

# Computing the average over 10 runs
for(j in 1:10)
for (i in 2:14) {
errs sum[i-1] <- errs sum[i-1]+ errs[j,i-1]
DBI sum[i-1] <- DBI sum[i-1]+ DBI[j,i-1]

KM$withinss,

separation sum[i-1] <- separation sum[i-1]+ separation[j,i-

1]
}
}

# Divide by 10
errs_ave <- errs_sum/10
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DBI ave <- DBI_sum/10
separation ave <- separation sum/10

par (mfrow=c(3,1))

plot(2:14, errs ave, main = paste("Total Whitin SS"),h xlab="Number
of centers")

lines(2:14, errs_ ave)

plot(2:14, DBI ave, main = paste("Davies-Bouldin
Index") ,xlab="Number of centers")
lines(2:14, DBI ave)

plot (2:14, separation ave, main =
paste ("Separation") ,xlab="Number of centers")
lines(2:14, separation_ave)

}
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Output of the above program is the average over 10 iterations:
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Figure J1. Average values of Total-within-sum-of-squares, DBI and Separation over 10
k-means iteration for cluster sizes between 2 and 14 for DRDC Thrust clustering

183



The following code runs the k-means algorithm for 5 clusters and 10,000 iterations. Our
data is stored in a matrix called Thrusts. Following is the output of the above
command. Size of the clusters, their means for each variable, clustering vector (cluster
label for each Thrust), within cluster sum of squares and degree of separation are
presented.

R> KM <-kmeans (Thrusts, 5, 10000)

R> KM
K-means clustering with 5 clusters of sizes 11, 5, 6, 5, 3

Cluster means:

[,1] [,2] [,3] [,4] [,5]
1l 629818.2 162045.5 16.90909 1477224 14.98000
2 1355600.0 1098980.0 38.80000 3372815 22.98600
3 1088083.3 728283.3 13.00000 1165275 7.99000
4 1289800.0 5603422.0 47.80000 4038427 24.11400
5 997000.0 2343111.7 20.33333 1761572 12.11667

Clustering vector:
[1] 11 243 4411125453341351111323122

Within cluster sum of squares by cluster:

[1] 4.325614e+12 3.791009e+12 1.627102e+12 1.332875e+13
1.70861lle+12

(between SS / total SS = 85.8 %)

Following commands obtains the total within sum of squares, DBI and Separation of the
above clustering results.

R> KMStot.withinss
[1] 2.478109e+13

R> Davies.Bouldin.Index (KMScenters, KMSwithinss, KMS$size)
[1] 1.013694

R> KMS$betweenss/KMStotss
[1] 0.8577414
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The following lines are executed in 'R* and resulting in the following Q-Q plots:

R>ggnorm (Thrusts
R> ggnorm (Thrusts
Thrusts
R> ggnorm (Thrusts
R> ggnorm (Thrusts

R> ggnorm
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Figure J2. Q-Q plot for DRDC Fund
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Figure J4. Q-Q plot for Total FTEs
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The point pattern in the above Q-Q plots for DND Leveraging, Total FTEs and FTEs
Budget are not linear. Therefore the above-mentioned criteria are not normally
distributed.

The following page displays the histograms for the five criteria. The graphs for DND

Leveraging, Total FTEs and FTEs Budget are skewed, resulting in conclusion that they
are not normally distributed.
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Appendix K — Fitness calculations for manual clustering

The following are the codes from ‘R’ to compute the DBI, total-within-cluster-sum-of-
squares and also separation (ratio of between-cluster-sum-of-squares to total-within-
cluster-sum-of-squares) for the manual clustering of Thrusts. Matrix Thrusts was
defined previously.

within.css=function () {

#Adding Thrust numbers to each row

row num <-
(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,2
5,26,27,28,29,30)

row_col <- matrix(row num,ncol=1,byrow=T)

Thrusts ¢ <- cbind(Thrusts,row col)

# Adding Thrusts numbers in a column

clusterl <-

cbind (Thrusts c[4,],Thrusts c[6,],Thrusts c[7,],Thrusts c[13,],Th
rusts c[17,],Thrusts c[20,])

clusterl <- t(clusterl)

cluster2 <-

cbind (Thrusts c[3,],Thrusts c[19,],Thrusts c[25,],Thrusts c[26,],
Thrusts c[28,],Thrusts_c[30,])

cluster2 <- t(cluster2)

cluster3 <-

cbind (Thrusts c[5,],Thrusts _c[15,],Thrusts c[16,],Thrusts c[18,],
Thrusts c[23,])

cluster3 <- t(cluster3d)

clusterd4 <-

cbind (Thrusts c[1,],Thrusts c[8,],Thrusts c[9,],Thrusts c[10,],Th
rusts _c[21,],Thrusts c[24,])

clusterd <- t(cluster4)

cluster5 <-

cbind (Thrusts c[2,],Thrusts c[11,],Thrusts c[12,],Thrusts c[14,],
Thrusts_c[22,],Thrusts_c[27,],Thrusts_c[29,])

cluster5 <- t(clusters)

#Calculating the mean of each column

meanl <-
cbind (mean (clusterl[,1]) ,mean (clusterl[,2]),mean(clusterl[,3]),6 me
an(clusterl[,4]) ,mean(clusterl[,5]))
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mean2 <-

cbind (mean (cluster2[,1]) ,mean (cluster2[,2]),mean(cluster2[,3]),6 me
an(cluster2[,4]) ,mean(cluster2[,5]))

mean3 <-

cbind (mean (cluster3[,1]) ,mean (cluster3[,2]),mean(cluster3[,3]),6 me
an(cluster3[,4]) ,mean(cluster3[,5]))

mean4d <-

cbind (mean (cluster4[,1]),mean(clusterd4[,2]),mean(cluster4[,3]) ,h me
an(cluster4[,4]) ,mean(cluster4[,5]))

meanb <-

cbind (mean (cluster5([,1]),mean (cluster5[,2]),mean(cluster5[,3]),6 me
an(cluster5([,4]) ,mean(cluster5([,5]))

meanALL <- cbind(meanl[1l,], mean2[1l,], mean3[1l,], mean4[1l,],
mean5([1,])

meanALL <- t (meanALL)

#Computing the total within sum of squares for Cluster 1
WCSS1l<- rep(0, 5)

for (i in 1:5)

{

for(j in 1:6)

{
WCSS1[i] = WCSS1[i] + (clusterl[j,il]-
meanl [i]) * (clusterl[j,i] -meanl[i])

}
}
#Computing the total within sum of squares for Cluster 2
WCSS2<- rep(0, 5)

for (i in 1:5)

{

for(j in 1:6)

{
WCSS2[1] = WCSS2[i] + (cluster2([j,i]-
mean2 [i]) * (cluster2[j,i] -mean2[i])

}
}

#Computing the total within sum of squares for Cluster 3
WCSS3<- rep (0, 5)

for (i in 1:5)

{

for(j in 1:5)

{
WCSS3[1i] = WCSS3[i] + (cluster3[j,il-
mean3 [i]) * (cluster3 [j,i] -mean3 [i])

}
}
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#Computing the total within sum of squares for Cluster 4
WCSS4<- rep(0, 5)

for (i in 1:5)

{

for(j in 1:6)

{
WCSS4 [1] = WCSS4[i] + (cluster4[j,i]-
mean4 [1]) * (cluster4 [j,i] -meand [i])

}
}

#Computing the total within sum of squares for Cluster 5
WCSS5<- rep (0, 5)

for (i in 1:5)

{

for(j in 1:7)

{
WCSS5[1] = WCSS5[i] + (cluster5[j,il-
mean5[i]) * (cluster5[j,i] -mean5[i])

}
}

WCSSALL <- cbind(WCSS1([], WCSS2([], WCSS3[], WCSS4[], WCSS5(])
WCSSALL <- t (WCSSALL)

print (paste ("Total within cluster sum of squares:"))
print (sum (WCSSALL) )

#Entering cluster sizes
ClusterSize <- c(6, 6, 5, 6, 7)

#Calling DBI function

DBIC <- Davies.Bouldin.Index (meanALL , WCSSALL , ClusterSize )
print (paste ("DBI: "))

print (DBIC)

#Calculating total sum of squares (TSS)

TSS <- 0
overall .mean <- mean (Thrusts)

for (i in 1:5)
{

for(j in 1:30)

{
TSS = TSS + (Thrusts[j,i]-overall.mean) * (Thrusts([j,i]-
overall .mean)

}
}
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sep2 <- ((TSS-sum(WCSSALL))/TSS)
print (paste ("Separation:"))
print (sep2)

}
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Appendix L — Questionnaire for AHP pairwise comparison

Following is the content of the questionnaire that was sent out to participants in the pair-
wise comparison process.

Strategic Program Prioritization at DRDC
Pair-wise comparison of Thrusts' evaluation criteria

Participant's Name:
The objective of this exercise is to rank criteria which are used to evaluate project groups
(Thrusts). In order to rank Thrusts, the criteria are structured in a hierarchy of 3 levels.
Graph below displays the structure of the hierarchy.

1- On the top level is the main objective which is the Thrust Efficiency.

2- The second level includes the main criteria.
3- The third level contains the sub-criteria.

Goal

[ | [ |
Criteria Design Accountability Outcome Overall

Sub-criteria

In order to determine the importance/weight of each criterion, pair-wise comparisons
between the elements are performed. Please read the instructions on the next page and fill
out the tables for the following items on the following pages: Main Objective, Design
Criteria, Accountability Criteria, and Outcome Criteria.

Instructions are provided on the next sheet.

Thank you!
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The criteria to be evaluated are placed in a table as shown below. Only the white cells are
used for the pair-wise comparison. The grey cells are ignored. Each white cell should
contain the level of importance of the criteria in the column to the criteria in the row.
Please fill out ALL white cells (total of 13 cells in 4 sheets).

If the criterion in the row is more important, use positive sign (as in Example 2). If the
criterion in the column is more important, use negative sign (as in Example 1).

Table 1 summarizes the values used to describe the level of importance. 2, 4, 6 and 8 are
the intermediate steps.

Extreme 9
8
Very Stron 7
2 g 6 The
| t
Strong 5 ﬁﬁhmeen
4 | rowis
Moderate 3 | more
2 | important
Equal 1
-2
Moderate -3
4 Th
e
Strong _g element
— | in the
Very Strong -7 | column
-8 | is more
Extreme -9 | important
Example 1

If 'Accountability' is "Very Strongly" more important than 'Design', then negative 7 is
entered.

Overall
Accountability Outcome | Quality
-7

Main Objective
Design
Accountability
Outcome
Overall Quality

Example 2
If 'Hard Problems' is "Moderately" more important than 'Originality’, then 3 is entered.

Design

Scope

Hard Problems
Originality

Hard Problems Originality
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There are 4 criteria to be processed with respect to the "Main Objective". Please provide
your pair-wise comparison results in the following table.

Overall
Design | Accountability | Outcome | Quality

Main
Objective
Design
Accountability
Outcome
Overall Quality

There are 3 sub-criteria to be processed with respect to "Design" criteria
Please provide your pair-wise comparison results in the following table.

Hard

Scope | Problems Originality

Hard
Problems

Originality

There are 3 sub-criteria to be processed with respect to "Accountability" criteria. Please
provide your pair-wise comparison results in the following table.

Schedule Budget

Accountability Leverage | Management Management
Leverage
Schedule

Management
Budget Management

There are 2 sub-criteria to be processed with respect to "Accountability” criteria. Please
provide your pair-wise comparison results in the following table.

Exploitation Potential for
Outcome Plan Uptake
Exploitation Plan
Potential for

Uptake
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Appendix M — Resource Allocation by AHP Rankings

This appendix contains the computation of resource allocations using AHP ranking
information.

Next page is the Excel sheet used to compute the amount of DRDC fund allocated to each
Thrust. The amount of fund is calculated as a percentage shown above each fund column.
This value is calculated by dividing the allocated budget by the total requested fund in
each Thrust group. Then each Thrust within a group is awarded the same percentage of
what they have asked for.

If the allocated budget is more than the total requested funds (as the case in Thrust group
1), the surplus is carried down to the next Thrust group in the rank. Amount of $0.51M is
carried from Thrust group 1 to Thrust group 2 as surplus. The process starts from Thrust

group 1 and continues with the next lower ranked Thrust group.

197



Group1 | Thrusts Req. | Awarded (%100) Group2 | Thrusts Req. | Awarded (%98.77) Group3 | Thrusts Req. | Awarded (%61.71)
M$ M$ M$ M$ M$ M$
Priority | 17 1.3 1.30 Priority | 6 2 1.98 Priority | 13 3 1.85
0.215 | 30 2.2 2.20 0.184 | 19 2 1.98 0.167 | 26 2.5 1.54
23 0.6 0.60 15 0.75 0.74 16 1.5 0.93
24 1.4 1.40 21 0.6 0.59 1 1 0.62
22 1.3 1.30 2 1.5 1.48 12 1.2 0.74
Total req 6.8 Total req 6.85 Total req 9.2
Alloc Alloc
Bud 7.31  (priority*$34M) Alloc Bud 6.256  (priority*$34M) Bud 5.678 (priority*$34M)
balance 0.51 Forwarded 0.51 balance 3.522
Total
Budget 6.766
balance 0.084
Group4 | Thrusts Req. | Awarded (%68.86) Group5 | Thrusts Req. | Awarded (%65.16) Group6 | Thrusts Req. | Awarded (%63.75)
M$ | M$ M$ M$ M$ M$
Priority | 7 1.5 1.03 Priority | 20 1.8 1.17 Priority | 4 2 1.28
0.16 | 3 1.7 1.17 0.138 | 28 2.6 1.69 0.135 | 25 1.3 0.83
18 1.3 0.90 5 1.5 0.98 10 1.3 0.83
8 1.6 1.10 14 1.3 0.85 11 0.5 0.32
9 0.5 0.34 Total req 7.2 27 2.1 1.34
29 1.3 0.90 Alloc Bud 4.692 (priority*$34M) Total req 7.2
- Alloc
Total req 7.9 balance 2.508 Bud 4.59 (priority*$34M)
Alloc
Bud 5.44  (priority*$34M) balance -2.61
balance 2.46

Above are excerpts from MS-Excel sheet where the values for DRDC funds were calculated.
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The following pages contain the computations carried out in Excel sheets to allocate FTE
resources between Thrust groups. For the complete description of the steps please refer to
Figure 31 in Chapter 4. The process starts from Thrust group 1 and continues to the next
ranked Thrust groups in order. It assigns FTEs of various types to Thrusts based on their
share calculated through AHP and availability of the types. Results for Thrust group 6
indicates the case where the requested FTE types are not available and a different type
could be assigned as a substitute.
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Thrust Group 1:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typel0 | Typell
17 3 0 5 3 3 0 11 3 17 0 0
30 7 12 21 6 3 3 4 3 3 0 0
23 0 0 0 0 0 0 0 0 0 0 14
24 0 0 0 0 0 0 0 0 0 4 18
22 0 0 0 3 0 0 0 0 0 3 27
Total FTEs requested: 176
AHP weight: 0.215
FTE share: 137.6
Percentage awarded to each Thrust: %78
Thrust Group 1:
Final resource allocation:
Thrusts Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 TypelO | Typell
17 2.34 0 3.9 2.34 2.34 0 8.58 2.34 13.26 0 0
30 5.46 9.36 16.38 4.68 2.34 2.34 3.12 2.34 2.34 0 0
23 0 0 0 0 0 0 0 0 0 10.92
24 0 0 0 0 0 0 0 0 3.12 14.04
22 0 0 0 2.34 0 0 0 0 0 2.34 21.06
Remaining | +150.56 +150.92 +121.72 +79.52
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Thrust Group 2:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typel0 | Typell
6 4 3 24 5 8 4 0 0 12 16 3
19 0 0 0 0 0 3 0 0 0 6 0
15 0 0 0 12 0 0 0 0 0 0 0
21 0 0 0 9 0 0 0 0 0 5 3
2 3 0 0 21 0 0 3 0 0 0 3
Total FTEs requested: 147
AHP weight: 0.184
FTE share: 117.76
Percentage awarded to each Thrust: %80
Thrust Group 2:
Final resource allocation:
Thrusts Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 TypelO | Typell
6 3.2 24 19.2 4 6.4 3.2 0 0 9.6 12.8 2.4
19 0 0 0 0 0 24 0 0 0 4.8 0
15 0 0 0 9.6 0 0 0 0 0 0 0
21 0 0 0 7.2 0 0 0 0 0 4 24
2 24 0 0 16.8 0 0 2.4 0 0 0 24
Remaining | +123.36 +98.92 +112.12 +50.72
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Thrust Group 3:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typel0 | Typell
13 4 8 4 3 0 3 12 17 22 5 3
26 0 0 0 0 3 0 0 30 0 4 3
16 0 0 15 3 0 0 3 3 0 0 0
1 0 0 0 6 0 0 0 0 0 0 17
12 0 0 3 3 3 3 8 9 4 3 0
Total FTEs requested: 204
AHP weight: 0.167
FTE share: 106.88
Percentage awarded to each Thrust: %52
Thrust Group 3:
Final resource allocation:
Thrusts Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 TypelO | Typell
13 2.08 4.16 2.08 1.56 0 1.56 6.24 8.84 11.44 2.6 1.56
26 0 0 0 0 1.56 0 0 15.6 0 2.08 1.56
16 0 0 7.8 1.56 0 0 1.56 1.56 0 0 0
1 0 0 0 3.12 0 0 0 0 0 0 8.84
12 0 0 1.56 1.56 1.56 1.56 4.16 4.68 2.08 1.56 0
Remaining | +105.68 +72.92 +67.92 +32.52
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Thrust Group 4:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typel0 | Typell
7 3 0 3 8 0 30 3 0 11 0 0
3 0 0 7 0 0 0 0 26 4 3 0
18 0 0 0 9 3 0 0 0 3 3 0
8 11 0 7 3 0 0 0 0 0 0 0
9 0 0 3 10 0 0 4 0 0 0 0
29 0 5 17 0 3 0 3 0 4 3 4
Total FTEs requested: 193
AHP weight: 0.160
FTE share: 102.4
Percentage awarded to each Thrust: %353
Thrust Group 4:
Final resource allocation:
Thrusts Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typell | Typell
7 1.59 0 1.59 4.24 0 15.9 1.59 0 5.83 0 0
3 0 0 3.71 0 0 0 0 13.78 212 1.59 0
18 0 0 0 4.77 1.59 0 0 0 1.59 1.59 0
8 5.83 0 3.71 1.59 0 0 0 0 0 0 0
9 0 0 1.59 5.3 0 0 212 0 0 0 0
29 0 2.65 9.01 0 1.59 0 1.59 0 212 1.59 212
Remaining +76 +32.64 +42.48 +25.63
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Thrust Group 5:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed Type5 Type6 Type7 Type8 Type9 Typel0 | Typell
20 7 3 3 3 3 0 3 0 0 4 0
28 5 24 0 3 0 0 0 0 0 0 0
5 10 0 3 6 0 0 0 0 0 0 0
14 3 0 3 3 5 7 11 3 9 0 0
Total FTEs requested: 121
AHP weight: 0.138
FTE share: 88.32
Percentage awarded to each Thrust: %73
Thrust Group 5:
Final resource allocation:
Thrusts Typel Type2 Type3 Typed Types Type6 Type7 Type8 Type9 Typel0 | Typell
20 5.11 219 219 219 219 0 219 0 0 2.92 0
28 3.65 17.52 0 219 0 0 0 0 0 0 0
5 7.3 0 2.19 4.38 0 0 0 0 0 0 0
14 2.19 0 2.19 2.19 3.65 5.1 8.03 2.19 6.57 0 0
Remaining | +31.47 +0.52 +33.72 +22.71
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Thrust Group 6:

Requested FTEs:
Thrusts | Typel Type2 Type3 Typed TypeSs Type6 Type7 Type8 Type9 Typel0 | Typell
4 3 3 9 4 3 3 7 3 13 3 0
25 3 0 0 3 0 0 0 3 0 17 4
10 5 8 0 4 0 3 0 3 0 4 4
11 6 14 9 3 4 3 3 0 3 0 0
27 9 0 3 5 0 0 0 0 0 3 6
Total FTEs requested: 183
AHP weight: 0.135
FTE share: 86.4
Percentage awarded to each Thrust: %47
Thrust Group 6:
Final resource allocation:
Thrusts | Typel Type2 Type3 Typed Types Type6 Type7 Type8 Type9 TypelO | Typell
4 1.41 1.41 4.23 1.88 1.41 1.41 3.29 1.41 6.11 1.41 0
25 1.41 0 0 1.41 0 0 0 1.41 0 7.99 1.88
10 2.35 3.76 0 1.88 0 1.41 0 1.41 0 1.88 1.88
11 2.82 6.58 4.23 1.41 1.88 1.41 1.41 0 1.41 0 0
27 4.23 0 1.41 2.35 0 0 0 0 0 1.41 2.82
Remaining -2.37 -20.63 +21.97 +3.44
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Appendix N — AHP Sensitivity Analysis for Subcriteria

Below graphs are obtained from Expert Choice dynamic sensitivity analysis with respect
to subcriteria. The sensitivity analysis for the main criteria are presented in section 4.2.
The analysis is performed with respect to Cluster Group 1. The values on the left of the
figure shows the limit where ranking is affected.

£2 Combined: Dynamic Sensitivity for nodes below -- Goal: DROC Program Efficiency > Design (L= 134 G: .134) o=l
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Sentilivity w.i L. Goal: DRDC Program Eficiency > Dezign [L: 134 G: .134) Diastributive Mode

Figure N1. Original ranking of Thrusts in Cluster 1 with criteria under ‘Design’
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Figure N2. Sensitivity analysis Cluster Group 1 for Scope (Upper limit)
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Figure N3. Sensitivity analysis Cluster Group 1 for Scope (Lower limit)
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Figure N4. Sensitivity analysis Cluster Group 1 for Hard Problems (Upper limit
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Figure N5. Sensitivity analysis Cluster Group 1 for Hard Problems (Lower limit)
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Figure N6. Sensitivity analysis Cluster Group 1 for Originality (Upper limit)
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Figure N7. Sensitivity analysis Cluster Group 1 for Originality (Lower limit)
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Figure N8. Original ranking of Thrusts in Cluster 1 with criteria under ‘Accountability’
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Flgure N10. SensmVlty analysis Cluster Group 1 for Leverage (Lower limit)
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ﬁgure N11. Sensitivity analysis Cluster Group 1 for Schedule Management (-Upper limit)
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ﬁgure N12. Sensitivity analysis Cluster Group 1 for Schedule Management (Lower limit)
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Figure N13. Sensitivity analysis Cluster Group 1 for Budget Management (Upper limit):
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Figure N15, Original ranking of Thrusts in Cluster 1 with criteria under ‘Outcome’
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Figure N16. Sensitivity analysis Cluster Group 1 for Exploitation Plan (Upper limit)
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i:igure N19. Sensitivity analysis Cluster Group 1 for Potential for Uptake (Lower limit)
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