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Technology Portfolio Management: Optimizing
Interdependent Projects Over Multiple Time Periods

Michael W. Dickinson, Anna C. Thornton, and Stephen Graves

Abstract—n order to maintain competitiveness, companies G eneral Kadish'’s quote illustrates the importance of tech-

need to continually invest in technology projects. However, nology portfolio management. An enterprise may have

resource limitations require an organization to strategically na pest technology, but if it does not apply it in the proper
allocate resources to a subset of possible projects. A variety :

of tools and methods can be used to select the optimal set ofway' at the proper tlme, and in S“F’PC_’” of the overall objec-
technology projects. However, these methods are only applicable tives of the company, it may have minimum impact. The con-
when projects are independent and are evaluated in a common cept of building business portfolios emerged in the late 1950s
funding cycle. When projects are interdependent, the complexity and evolved through the 1970s to become an established plan-
of optimizing even a moderate number of projects over a small ning 100 [10]. Early applications of portfolio management bal-
number of objectives and constraints can become overwhelming. . . .

This paper presents a model developed for the Boeing Company, anced resource allogatlon between business units. I_n the 1980s
Seattle, WA, to optimize a portfolio of product development im-  and 1990s, companies extended the use of portfolio manage-
provement projects. Using a dependency matrix, which quantifies ment into new product selection and R&D resource allocation.
the interdependencies between projects, a nonlinear, integer Though the tools and uses have changed over time, the basic
program model was developed to optimize project selection. The e remains the same—companies must allocate a limited set

model also balances risk, overall objectives, and the cost and . . .
benefit of the entire portfolio. Once the optimum strategy is of resources to projects in a way that balances risk, reward, and

identified, the model enables the team to quickly quantify and alignment with corporate strategy.
evaluate small changes to the portfolio. There is a wide range of technology portfolio management

tools with varying metrics and selection methods. The metrics
used to select projects range from quantitative (e.g., return
on investment) to qualitative (e.g., alignment with company

Index Terms—Portfolio management , product development.

NOMENCLATURE strategy) measures [4]. Different portfolio management tools
Ci, Cost allocated to projegtin yeart. have been d(_aveloped to maximize different mgtrigs. Mathgmat—
D; Net effect of project for a given portfolio. ical 'and scoring models are u§ed where quantitative metrlgs are
di, Level of dependence of projecton project;. avallgble. G'raph|cs gnd charting are 'used to evalugte gualltanve
M, Minimum benefit level for project . metncs_. U_s!ng a mlxt_ure of qu_alltatlve and quantltat|v§ tools
N, Strategic objectives matrix. Binary matrix wherdnakes |td|ﬁ|cult to dgflne an optimum technology portfolio and
value= 1 if projects supports objective . can Iegd to information overload [2].. Conseq_uent!y, techqology
n, Number of projects. portfolio managers often select thglr port.f0I|.o using a mixture
n; Total number of years for ACPS. of professional judgment or a scoring/weighting method.
P, Probability of success for projett - .
R, Return for project in yeart . A. Existing Portfolio Management Tools
Wi, Normalized dependency. Portfolio management must satisfy the following three goals
X; Binary value indicating funding of projec¢t [3]:
Xt Starting year for project . X;; = 1 when project 1) maximize the value of the portfolio;
begins andy X;; = 1. 2) provide balance;
3) support the strategy of the enterprise.
I. INTRODUCTION The weighting of each factor is organization-dependent. Orga-
“We precisely put the smart bomb through the wrong nizations must balance risk versus reward goals, market versus
window.” General Rod Kadish USAF product line goals, and near term versus long term goals. A va-

riety of tools have been proposed [8]. Coopégl. break tech-
nology portfolio tools into three categories [5]:
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science community, though they often lacked credibility ia horizontal time scale. This method displays the links between
practice. Early modeling technigques focused on maximizimgojects and the strategy of the company; but it does not address
value, but paid little attention to balance or aligning théhe balance of the portfolio or maximize its financial return.
portfolio with a company’s strategy. Second, the models relied

on financial projections of each project's commercial valu®. Portfolio Management at Boeing

Relying principally on a single criterion that had a high degree In 1996, Airbus Industries, the European airplane consortium,

of uncertainty re_duced its cred_ibility [4]. However, i_n recent nnounced that they were going to develop a “super-jumbo,” the
years, mathematical programming anq prOject selection mOdﬁ X [11]. The plane would be larger than the 747, fly farther,
have bef:ome more practlcfal and Ireallsuc [5].' . and have a lower per-passenger operating cost. With this new
Cl_assmal Port_follo Tools: Classical portfollo tools include plane, Airbus expected to take away the lucrative top end of the
scoring and sorting models a_nd CheCk“St_S' Th?se m_EthOdS MidSirket currently dominated by Boeing and the 747 [12]. To se-
Imize t_he value of the portfolio through §|ther f_|nanC|aI Or oMz re their leadership, Boeing immediately began working on an
fl_nanmal measures. For example, English Chma Clay Ime”\fﬁigraded version of the 747. Boeing’s strategy was to position
tional uses a method called Expected Commercial Value to m & new 747 between the existing 747 and the proposed A3XX
imize the commercial worth of the portfolio [4]. This metho his plane would steal away enough market share from Airbus

evaluates the expected financial cost and benefit of a projg((*jt,[h(,;lt the remaining A3XX sales would not justify Airbus’s de-
using a probability decision tree to account for the uncertaint

timize the mix of projects. with new avionics. As the program developed and customers for
. prog p

The U.S. Corporate Research and Technology unit gfe ajrcraft were identified, the statement of work expanded to

Hoechst-A.G., a large chemical company, [5], uses a nonfingAejude numerous improvements including a new wing design.

cial scoring model. Projects are rated based on a set of criteriarg obtain final approval, the 747-X program leaders assem-

in five categories: bled the financial data for the presentation to the president of
1) probability of technical success: Boeing Commercial Airplanes. At this point, they realized that
2) probability of commercial success; the net present value of the airplane’s sales revenue would never
3) reward: offset the cost and time required for the 747-X’s development.
4) business strategy fit; The ramifications were staggering. Boeing could no longer af-
5) strategic leverage. ford to develop and to introduce large new airplanes. The Pres-

) ) _ ident canceled the 747-X development program and chartered

The scores for each category are summarized into a singlgey team. The charter statement was to “initiate an intensive
rating—the Program Attractiveness Score. While this metho&ogram’ type effort to find a different way to approach new
can balance multiple metrics, it is time consuming to execulrplane development and production to be able to eventually
and, because the criteria are qualitatively assessed, it can falggliyd a new airplanet in half the time and at half the cost. The
measure the relative attractiveness of projects. new team came to be known as the Airplane Creation Process

The checklist, a variation on the scoring model, uses muItip@rategy Team (ACPS).
criteria in multiple categories, however, instead of assigning aa core team of process experts from across the company
score, the criteria is answered with a yes/no based on a minimyAs assembled. The team was directed to focus on nonrecurring
acceptance criteria [5]. A single “no” answer kills the projechrocesses and development costs for a new airplane from firm
Using this tool, poor projects can be weeded out quickly. Howngineering configuration to delivery to the first customer. A
ever, checklists do not rank projects within a portfolio and ag,p-team began by collecting time and costs data on recent new
not able to evaluate the balance within a portfolio. airplane programs to baseline Boeing’s current product develop-

Mapping Portfolio Tools: Mapping portfolio tools use ment costs and flow-times. The costs were categorized by func-
graphical and charting techniques to visualize a portfoliggna) group (engineering, tooling, QA, etc.) and by production
balance. Typically, two-axis diagrams are used to displgi¢sembly (e.g., outboard spar assemblies). Costs were further
the trade-off between two criteria: e.g., risk versus rewarglyided into labor and nonlabor categories. In addition, product
probability of success versus value, or ease of implementatigaelopment times were collected and related to the timing of
versus attractiveness. For example, 3M uses a bubble diagig@financial expenses in each category. The result was a finan-
and ellipses to plot probability of success against net pres| model that linked program cost with program flow-time.
value (NPV) [5]. Mapping tools can incorporate multiplerne model was consistent and accurate when validated against
portfolio criteria into a single diagram, but are not capable fther program plans and historical data. In addition, seven broad
prioritizing projects. product development objectives were identified. For example,

Groenveld [7] describes a mapping tool that relates reseagghk objective was to establish a common platform design center
technologies to the potential products and to final markegy | of Boeing Commercial Airplanes

Using a precedence network approach, the method maps the in-
terdependencies between projects and their potential economigQuoted from Boeing internal documents.
benefit. The product-technology roadmaps are graphed againsthe other six objectives are not give for proprietary reasons.
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To manage the ACPS program, a gate review process ¢ ACPS STP Development Funnel - Stage A

portfolio management process was developed. The to
employed were typical of the portfolio tools described in th
literature section. The content of the portfolio differed from th
typical R&D focused application—the ACPS had to optimiz:
a portfolio of projects to improve the product developmer
process. Optimizing product development improvement portf 4ces. -
lios is more complex than optimizing R&D portfolios. Produc -2
development improvements projects are interdependent (
success of project A depended on the success of projects B
and D). In addition, funding for the project could be initiatec
in one of many funding cycles.

Initially, ACPS employed a combination of classical angig. 1. AcPs stage gate selection funnel.
mapping tools to manage their portfolio. However, these tools

were difficult and t|m.e consuming to apply. The Complex_'t)ﬁata including financial costs and benefits was also included in
mtroduced'b'y the project mterdepe.ndgncy requweq anew 'n[ﬁ'e STP. From the eighty proposals the PMB selected a balanced
grated decision support tool to assist in the portfolio balanc"ﬂ)%rtfolio using a variety of tools including a financial analysis,

process. risk analysis, and strategy analysis.

>»

Implement % | %

| Stage A

| Capability
in Practice
!« policies y

{ »procedures

i rhaining ¢

C. Paper Objective A. Financial Summary

This paper presents a method to quantify the interdependensTps had to include a standard business case analysis based
cies of technology projects and a nonlinear, integer optimizatigf the baseline financial model (described in the introduction).
model integrated with ACPS'’ existing portfolio tools. Thesach STP identified how much cost and flow-time could be re-
model selects if, and when, to start funding a project overmgyed from the baseline program if the project succeeded. The
fOUr'year periOd. The effectiveness of a prOjeCt is inﬂuenc%tput was a business case Summary Containing year'y imp'e_
by whether or not the projects it depends upon are also fund@dntation costs, projected program savings (assuming a new

in the same period. The optimization model identifies thgircraft in two years), and net present value (Fig. 2).
funding strategy that maximizes the potential return, subject to

budgetary and portfolio balance constraints. Once the optimin Probability of Success

strategy is found, the model can be used evaluate, in real-hmeEaCh STP’s probability of success had to account for both the

:Eg m;ﬂ?gﬁo?; Ln;?;r:cghzggese:?o:rrwl*n(;r?é)ertfcoalf.b'gt dagylap(zgtr%chnical feasibility and the chances of successful implementa-
RC : ap . O€ CISplayed 8, The PMB used General Electric’s QualitAcceptance=
graphic formats that are similar to Boeing’s existing portfoli

management tools %ﬁet_:tiyeness measure. Quality was measured by the project’s
' feasibility and its potential to correct the target problem. Ac-

ceptance was measured by probability of a proposal being fully

Il. ACPS PORTFOLIO MANAGEMENT PROCESS implemented given Boeing’s culture. Both were measured on

Once the ACPS team and management methods were defefialitative scale of one to ten. For example, an STP with a
mined, teams within and outside the ACPS group began to dglality value of eight and an acceptance value of five results in
velop proposals to improve the airplane creation process. Téféoverall probability of success of 40%. _
implementation of ACPS was expected to occur over a numberT "€ PMB used the probability of success in three ways.

of stages. The early stages of ACPS were roughly coordinaféést, the value was used as a gate review criteria. Second,
with the fiscal budgeting cycle. the PMB used the measure to communicate to the submitting

To assist in the ACPS project, a cross-functional portfoliam whether a wggkness was technically or culturally based.
management board (PMB) was set up. The PMB was givgmally, the probability of success was multiplied by the STP’s
the responsibility of managing the ACPS development funnfojected revenue to calculate the expected return.

(Fig. 1). Their responsibility is to define, on a yearly basis,
portfolio that balances near- and long-term benefits, cost, ri
and strategic objectives. For each cycle, the PMB selects théduring Stage A, the PMB understood that many of the
project portfolio and holds four gate reviews for each project. Arojects were interdependent, especially those supporting a
each review, the PMB decides if a project goes ahead as planreanmon ACPS strategic objective. To account for the in-
is modified, is combined with another project, or is killed.  terdependencies, the PMB created a wall-sized dependency

The PMB received about 80 project proposals for the first gatetwork for all Stage A STPs. Unfortunately, the network
review of Stage A. The proposals were submitted in a commwras so complicated that they had difficulty interpreting the
format called a situation-target-proposal (STP). The STPs diata. Furthermore, they did not have a way to quantitatively
scribed the current process (situation), the near-term and visinoorporate the interactions into the portfolio selection process.
for the process (target), and how to change or replace the &@oensequently, they accounted for the dependency using the
craft development process (proposal). In addition, supportinqgalitative assessments of the portfolio board members.

a
& Project Interdependence
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Sample STP Business Case Analysis Summary

1998 1999 2000 2001 2002 2003 2004 2005

Recurring & Non-recurring Savings on New Airplane Program due to STP
E Cost to Implement & Maintain STP Action
= « NetPresent Value of STP Relative to New Airplane Program in 2000

Fig. 2. Sample STP financial summary.

D. Capability and Process Change F. Portfolio Selection

To balance risk versus reward, the PMB mapped the magni-Given Stage A's implementation budget, only about 30
tude of the change (risk) against the resulting capability enablebjects could be funded. The final portfolio was generated
by the process (reward). The magnitude of change and capg-the board members who qualitatively selected the projects
bility were ranked between “None” to “New Core Process/Cae balance the three portfolio metrics. This required detailed
pability” (Fig. 3). Projects in the lower left corner were entitledliscussions of the merits of each project and how the project
“Planning STPs” because they were low risk and generally pneelated to the overall portfolio balance. The result was a
vided infrastructure for later stages of implementation. The ngxainstaking and time-consuming process. The PMB created
zone, titled “Incremental STPs,” contained near term paydffur balanced portfolios based on different scenarios of the
projects with medium risk. These STPs typically modified a@apability and Process Change Matrix. The outcome was a
existing process. The final region, “Platform STPs,” were higheanked list of projects. After the cutoff was made, the financial
risk projects which developed new processes and capabilitissodel was used to estimate the financial return of the whole
Each of the three zones was assigned a unique color to addpartfolio, taking into account the probability of success of each
sual clarity. The status of the projects was encoded using shapeject’'s pay back. The model estimated the portfolio’s cost
and color. Red circles identified projects that were either on hadehd flow-time savings based on the baseline business case.
or about to be canceled. Blue squares represented project proFhe Stage A portfolio balancing process was considered a
posals that were being revised or combined with other STPsixed success. The process successfully synthesized a large
The black squares identified the STPs that were given the gmount of data from the STPs using a limited number of

ahead at the last gate review. portfolio management tools. However, the effort required by
the PMB was unacceptably high. Consequently, when updated
E. Strategic Objectives financial information became available in the latter part of

Finally, the portfolio had to be balanced across the sevgrtiage A, the portiolio was not rebalanced using the original

strategic objectives. The PMB aligned each project with t ocess. Instead, they chose to make minor adjustments to

objective it most strongly supported. Then, they ranked tﬁ e original portfolio and re-estimate its cost a_md poter?tial
) gy’ supp y eturn. The two drawbacks of the PMB’s portfolio balancing

projects within each objective (Fig. 4). The colors from thE o . o .
three zones of the Capability and Process Change Matrix nggthod were its inability to quantify project interdependencies

carried forward with each STP to provide a visual indicatiofd to account for the risk-reward trade-off at the individual
of risk. project level.

An updated portfolio selection process was needed. Stage B
would bring even greater complexity because latter gate reviews
3The Capability and Process Change Matrix was adapted from [15] of Stage A would overlap with the early gate reviews of Stage
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ACPS Capability / Process Matrix with Gate 2 STPs

Bubble shows STAY & - X

Gate Status Incremental Process Next Generation New Core
STP# __None improvement Process Upgrade ~ Process
Stews Process Change

New Core
Capabiity

Next
Generation
Capability

Upgrade . s
® _Revisy
o
<
£
3}
z
Incremental §
Capabiity S
impravement i ;‘,5451‘
Revise ; Revise
£330 ‘
et
13341
1, Revise
Nene
{Revise, - :
Rianning STPs Incremental STPs Platform STPs

Fig. 3. Sample capability and process change métrix

Sample Strategic Objectives Ranking

Objective 1 Objective 2 Objective 3 Objecilive 4 Objective 5 Objective 6 Objective 7
] g ] ] ] ] ]
E=3 E~) = - - = =
£ g g [5 € [ g
2 2 2 2 2 2 2
B g e e e B e
5 ’STP Name o |STP Nams 17 0 |STP Name 17 o STP Name v__ISTP Name

= 2521 o VA Ay S48 3231 onix

XXX 2511 300

. 2541 xxax
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2431 xxxx 8331 xxxx e I 5
4221 xxxx 5351 xxxx 1331 xxxx
5462 xx¥x Ay e
4111 xxxx
- JPlanning STP
E=]ncremental g
[Piatform sTP
“ZCanceled STH

Note: Project names have been removed from the chart due to the proprietary nature of the data.

Fig. 4. Sample balance of the strategic objectives.

B. The PMB did not have a means to balance the ACPS progréeam was faced with a more complex problem requiring more
level portfolio when STP interdependency crossed stages. Waerk.
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[Il. OPTIMIZING INTERDEPENDENTPROJECTSOVER MULTIPLE ~ The binary arrayX; identifies which projects are funded at a
TIME PERIODS giventime. The net effect of the dependeny, (i.e., what per-

; o tage of the revenues is due to the dependant projects) is the
T h I h |
0 address this problem, a quantitative method was deve oﬁ@% of the weighted dependencie, , for all funded projects.

that streamlined the selection process. This research culminait
in two new portfolio tools. First, th®ependency Matrixvas np
developed to document and to quantify the interdependencies D, = ZXJWU )
between project proposals. The matrix is a scaleable and flex- J=1

ible method and enables a portfolio to be evaluated for a single ] ] ) )
period or across multiple periods. The following example illustrates the process. Project 1 is

The second tool is a spreadsheet-ba®gdmization Model dependent on two other projects, 2 and 3, both with dependency

that integrates the Portfolio Management Board’s existing todfé!ues €;) of 0.2. Project’s minimum benefit level 44;) is
into a nonlinear, integer program. The model incorporates d&slimated at 0.8. The business case analysis projected revenue
from the Dependency Matrix and the estimated financial perfd" Project 1 at $100000. If project 1 is funded, but 2 and 3 are
mance to directly calculate the total performance of any poftot then the expected revenue from project 1 is $80000. The
folio. The optimization model then maximizes the estimated f€M&ining 20% X — A4;) of the potential benefit of project 1

nancial return of the portfolio subject to portfolio balance ani§ distributed between 2 and 3 based on the relative weight of

budget constraints. Once the optimum strategy is found, ti$ir dependency valueg;(); in this case 0.10 or $10 000 each.

model can be used to rapidly explore the impact of changes tBYS: if Project 1 and 2 are funded, the expected revenue from

the portfolio strategies. At any point, the portfolio and its peRoiecti would be $90 000.
formance are displayed in graphic formats similar to those inAS the portfolio management process adds, cancels, and/or

Stage A. combines projects, the Dependency Matrix can be easily up-
dated. If a new project is developed, it is added to the Depen-
A. Dependency Matrix dency Matrix as a new column and row. The new elemends;of

o : . are added and new valuesidf,; are automatically calculated.
The Dependency Matrix is a square matrix of sigg the 10t y

number of projects. Each project represents one column and @€optimization Model
row ordered identically, similar to a Design Structure Matrix o . . .
[14]. Each element in the matrix;, varies from zero to one. The Optimization Model is an Excel-based nonlinear integer

The value ofi;; represents the level of dependency that projeBf09ram- The goal is to maximize a portfolio’s net present
i(1,2,...,n,) has on projecti(1,2,...,n,). A value of zero value subject to budgetary and portfolio balance constraints.

implies that the project is entirely independent of projegt The_ mf)del utilizes the Dependency Matrix to e_stimate each
for its financial success. A value of one implies that projéctpro!eCts revenue based on the entire portfolio. Oncg t_he
is entirely dependent on projegtfor its financial success. A optimal solution is found, the performance of the portfolio is

d;; value of one also indicates that the PMB should consiggisPlayed in the graphs and charts similar to those used by the
combining the two projects at the next gate review. It is not tfgV1B for Stage A. The solution provided by the model is then
case thatl;; must equall;;. Wherei equalsj, thed;; elements used as a starting point to explore and evaluate alternative port-
2] g ’ 2] . . . .. .
are zero. The Dependency Matrix is generated jointly by tﬁg!lo mixes. Changing the content and timing of the portfolio

PMB and the project proposers. The values of the Depender%&}( in the spreadsheet immediately updates the performance

Matrix elements do not have to be precise, but the criteria fBIeics and graphics. ,
establishing the values must be consistently applied. 1) Input Data: In addition to the dependency matrix, several

After the matrix is generated, it is necessary to calculate wiffditional variables need to be modeled. The data required for
percentage of a project's revenue is attributable to itself and hiif model is available as part of the STP gate review business
much is attributable to its interdependencies. To do this, a n&RSE- N
input variable is introduced called the Minimum Benefit Level _11ming: The yearst, are enumerated from year 0 to year
(M;). M; is the percent of revenue expected if projestas "'t The yearin Whlch a project starts to receive funqllng is mod-
funded without funding the projects it depends on. For exampf€d by the matrixt;, where.X;, = 1 when project is slated
if M; were 0.85, STR was the only project funded, and the_to start in yeat = k. The project can only be started once and

maximum expected revenue from projéetas 10 K, we would 'S SUbject to the constraint:

expect a benefit of 8.5 K from the portfolio. "y
The remaining benefit of projeétl — M;) is allocated to its Z Xq <1 3)
dependant projects. The distribution is based on their relative t=0

dependency valued; ;. The value of¥;; is the percentage de-

. L Portfolio Cost: The financial model in the STP includes
pendency of project on project;.

a total yearly cost, which includes capital expenditures, cost of
d;: implementation and sustaining costs. It is assumed that cost is

Wi; = (1 - M;) <Enp—1d> (1) independent of the year in which a project is launched (i.e.,
a=L e it does not become more expensive or less expensive to start

To evaluate the net return for a given portfolio at a given timgyojects). The project costs for the entire portfolio are captured

it is necessary to model which projects are currently fundeid. a matrixC;; where each element represents the incremental
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cost of project: in calendar yea¢. This matrix is based on model as a tool to evaluate alternate portfolios. Using the model
the STP’s predicted costs and the matkiy. Once a project to evaluate the portfolio options is discussed below.
is started, it is assumed that funding continues for all years. .
Portfolio Revenue The STP financial model also in- EP:Y —0<0
cludes a projected revenue for each project by year; however, " -
the revenue generated by a project is dependent both the
year the project is started and the year the airplane progrdime last constraint sets the number of projects that must sup-
is initiated (i.e., when the project is applied to an airplangort each of the strategic objective®/{,) of the program. The
program). Generally, ACPS projects require one or two yedPdB decides which objectives to emphasize with the portfolio
of implementation before they are able to achieve their ffly identifying a minimum quantity of projects to support each
revenue potential on an airplane development program. Téljective.
value in each element of the revenue mafkix represents the "
total p.rojected savings from projefcin. calendar yeat if the zp: Ni Yo — M., >0 ®)
new airplane program was launched in calendar year
Probability of Success The PMB rated each project,
on its probability of success?;, on a scale of zero to one. 4) Model Objective FunctionThe model selects the
Strategic Objective The PMB aligned each project with projects to start funding in each calendar year to maximize
a single strategic objective (Fig. 4). The mapping of stratedi@e net present value of the entire portfolio subject to the
objectives to projects is captured in the mathy,, whose vari- budget, project quantity, and strategic alignment constraints.
ables are a binary and whers the project and is the objec- The revenue contributed by each project is influenced by its
tive. In the model, a project can only support one strategic oprobability of success”; and the effects of the Dependency
jective, although in reality it might support several objectivesMatrix M; andD;;.. In the equation below, the net present value
Risk/reward: As a relative measure of risk in the port-discount factor for each calendar yeas represented by:.
folio, the PMB rated each project on its impact on the capabili- .

ties and the processes of the company (Fig. 3). The measures of Lo YR FoP-(M: + Do) — YO F. (9
capability and process change for each project are notassigneqz Z ik B F(M; + Dit) ZZ wCanfy ()

variables here because they are not a constraint or decision van- AxEE = =0t
able in the model. They are included solely to provide the graph- Model Output: The standard PMB portfolio metrics are
ical output for the PMB'’s metric of risk. displayed graphically. Changing the content and timing of the
2) Intermediate CalculationsiNext, the net effect of project portfolio mix (X;x) in the spreadsheet immediately updates the
i in calendar yeat, D;,, is calculated from the normalized deferformance metrics and the graphs. The Capability and Process
pendency matrixi¥;;. To do this, we need an intermediate biChange Balance (Fig. 5) counts the number of funded projects
nary variable ¥;;) to indicate if project is funded in yeat. As in each category of process and capability change and portrays
stated earlier, once a project is started, it remains funded. them as a percent of the whole. This chart is a modified version
of the original Capability and Process Change Matrix (Fig. 3)
¢ and provides the PMB with the relative balance of risk and re-
Yie = Z Xig (4 ward in the portfolio.
g=1 The second graph displays the number of project associated
with each strategic objective (Fig. 6). This graph is a summary
of the PMB’s Strategic Objective chart (Fig. 4).
np The financial summary (Fig. 7) portrays the cost, benefit, and
Dy = Z WY (5) net present value of the funded projects over four calendar years
j=1 of the model. The revenue shown is the sum of the product of
. . , each project’s revenud?(;), probability of successr), and
3) Constraints: Three constraints are imposed on the modejg Dependency Matrix effect\(; + D;;). The NPV uses the
1) budget; sum of the costs beginning from year one, but only the revenue
2) quantity of projects in the portfolio; in the year of interest (e.g., NPV in 2000 considers cost from
3) quantity of projects supporting each strategic objective:gg, '99, and 00, but benefit in '00 only). The ACPS data is
The budget,B;, represents the maximum amount of monegonstructed to allocate the benefit one year after the start of a
available to spend on the portfolio of projecisfor each new airplane development program. As stated earlier, the value
calendar yeat. The cost in any given year cannot exceed thia each element of the revenue matiy, represents the total
budget available. projected savings from projectin calendar yeat if the new
airplane program was launched in calendar year

()

i=1

i=1

and

Z CitYir = By <0 ® c. Application of Dependency Matrix and Optimization
=1 Methods

The second constraint is the maximum number of projegts, The Optimization Model was developed in Microsoft Excel
in a given year. This constraint provides flexibility to use thand used Frontline Systems’ Premium Solver Plus to solve the
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ACPS Portfolio Capability f Process Balance
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70%
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S New Core 49% 2.4%
NG Upgrade 14.6% 5%
& Incremental 63.4% 39.0%
@ None 171% 17 1%

Fig. 5. The capability and process change balance.

ACPS Portfolio Objective Balance

Objective 1 ‘ Objective 2 Objective 3 Objective 4 Objective 5 Objective 6 ] Objective 7
[@ current Portfoliq 7 3 9 a 1 11 1

Fig. 6. Balance of support for seven objectives.

nonlinear, integer optimization program. The Dependency Mte optimal solution for comparison with binary-constrained so-
trix and the Optimization Model were developed just after theations and the solution generated earlier in Stage A by the PMB.
Stage A gate decisions were finalized and before data was availThe output of the Optimization Model was validated against
able for the Stage B proposals. Consequently, the model whs ACPS financial model by comparing several identical port-
tested and validated using Stage A data. folios with each tool. Next, the optimal solution for Stage A
The solver was not able to solve to optimality the problemvas compared with the original portfolio selected PMB. There
with the integer restriction. However, when the integer convere three important findings. First, the total revenue of the two
straint on the decision variable was revise@tg X, < 1, the portfolios was very similar, however the cost of the optimized
model quickly converged to a solution. Typically, only one oportfolio was roughly 15% lower. This generated a higher net
two out of the 60 projects were assigned fractional values. Thggesent value for the optimized portfolio. Second, the number of
fractional values were always biased heavily toward a single gwojects () in the two portfolios was very close. Third, approx-
lution (e.g., 0.7 or more assigned to a single y@arhis became imately 40% of the projects were common to both portfolios.
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ACPS Portfolio Cost Vs. New Airplane Benefit
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$-
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1998 1839 2000 2001
| Cost $(51.4) $(174.5) $(223.8) $(147 4)
|E New AP Benefit $523.5 $579.2 $836.9 $927.9
|D Estimated NPV $4721 §2859 $2706 $995

Fig. 7. Sample summary financial performance of the portfolio.

The NPV-based objective function seemed to weigh cosibe format of the matrix provides flexibility to add, remove
more heavily than in the PMB’s original process. To test if thisr combine projects with little effort. The Optimization Model
were true, the objective function was altered to maximize totatilizes existing data, incorporates the aggregate effect of
revenue instead of NPV and the model was resolved. Surptise Dependency Matrix, and integrates the existing portfolio
ingly, when revenue was maximized, the commonality of thmanagement tools used in the ongoing ACPS program. Using
projects in the two portfolios diverged even farther, but the ofhe optimal funding strategy as a starting point, the model’s
timal solution resulted in slightly higher total revenue. Aftespreadsheet format provides flexibility to evaluate performance
some examination of the data, it became apparent that maryalternative solutions. To simplify interpretation, the perfor-
of the projects had projected revenues of the same magnituekence of the portfolio is summarized using graphical formats
Thus, there were numerous potential solutions to achieve neailyilar to the PMB's existing portfolio management tools.
identical total portfolio revenues. The mathematical nature of the model requires the input data

Decoupling the Dependency Matrix from the rest of th&o be numerically quantifiable. Many optimization models have
model creates a linear version that provides a means to exantieen criticized in the past because they rely too heavily on fi-
the effects of project dependency. In the case of Stage A datancial data that is either not available or not very accurate [2].
less than 5% of the elements;() in the Dependency Matrix In the ACPS program, the financial predictions were developed
were populated with values greater than zero. The mean valiging a detailed, validated, rigorous, and standardized method.
of the elements was roughly 0.3. The Dependency Matri€onsequently, the results were credible to the team.
therefore, had a weaker effect on the Stage A solutions tharThe generation of the Dependency Matrix is another potential
anticipated. The most noticeable effect of the Dependenagak point of the analysis. The values of the minimum benefit
Matrix was that it formed groups of interdependent projectievel and the matrix do not have to be precise, but their relative
These project groups tended to stay together either in or outrafges do have to be consistently applied. Itis pointless for PMB
the portfolio, especially when many optimization constraintembers to argue over whether a particular element should be
were binding. 0.98 or 0.95. However, it does matter that they agree on the gen-

eral magnitude and that the values within the matrix are judged
on the same relative scale.
The model has many benefits that outweigh these concerns.

This work proposes a quantitative method that enablesFast, the model’s spreadsheet architecture made it simple to
team to evaluate and optimize a technology portfolio wherpiickly answer a variety of questions: “If we could fund one
the projects are highly coupled and are initiated in differembore project this year, which one best supports the existing
funding cycles. The Dependency Matrix is a simple tool tportfolio?” or “If we had X more dollars to spend this year,
document and quantify the interdependencies between projehtsy much would it increase the NPV of the portfolio?” Second,

IV. CONCLUSION
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the model minimized the time required to re-evaluate the eng4] K. T. Ulrich and S. D. EppingerProduct Design and Development

tire portfolio when project metrics were updated. For instance
new financial projections became available just prior to a schea-
uled stage gate review. With the Optimization Model, all of the
new data could be imported into the model and the entire port-
folio could be re-evaluated instantaneously. Third, the model al-
lows the PMB to focus on balancing the portfolio without losing
alignment with the overall objectives of the company. Finall
the Dependency Matrix itself provided an unanticipated, b
very powerful benefit. The matrix format facilitated the discug
sion of how the various projects related to one another and d
umented the results. The PMB members were able to quic
uncover and discuss their different perceptions of the interd
pendencies of the projects.
When the PMB was shown the tool, they immediately rea
ized its benefits. One board member commented, “The two sce-

New York: McGraw-Hill, 1995.
15] S. C. Wheelwright and K. B. ClarlRevolutionizing Product Develop-
ment: Quantum Leaps in Speed, Efficiency, and Qualityew York:
Free Press, 1992.
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