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about CSIS
The Center for Strategic and International Studies (CSIS) is a non-profit, bipartisan public policy organization 

established in 1962 to address international policy issues and to provide policy options and solutions. Over 

the years, it has grown to be one of the largest organizations of its kind — with a staff of over 190 and some 

100 analysts tracking policy issues and developments in countries across the world. Its luminaries include 

William Brock, Harold Brown, Zbigniew Brzezinski, Carla Hills, Henry Kissinger and James Schlesinger.

For four decades, CSIS has been dedicated to providing world leaders with strategic insights on — and 

policy solutions to — current and emerging global issues. CSIS is led by John J. Hamre, formerly deputy 

secretary of defense, who has been president and CEO since April 2000. It is guided by a board of trustees 

chaired by former senator Sam Nunn and consisting of prominent individuals from both the public and 

private sectors.

The CSIS staff focus primarily on three subject areas. First, CSIS addresses the full spectrum of new chal-

lenges to national international security.  Second, we maintain resident experts on all of the World’s major 

geographical regions. Third, we are committed to helping to develop new methods of governance for the 

global age; to this end, CSIS has programs on technology and public policy, international trade and finance, 

and energy.

about HSEI
The exploration of space has been one of humankind’s greatest achievements in the past century. Only 

sixty-six years after the invention of flight, a man walked on the moon - a stunning feat of human ingenuity 

and endeavor. 

But in the last thirty-four years, this journey of exploration has lost its momentum. The human race remains 

stuck in near-earth orbit. The human exploration of remote worlds and the settlement of space remain 

distant dreams. 

Today, there are a number of competing visions for the future of space exploration. Some of these are bold 

and expansive, envisioning a deep and long-term commitment to the discovery and settlement of space. 

Other visions are more constrained, focused on near-term and incremental progress. The decisions that the 

world’s space-faring nations make about which type of vision to pursue will determine what the next era of 

space exploration looks like. 

The Human Space Exploration Initiative (HSEI) at the Center for Strategic and International Studies (CSIS) 

will examine the uncertain future of human space exploration.
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spiral 
development, 
real options, 
and other 
developmental 
methodologies
On June 5, 2006, the Human Space Exploration Initiative, Technology and Public Policy 

Program, and the Defense Industrial Initiatives Group at the Center for Strategic and 

International Studies, in partnership with the International Center for Decision and Risk Analysis 

at the University of Texas at Dallas co-hosted a workshop in Washington DC entitled “Spiral 

Development, Real Options, and Other Development Methodologies.”  This workshop, which 

was made possible with the support of EADS North America, brought together members 

of academia, industry, space agencies, and policy makers to address the value of new 

development methodologies and their application to space systems and infrastructures.
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background
Over the last decade, and particularly in the post-9/11 environment, discussions in government about 

program management have been increasingly dominated by a new vocabulary of evolutionary procurement.  

This terminology is centered around the concept of agile acquisition, including ideas such as iterative 

design, rapid prototyping, pre-planned product improvements (P3I), and spiral development.  This shifting 

focus underlines the growing need for and interest in transformation.  Meanwhile, in other sectors new 

product development and risk management approaches, such as Real Options Approaches, are being 

explored and, in many cases, implemented.

The Aldridge Commission, appointed by President Bush to study implementation of the Vision for Space 

Exploration, recommended the use of spiral development.  Historically, NASA has applied a spiral-like 

methodology with success in numerous instances including the Apollo program, and for space shuttle flight 

software.  The new NASA Administrator, Dr. Michael Griffin, however, has stated that spiral development 

is not very applicable to space systems characterized by limited production runs and long product and 

infrastructure lives.  Many contend that an agile procurement approach is not compatible with the sought 

after irreversibility (for reasons of political sustainability) of NASA’s chosen architecture for return to the 

moon.

This new agile approach to procurement has been widely promoted within the defense community in 

recent years, especially with space systems, although results have been mixed.  Some have even gone 

so far as to question whether or not spiral development itself has been responsible for the significant cost 

growth associated with programs managed with these new tools.  However, these methodologies present 

some advantages, particularly in cases when the need to change, transform, and adapt quickly is widely 

understood and acknowledged.

These new approaches aren’t simply plug-and-play, and require proper implementation to yield better 

results, as has been demonstrated in the IT, and automotive industries.  Employment of such development 

methodologies in government in general, and space exploration in particular, requires significant cultural 

transformation, as well as new costing methods, reporting tools, and analytical approaches, lest they be 

perceived by lawmakers as a request for a blank check.

The specific key points made by presenters during their presentations and further elaborated upon 

in discussion are given below.  The presentations are included in this report.  Links to the original 

presentations and audio recording of each speaker can be found on our website at www.csis.org/hse/
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system 
engineering 
and phased 
development
The development of space systems in the U.S. and the western world at large have historically favored 

a phased development approach.  This approach is well integrated with traditional systems engineering 

practices.  As was noted in John Dillard’s presentation (page 30), and later Dr. Robby Samantha Roy’s 

discussion of risk management in space exploration, with this method, each phase is concluded by a 

review that, upon successful completion, allows progression to the next step.  The Preliminary Design 

Review, Critical Design Review, and so on are examples of the review points in phased design that have 

characterized space programs since their earliest days.
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spiral 
development
At the beginning of the space age, information technology was in its infancy.  Since then, it has evolved 

farther and faster than any other technological field and in the process has revolutionized the world.  As 

information technology field has matured, it has given birth to a new development methodology: spiral 

development.  Simply put, spiral development involves deploying, operating, or offering an early capability, 

infrastructure, or product (such as a 1.0 version software release) and evolving it in successive spirals or 

blocks.  This approach implies that the product or system has been designed, from the outset, to evolve.  

This approach allows one to cope with rapidly changing technology and revolutionary advances.  The 

traditional approach to spiral development is now augmented with win-win spiral models which add three 

activities into each successive spiral, as addressed by Professor Bensoussan in his first presentation (page 

72):

1. Identification of system or sub-system key stakeholders

2. Identification of each stakeholder’s win conditions

3. Negotiation of win-win reconciliation of stakeholder win conditions
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real options
Over the last four decades another concept, real options, has emerged from financial portfolio management.  

With real options, the basic concept is to defer making a final decision until additional information comes to 

light and concepts are matured.  As applied to project management, instead of freezing requirements at the 

outset of a program, one keeps options open as long as possible.  The real option approach as applied to 

project management is not strictly a valuation technique, per se, but rather an organizational methodology.  

This approach provides a good framework for R&D projects.  However, research done by Lama Moussawi 

and shown in her segment (page 62) suggests that the analytical tools for using real options in risky staged 

R&D projects, such as some in the pharmaceutical industry, are not well developed yet.

Both spiral development and real options have been adopted singly and collectively in a number of different 

industries.  From the perspective of risk management, systems engineering, spiral development, and 

real options should be seen as an integrated whole.  This concept is discussed at some length in both of 

Professor Bensoussan’s presentations (pages 18 and 72).
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success stories
David Ford’s discussion (page 54) focused on the real-world example of Toyota who has, in particular, been 

using a combination of spiral development and real options with significant success for several generations 

of vehicles.  In the automotive industry, new generations of vehicles hit the market roughly ever four 

years, so spiral development has become critical to program management in this industry.  However, the 

application of real options to the automotive industry is relatively new.  The development of the Toyota Prius 

involved a real options approach in which decisions were delayed in order to improve the quality of alternate 

design choices.  This is counter intuitive for many traditional systems engineers, particularly those involved 

in space systems.

Both Judd Blaisdell and Greg Glaros (page 80) discussed the application of similar approaches within the 

government, as used within the Department of Defense’s Office of Force Transformation to address the 

inherent uncertainties associated with defense applications.  The primary drivers that are likely to change 

rapidly include:

1. Threat

2. Technological

3. Operational

Both spiral development and real options were employed in the defense community in a number of 

programs, many of which were covered in Judd Blaisdell’s presentation of Raytheon efforts related to agile 

acquisition.  To provide insight from the government side on these development methodologies, John Dillard 

(page 30) shared the examples of the Army Tactical Missile System and the Javelin Anti-Tank Missile, while 

Greg Glaros (page 80) focused on Operationally Responsive Launch, Operationally Responsive Space, and 

the TacSat program.  It is too soon to make a final assessment of the success of these programs, although 

early results show promise.
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conclusions
There is a widespread trend towards the adoption of agile procurement methods in both government and 

industry to cope with quickly changing technological and threat environments.  Among these methods, 

particularly spiral development and real options are emerging as very significant development approaches.  

Historically, a spiral-like approach has been used in the space program with great success, although the 

broader space shuttle system and the International Space Station are both examples of systems that have 

not been evolutionary in their capability growth.

Outside of the space, defense, and government sectors, spiral development has been used successfully in 

information technology, while the automotive industry has obtained good results from the use of real options 

approaches.

An open-source architecture is essential for the successful implementation of these new development 

approaches.  Additionally, the size of the production runs, speed of technological change, system lifespan, 

and requirements for interoperability are critical parameters that have a direct impact on the effectiveness of 

these methods and bear further study.

For space exploration in general, and human spaceflight in particular, where “failure is not an option”, 

is not only a requirement, but a culture, it is natural that new development approaches will have limited 

opportunities for introduction.  NASA Chief Engineer, Chris Scolese, addressed some of the cultural 

background that influence NASA’s approach to new development methodologies.  As we look to the future, 

the arrival of private space exploration and tourism may be a trigger for the change in culture needed to 

make the best uses of these new methodologies.

15





presentations
Theory and Background:

 Alain Bensoussan, page 18 
 “Program Development and Real Options”

 John Dillard, page 30 
 “Spiral Development Considerations”

Development Methodology in Industry:

 David Ford, page 54 
 “Toyota’s Use of Real Options to Improve Product Development 
 and Manage Risk”

 Lama Moussawi, page 62 
 “Real Options in the Pharmaceutical Industry”

Development in Government and Space Exploration:

 Alain Bensoussan, page 72 
 “Risk Management: The Situation for Space and Comparison 
 With Other Sectors”

 Gregory Glaros, page 80 
 “TacSat and VMOC: When Speed to Market Matters”
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Objective of 
Real Options

The successes of financial risk management.

Financial risk management has progressed thanks to three 

essential reasons:

• Possibility of pricing risks,

• Growth of financial products and trading through financial markets,

• Predominance of external risks.

A key issue (and a two-edged sword) in the progress of risk 

management outside finance resides in the possibility of 

extending these concepts to the “real” world:

• Pricing real assets, real project financing and management, real 

options,

• Responsibilition due to risk intermediation.

Moreover, one manipulates probabilities and not numbers:

• Non-normality, fat tails and co-dependence of risk probabilities,

• Risk predictability and “chaos” when the unlikely becomes likely.

Model is too simple (even for financial options).

Totally inadequate for financial crashes or large, volatile markets.

Belief that a risk-free strategy is possible.

Cannot apply to real options:

• Complexity much higher,

• Endogenous risks,

• Less data availability.

Real Options is a valuation technique.

It compares favorably to NPV approach when:

• Uncertainty is high,

• Delaying commitments is possible,

• Like financial options limits downside risks.

Applicability of Real 
Options Approach 

to Program 
Development

19

Limits of Black 
Scholes formula 



20

Applicability of Real 
Options Approach to 

Program Development

They allow the re-design of investment strategies along two key 

dimensions; time and scope.

Postponing costly investments permits one to acquire more 

information and thus to mitigate “downside” risk in the process.

Possibility of abandonment.

The scope dimension introduces a wider array of choices for 

future decisions.

Real options approach requires reliable models of uncertainties.

The abandonment option is strategic:

• Impossibility of proving failures,

• Actors at different levels have different perspectives.

How to incorporate competition?

• Real options and game theory.

Large innovative development programs in aerospace and 

defense are procured following spiral development principles.  

This concept started in software development. 

The terminology comes from a graphic representation of all 

development and implementation phases of a system.  The 

successive phases expand like a spiral, not a purely sequential 

process.  At each phase an analysis is conducted. 

Flexibility of choices is allowed at early stages.

In the spirit of real options: delay decision and utilize maximum 

flexibility.

Spiral Development
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Spiral Development 
(continued)

Not a valuation technique.

More an organizational approach:

• A good complement to real options approach.

Contains the idea that products are put in the market before the 

completion of the program (releases in software development).
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Win-Win Spiral Model: 
A Refined Spiral Model

The original spiral model has difficulty determining the roots of 

elaborated objectives, constraints and alternatives.

The win-win spiral model resolves this by adding three activities 

to the front of each spiral cycle:

• Identify the system’s or subsystem’s key stakeholders,

• Identify the stakeholders’ win conditions for the system or 

subsystem,

• Negotiate win-win reconciliations of the stakeholders’ win 

conditions.
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Win-Win Spiral Model: 
Key Concepts

Win Condition: an objective that makes a stakeholder a winner.

Issue:  Conflict or constraint on a win condition.

Option:  A way of overcoming an issue.

Agreement:  Mutual commitment to an option or win condition.

Win-win equilibrium state:

• All win conditions covered by agreements,

• There are no outstanding issues.
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Systems Engineering

System engineering: is the “discipline” of designing systems 

properly. 

It is an “interdisciplinary approach” which considers the complete 

problem, from customer needs to design synthesis and system 

validation, and finally manufacturing and operations. 

The amount of system engineering depends on the amount of 

risk.
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Incremental Iteration

Even the lowest level systems are developed iteratively.

The designs get bigger with each iteration.

The allows manufacturing to overlap design.



27



28



29

The Flexibility EngineTM:
A New Way of Thinking

THE FLEXIBILITY ENGINE™

A NEW WAY OF THINKING

Framework to incorporate long-term implications of current 

decision alternatives — how would each alternative behave over 

time and what kind of triggers could be needed?

Process to proactively capitalize on relevant, available and value-

added synergies and come up with new ones in a dynamic and 

complementary manner.

System to exploit and cope with exogenous and endogenous 

uncertainties explicitly.

Methodology to identify key elements of decision making at the 

executive level of the corporation, and impose performance 

yardsticks for sustainable growth.

Flexibility in time > American Options, Optimal Stopping

Flexibility in scope > Portfolio Optimization, Stochastic Control

Flexibility in means and ends > Spiral Development > Win-Win 

Spiral Model

Flexibility in concept > Concept Maps, Causal Maps > Knowledge 

Maps

Flexibility in design > Influence Diagrams, Bayesian Networks > 

Dynamic Decision Networks

Flexibility in strategy > Opportunity Development > Uncertainty 

Exploitation

Flexibility in extreme events > Disruptive Risk Management

The Flexibility EngineTM:
Typology for Effective 

Decision Making
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The Flexibility EngineTM:
Beyond Real Options 

Analysis

THE FLEXIBILITY ENGINE™: BEYOND REAL OPTIONS ANALYSIS

When target markets and technical agendas are flexible, that is: 

• Demarcation between investment stages is blurry,

• The scope for possible modifications in the initial stages is vast,

• Opportunities are linked to the actions of the corporation; i.e., 

endogenous.

Additionally, actors at different levels of the corporation have 

different perspectives on the attractiveness of a given opportunity 

due to psychological biases, cognitive issues, and different 

incentive structures, the discrete logical framework of real 

options breaks down.

There is a need for more generic path-dependent processes:

• Treatment of non-quantifiable risks,

• No figure is better than any figure.
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We have been exposed in recent years to many product development 

methodology terms with often subtle differences in meaning.

Latest version of the PMBOK (Project Management Body of 

Knowledge), for example uses the term “progressive elaboration” 

to describe the eventual realization of project scope after multiple 

iterations of planning.

So that project scope is more explicit and detailed over time,  

as opposed to requirements creep — which is considered 

uncontrolled change.

Even social scientists have espoused the advantages of incremental 

decision-making such as in Lindblom’s famous 1959 public 

administration classic, “the science of muddling through.”

These many terms at the top different in their intent from the terms 

at the bottom that are more singular or sequential or serial efforts to 

arrive at a product solution — though not completely exclusive of 

those at the top.
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The Defense Department in year 2000 embraced the term evolutionary 

acquisition in its policy documents governing the acquisition of 

materiel, and mandating spiral development and incremental 

development as desired approaches.

These as opposed to a single step to full capability approach often 

used in the past.

The quest here actually being for faster cycle time for product release.

Distinction among these three terms has been somewhat problematic 

for us — most often thought of this way shown as the relation to full 

realization of requirements or product end-state beforehand.
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The Congress got nervous when the DoD started going this way, and 

themselves wanted to define things in the language of the law in 2003 

so that they couldn’t be fooled with product improvements that were 

really brand new development efforts or programs.

I believe their concern may have stemmed from the Navy’s very 

successful F-18 Super Hornet program which was sold to Congress 

as a product improvement to the C/D model airplane, but which many 

feel was a total redesign of the airframe worthy of establishment of a 

new program for Congressional scrutiny.

This may or may not be the case.
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Most of us have long known that full realization of requirements, and 

visualization of the product, often takes multiple iterations of design, 

with feedback loops from modeling and testing activities

And sometimes the customer doesn’t fully realize what he can do with 

the product until he has it in hand.

I call that product discovery, and I can cite several examples of this in 

both commercial and defense applications

So, although we have often had iterative cycles or spirals of design 

during a product’s early development, these terms are now both being 

used to convey successive product releases:

• ATACMS and JFAC in Korea,

• ATACMS and long range trajectory w/o survivability,

• Camera cell phones and tests,

• Javelin and range.
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The term spiral development premiered in 1988 and was particularly 

relevant to the software industry where Barry Boehm’s use of this visual 

depicted a cycle of efforts to fully define the product and reduce risk of 

failure to meet goals.

He specified its use for an environment of rapidly changing 

requirements or uncertain architecture.

He has pointed out that not only can developers demonstrate 

functionality in an incremental way, but we can also commit corporate 

resources in an incremental way.

And I think that for easily changed and somewhat intangible products 

like software, this model has been very appropriate.
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The DoD’s application of the term to hardware product releases 

recognizes that requirements start out broadly and become refined 

over time.

All the while technology is changing — perhaps settling on a new 

standard interface or protocol — or breakthroughs might occur that 

can be applied.

So wouldn’t it make sense to strategically plan for these refinements 

and insertions rather than to become victims of them?

And simply have separate product releases rather than wait for 

everything to settle down, and gamble on one one grand design that 

incorporates all inputs, — and is nevertheless surpassed while in a 

lengthy production phase — again by ever-changing technology or 

operational conditions.
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So if I haven’t confused you already with DoD’s jargon and use of 

these terms, perhaps this chart will do so.

This table is designed to help distinguish our methodologies over the 

years.  

Single step to full capability is the traditional acquisition strategy that 

was almost exclusively used prior to the 2000.  

Pre-planned product improvement has also been in use for a long time 

for advanced capability that had to come later.  

Evolutionary acquisition is the relatively new term that was 

incorporated into our policy documents as the preferred acquisition 

strategy.

Involving perhaps more iterations than pre-planned product 

improvement. 

In one approach, the incremental approach, the ultimate functionality 

can be defined at the beginning of the program, with the content 

of each deployable increment determined by maturation of key 

technologies.

In the other approach, the spiral approach, the ultimate functionality 

cannot be defined at the beginning of the program and each 

increment of capability is defined by the maturation of technologies 

matched with the evolving needs of the end user.
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I understand the rationale and the appeal of applying this evolutionary approach to hardware 

development.  But I also have some concerns about putting this into practice with major systems.

One of them is the process for incremental decision-making or stage-gates, that may be employed 

by the sponsoring agency.  Our decision-making framework in DoD requires that we re-visit 

project success criteria at several intervals.

These are resource intensive, hierarchical reviews (shown here as diamonds) that add scope, 

schedule and cost.  And, as off-core activities, they are a significant distraction away from 

monitoring and managing development.

Another is that the testing and production effort will now run parallel to the follow-on development 

effort for the upgrade, and so there are organizational impacts to consider.  If designers are truly 

freed from development of the initial block, they can be gainfully employed in the successive 

effort.

But if things need to be re-worked as a result of incomplete realization of requirements, or 

incomplete implementation of the technology in the first increment, there will be stress.

In either case, there will likely have to be duplicative or additional management elements 

employed in the organization that is doing production and development at the same time.

The worst thing we can do to ourselves is have 2 increments to achieve one set of capabilities 

taking longer than it would have in a project structured to just one increment.

Apart from the organizational and oversight concerns, I also have some other programmatic and 

product considerations about evolutionary development.
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One big problem for PMs is the uncertainty that exists at the start of 

R&D programs, where we must schedule and budget the “knowledge 

work” effort with some precision.

We have only a few broad and limited estimation tools to use.

As we go through time on a project, we know more, but of course too 

late — kind of a Catch 22.

Multiple increments in a program further complicate our ability to 

forecast costs — not that there is necessarily any more uncertainty 

with one set of capabilities than with several divided sets, but the 

time-phasing and colors of money and additional management 

overhead adds complexity to the cost model.

Other financial aspects may come into play such as maintaining the 

priority of funding for the successive increments.
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I feel very fortunate to have lead the development effort — as the 

number 2 guy — on two fielded missile systems that are now combat 

proven and still in production.

Army Tacms in the first Gulf War

And Javelin now being used in Iraq and Afghanistan

Both were born out of DARPA initiatives.
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The first program used evolutionary acquisition — both incremental 

and spiral — thinking we had envisioned the end state, or full 

realization of requirements.

In this development effort we planned to invent a 4000 pound missile 

with a range of 200 km to replace smaller rockets with a range of only 

40 km.
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Before starting, we had deliberately planned a parallel development 

program to advance this missile’s capability with an incremental smart 

submunition.

We separated the efforts into blocks of capability.

The missile as Block 1 appeared just in time for the first Gulf War, and 

Block 2 wasn’t to arrive until about 6 years later.
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But during the war, requirements emerged for a longer ranged, GPS 

guided missile with reduced payload,

and then a Unitary charge missile,

and then a Penetrator missile — as spirals that we had not 

anticipated.
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The Javelin program used the single step to full capability strategy.

Most people know Javelin today for its successful use in Iraq and 

Afghanistan, with about 98% reliability after hundreds and hundreds of 

them fired against a variety of targets — no incidence of fratricide, etc.

But few know today how difficult it was to arrive at this success.

Because the technologies for soft launch, fire and forget, and light 

weight weren’t fully mature at the commencement of advanced 

development, the program more than doubled in cost and needed an 

additional 50% longer to develop.
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For hardware design in particular, a stable design is often the quest.

Many of us have long been taught to seek total requirements 

realization up front via rigorous IPPD and SEP methodologies to avoid 

re-work

Because changing configurations is not viewed as efficient — due to 

supportability issues with lot/model/& type diversity

Reliability issues because of insufficient testing of the changes.

System validation testing and & qualification becomes a concern 

when we change enough that we no longer know fully what we have

And there may be interoperability concerns as well

Another is the training impacts of mixed capabilities within the force or 

even the unit.

Still, design changes abound once we’re in production — where 

efficiencies can often be discovered
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Interestingly, a change in the production design to save $15 per 

missile resulted in rocket motor nozzle burn-through, and a realization 

that we didn’t have very good configuration control.

It necessitated a very expensive retrofit of dozens of missiles.
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The Javelin too has had a number of design changes during 

production.

The design of the Javelin has become very “evolutionary” indeed 

— but not in a planned development sort of way.

Fortunately, we’ve not seen impacts upon the end user as of yet.



So its all about risk — and control of change.

It could be argued that everything we have out there in the way of products 

was developed incrementally.

Was the delivery of them deliberate or ad hoc?

Everything changes — but in product development, changes are either 

strategically planned beforehand or tactically innovated when realized later.

What determines the strategy we choose? 

I think it’s likely based upon factors of practicality and market need.

Market need often drives decisions about time to delivery — like the annual 

cycle of toys or automobiles.

Another consideration perhaps is quantities: is this a one time production 

— like a building or aircraft carrier — or a long production run of many items?

Can we deal with lot/model/and type diversity from a supportability 

standpoint?

Criticality of mission/and survivability of crew may help dictate which is best.
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And then, I believe technical readiness is key

If emerging technology is the pacing item in your project — TRLs are a 

useful heuristic to reduce scope of the effort in advanced development 

and reduce risk

If going the incremental route, we must at least have an architecture 

that supports tech insertion.



Even though concurrency of activities is part and parcel to every 

project.

The GAO has warned us about trying to manage technology, design, 

and manufacturing risk at the same time.

And so which ever methodology we choose in developing our 

products, I too would advocate that — for every product or increment 

of a product — we should know all we can about the technology and 

requirements before commencing design, and know all we can about 

the design before commencing production.
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Development 
Challenges

Competitive development requires continuous design innovation.

The performance of innovative designs are inherently uncertain, 

creating design risk.

How can firms increase the chances of including developing and 

selecting high performing designs? 

Multiple design alternatives are characteristic of “good” design 

processes.

“...the single solution path to failure...”

 - DOE project manager, 2001

“...single solutions are usually a disaster”

 - Pugh, 1991

Solution: Parallel development of multiple alternatives and 

selection of the best alternative.

Managing multiple alternatives is difficult...

• Starting with a fertile set of alternatives,

• Relative performance of alternatives evolve,

• Costs increase with the number of alternatives,

• Selecting the best alternative ...

55

Multiple Design 
Alternatives
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Research  
Questions

How does delaying alternative selection improve Toyota’s design 

and development performance? 

What is the value ($) of delaying decisions for Toyota? 

When should alternatives be eliminated?

Option: Right without obligation to change strategy in the future 

based on how uncertainty resolves.

Design and Development Examples:

• Exit strategies from development projects,

• Extra capacity for future expansion,

• Modularity.

Retaining flexibility with options can increase project value:

+ Increased benefits (e.g. from better quality)

+ Decreased costs or income losses

- Costs to obtain and retain flexibility

- Costs to change strategy

- Lost benefits of deciding early

A Real Options perspective of development at Toyota.

Parallel staged development purchases options:

• Options to abandon (separate alternatives),

• Options to switch (interdependent alternatives).

Delaying abandoning alternatives retains the  

“All-Alternatives-Available” strategy 

Option benefits and costs

+ Increased quality of final alternative

- Cost of keeping alternatives alive
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Real Options Theory

A Real Options 
Perspective of 

Development at 
Toyota
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A Simulation Model of 
Toyota Development

1 auto system through 3 major development phases.

Reflects development (e.g. quality of development, 

schedule control, labor quantity and allocation, costs).

Four stylized design alternatives:

• Uncertain path-dependent evolutions (creates “cross over”),

• Differ only in complexity and tractability,

• Clear gradation from best (#1) to worst (#4).

Decision Variable: All-Alternatives-Available Option Life.

Alternative Selection Policy:

Abandon alternative, if:

• Probation Periodalt ≥ 1 month, 

• AND Time ≥ All-Alt Option Life.
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Application Issues

Real options at Toyota are one part of set-based development:

• Continuous learning environment and processes,

• Process vs. performance focus.

Part of “The Toyota Way” — tightly interwoven culture, processes, 

management, etc. 

Value-added can be sensitive:

• To other decisions variables,

• To development processes,

• To product characteristics...
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Conclusions

Real options add value to Toyota development projects and 

partially explain Toyota’s success.

Flexibility with managerial real options has large strategic 

potential to add value  to development projects.

Application challenges remain (no “plug-and-play”).
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Challenges in the 
Pharmaceutical Industry

Managed care organizations controlling costs:

• Use of lower cost generic drugs.

Regulations:

• Increased marketing expenditures.

The period for a patent has been reduced significantly:

• Barriers to entry have diminished.

Drug development process: complex, costly, highly risky, and very 

time consuming.

Failure rate:

• Once in market, seven out of ten fail to return the cost of the 

company’s capital.

Technology and market risks.

Total cost of bringing a new drug to market is between $350 and 

$500 million 

 - Jacob et al., 2002

A project may fail at any time:

• Usually, around 50 projects are run in parallel.

• High failure rates due to scientific failures.

A drug research project takes 10-15 years 

 - Jacob et al., 2002 and Nichols, 1994

Pharmaceutical firms spend 15-20% of revenues on R&D, 

in comparison to only 10% on production 

 - Ulrich et al., 2005

Considerable 
Resources Spent on 

Pharmaceutical  
R&D Projects

contents
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Concerns in the 
Pharmaceutical Industry

Decrease in productivity in terms of number of drugs launched 

per year.

Emphasis on the development of project management techniques 

and methodologies:

• Develop a drug quickly and efficiently,

• Maintain the flexibility to react to different types of uncertainties.
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The Drug 
Development 

Pipeline

Drug discovery (2-10 years):

• A specific target is identified,

•  Thousands of compounds or molecules are screened to get around 

hundred of potential drugs.

Preclinical  testing: (3-6 years):

•  Animal studies to evaluate drug safety and show that it 

demonstrates biological activity against the disease target.

Investigational New Drug Application (IND):

• This application shows results of the preclinical experiments.

Clinical Trials:

• Phase I (6 months-1 year):

 -  Medicine tested in a small group of healthy  

volunteers (20-100).

• Phase II (6 months-1 year):

 - 100-500 volunteer patients.

 -  The goal: demonstrate medicine effectively treats the 

disease.

• Phase III (1-4 years):

 -  Medicine tested in large, with 1000-5000 patients in 

hospitals, and clinics.

 -  Researchers closely monitor patients to confirm that drug  

is effective and identify the side effects. 

Company files a New Drug Application (NDA) with the FDA  

(16.9 months for approval)

Actual market is characterized by change, uncertainty, and 

competitive interactions.

As new information arrives and uncertainty gradually resolved, 

management needs flexibility:

• Alter the operating strategy,

• Seize valuable opportunities and mitigate losses.

For a good project evaluation, sources of risks need to be 

identified, and decision points defined.

Need to Accommodate 
Complexity and 

Dynamics  
of Pharmaceutical  

R&D Projects 
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Valuation using 
Traditional  

Discounted Cash Flow

A traditional approach using NPV.

NPV method is static:

• Ignores managers flexibility,

• Ignores changing market conditions.

NPV methods undervalue the projects in the presence of high 

uncertainty.

Traditional NPV rule yields same results as real options analysis 

when:

• Market and technology uncertainties are very small (tends to 

zero),

• Investment required for the product development is reversible.

An option is the right but not obligation to take an action  

in the future.

Bridges the gap between strategic thinking and finance:

• A way of thinking,

• Similar to contingent decisions: depending on conditions, 

management takes decisions to create highest value.

The real options approach is an extension of the financial option 

theory to real (non-financial) assets:

• A new financial project evaluation tool superior to DCF.

Higher uncertainty in a project payoffs increases the real option 

value of the managerial flexibility or the value of the real option:

• With higher payoff uncertainty, flexibility has a higher potential of 

enhancing the upside while limiting the downside.

Management has the flexibility to alter the initial strategy.

This flexibility enhances the investment value relative to the initial 

expectations.

Introducing  
Real Options

Real Options as a 
Managerial Flexibility
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To support management ask the right questions when evaluating 

a project:

• How can decisions be defined in order to reduce uncertainty?

• What are the project goals?

• What are the possible alternative strategies, and which will create 

the highest value?

• What are the possible outcomes and how can management react?

Myers (1984), and Dixit and Pindyck (1994) realized that DCF 

methods inadequately value the R&D projects.

“DCF techniques may have been misused and consequently not 

accepted in strategic applications”

 - Myers, 1984

R&D investment opportunities are real options.

“I believe the most promising line of research is to try to use 

options pricing theory to model the time-series interaction 

between investments.”

 - Myers, 1984

Investing in an R&D project creates an option in investing in 

forthcoming development phases.

Follow-up investments are made only when the results of the 

initial projects are satisfactory and market conditions favorable.

Management has the right but not obligation to invest in the  

next R&D phase.

The downside risk is limited by the flexibility to react to  

new information.

The upside potential is increased.

Real Options Thinking

Real Options as Solution

Analogies between  
Real Options &  

Financial Options
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Types of Real Options

In a staged project, each stage is an option.

Initiate / Defer option:

• Waiting until more information becomes available.

Switching Option:

• Changing the mode of operation of an asset.

Abandonment option:

• Making the investment in stages,

• Deciding at each stage whether to stop or continue.

Expansion/contraction option:

• Possibility to adjust the scale of the investment depending  

on the market conditions.
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Valuation of Real  
Options using  

Decision Tree Analysis 

NPV analysis extended to account for uncertainty through the 

Decision Tree Analysis (DTA) framework.

Excellent tool to model subsequent activities, possible outcomes, 

and uncertainties.

NPV estimates obtained through moving backward in the decision 

tree and applying the discounted cash flow methodology.

DTA is inferred from Cox, Ross, Rubinstein (1979) “Option Pricing: 

A Simplified Approach” developed a binomial model to value 

American options using decision trees.

Example 1: 
Traditional NPV  

Inappropriate

Value of option is missed: 

However, in reality, many more scenarios are possible, and  

further milestones at which decisions can be made on whether  

to continue or stop investing.

Example 2: Typical 
Abandonment Option for 
Pharmaceutical Projects 

(Scrip Reports—2000)

Including abandonment option increases the project’s value.
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Disadvantages of DTA

The sequence of research activities in projects in innovative areas 

may be difficult to define:

• Decision points are hard to define.

In large companies, many projects run in parallel:

• Diversification reduces technical risks.

Time-consuming:

• In the pharmaceutical case, the problem requires very large decision 

trees to adequately capture the options and the uncertainties.

Use options pricing techniques for valuing R&D investment is 

suggested by many researchers.

Most common is Black-Scholes (1973) model for option pricing:

• Derives option value from five variables.

• Assumes value of the underlying asset changes continuously and is 

lognormally distributed.

• Volatility of underlying asset is continuous and increases linearly with 

time.

• Reasonable to describe volatility of stock prices, but not for that of 

R&D investments.

• Technical risks of the project are not within the scope of the analysis.

Can be applied for certain cases in the pharmaceutical industry:

• When the parameters can be reliably identified by referring to similar 

publicly traded assets.

• Ex: a particular research project may have a similar risk structure as 

a project undertaken in a biotech company.

The expert’s assumptions regarding probabilities of success at 

each step are not reflected.

The Black-Scholes model should be reserved to special 

situations.

Valuation of Real  
Options using  

Black-Scholes Model

Disadvantages of  
Black-Scholes Model
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Merck applies the Black-Scholes formula: 

where  is the standard deviation of the rate of return  

on underlying asset.

Pharmaceutical companies enter into business relationships with 

small biotechnology companies or universities to gain access to 

research projects:

• Up-front payment followed by a series of payments.

•  Payments give the pharmaceutical company the right but not 

obligation to make further investments.

Option to terminate the project any time if dissatisfied with the 

progress of the research.

Five variables affect the project’s value:

• Exercise price:

 -  Is the capital investment to be made at end of the  

project’s life.

• Stock price:

 -  Or value of the underlying asset, is the PV of the cash flows 

from the project.

• Time to expiration:

 -  Merck determines the time of expiration with respect to 

market conditions.

• Project volatility:

 -  Using a sample of typical biotechnology stocks to measure 

project’s volatility, a range was set at 40% to 60%.

• Risk-free rate of interest: 4.5% assumed.

Real Options are the best framework within which pharmaceutical 

R&D projects can be valued.

Research on methods using Real Options for risky staged R&D 

projects is still not well developed.

Need for tools designed specifically for staged R&D investments.

Example 3:  
The Case of Merck  

(Nichols 1994)

Option Analysis at Merck 
(Nichols 1994)

Conclusion
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A Long History

Recovery possibilities are exceptional: risk analysis is 

inescapable.

Long-standing experience with complex programs in NASA and 

ESA: Cassini-Huygens is a recent example of this expertise.

Cassini-Huygens is a 19-year, $3.5 billion program, with many 

risks:

• Scientific complexity,

• Technical complexity,

• Industrial complexity,

• International cooperation.

Yet:

• Practically no surprises in schedule or cost,

• Tremendous scientific and technical success,

• A remarkable managerial success.

NASA has initiated many methods:

• Phase approach (life cycle of programs):

 1. Pre-Phase A: Advanced Studies.

 2. Phase A: Conceptual Design Studies.

 3. Phase B: Concept Definition.

 4. Phase C: Design and Development.

 5. Phase D: Fabrication, Integration, Test and Certification.

 6. Phase E: Pre-Operations.

 7. Phase F: Operations and Disposal.
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A Long Record 
of Methods



ESA Standards:  
ECSS

ECSS (European Cooperation for Space Standardization) 

cooperative effort of ESA, national space agencies and industry.

Project integrated risk management: customer, prime contractor, 

suppliers.

Risk management process comprises 4 steps and 9 tasks.

74



Implementation

The project manager is the integrator of the  

risk management function.

Risks are accepted at more senior levels.

High visibility and alert system.

Risk management results and decisions are  

traceable and defensible.
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What is Wrong

Some programs have cost overruns and extended delays.

Human errors and repetition of mistakes.

A managerial issue: are we following the rules well? In the space 

sector, it is called “Normalization of Deviance”.

Application related missions introduce new types of risks (e.g. 

Galileo).
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Independence Between 
Systems Engineering and 

Project Management

Put in place new development methods within the frame of 

enterprise risk management (in particular generalization of 

systems engineering, CRO, risk-oriented culture).

Define liabilities at all levels.

Risk informed decision making.

Harmonize ERM with partners.

Systems engineering.

Mission design center.

Technology readiness levels.

Spiral development.

Project reviews (PDR, CDR, Margin Assessment).

Partnership with scientists.

Decision making in selecting space projects is very limited: 

commercial market is small, government projects are political 

decisions:

Situation will change with:

• Less costly and more frequent missions,

• Development of applications,

• Space segment integrated in global systems.

What Space Can Bring  
to Other Sectors

Some Lack of Experience 
in Space Projects
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What Space Has  
to Learn From the 

Commercial Sector

Integrate applications and services.

Manage space infrastructures for multi-purpose use.

Develop financial engineering.

Spin-off activities.
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Operationally  
Responsive  

Space (ORS)

Attributes of Operationally Responsive Space (ORS):

• Tailorable payload and coverage for emerging operational needs,

• Ability to discretely field relevant assets into denied areas,

• Space assets as an organic part of the joint force,

• Cross-platform mission opportunities,

• Tactical control of payload,

• Low cost/risk tolerant.

Tiered system approach... it’s not only about the payload:

• Launch, range operations must be responsive,

• Satellite Command & Control needs to be accessible,

• Sensor access must be tactically available.

The design of modern complex systems requires the means to 

cope with uncertainty:

• Absent an ability to predict the future, today’s global challenges 

demands that a PEO’s program possesses the capacity to adapt to 

dynamic conditions.

• But mere adaptation without relevant analysis does not provide 

sufficient feedback.

Embedding into programs the impact of flexibility provides 

decision makers with means to calculate the value of adaptivity 

within the “Total System” design. 

Real options analysis provided responsive, adaptive and staged 

decisions for both executives and engineers when designing, 

planning and building networked and/or interdependent 

components within a complex system.
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Why Real Options  
for ORS?



82

Real Options for ORS

Real options are decision opportunities to invest in, or cancel a 

program’s ‘real’ operating assets. It provides leadership with the 

ability to change and optimize program management and system 

engineering choices over time as new information becomes 

available or as uncertainties are resolved.

There are four options leadership can choose:

 1. Hold — continue to fund program as originally planned,

 2.  Modify — continue funding but change the focus of 

funding,

 3.  Expand — increase the level of funding and scope of 

project,

 4. Abandon — stop funding the program.

But how does leadership place value on each option?

Factors that determine the real value of the program are:

• The intrinsic value of each option available or desired,

• The price to fund or continue to fund the program,

• Cost that sponsors are willing to pay,

• The opportunity cost of expenditures in the project,

• The time sponsors need to make a decision to chose an ‘option’,

•  The volatility of asset’s value — a measure of how much the value of 

the program changes over time or uncertain future.

The Business Case:

•  Macro and micro level project evaluation decisions regarding the 

ORS.

The Typical User:

•  Determine the value of the ORS initiative for tactical and operational 

decision makers.

The Community of Users:

•  Determine the value of ORS to collective of users at the ‘market’ or 

‘enterprise level’.

Real Options Factors

ORS Conceptual Models



83

Strategies to  
Mitigate Risk

Inputs to ROA:

• Explore launch options, networks, sensors & bus,

• Conduct analysis of costs and volatility.

Conduct Limited Objective Experiments:

• To test technology,

• Co-evolve ORS capabilities.

Implement Operational Experiments:

• To explore community of users and DoD/DHS acceptance.
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TacSat/VMOC
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VMOC Features

Subscriptions:

• Allows for filtering and wide distribution of data,

• View all user subscriptions and data feeds.

Work Folders:

• Allows for collaboration of relevant data,

• Access to all work folders.

Annotations:

• Allows users to add value to incoming data.

Search

Tasking:

• Task for sensor data,

• Instantly know if tasking request is possible,

• View all tasking requests,

• Collaborate for best sensor management.

Gain/maintain joint maritime superiority.

Show-case tactical access to space.

Incorporate/correlate with existing C4I systems.

Tactical and operational data dissemination.

Develop concepts of operations.

TacSat-1  
Experimental Objectives
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Applying ROA to ORS

Step 1: Build an investment decision tree.

Step 2: Identify risks as public or private and assign probabilities.

Step 3: Apply a spreadsheet cash-flow model at each tree 

endpoint:

• Calculate NPV using the risk-free rate and “roll back” the tree to 

determine the optimal strategy and its associated value.

Step One



Step Two

Step Three

88



89

Summary of Results

Real Options Analysis was feasible to evaluate ORS:

• Applying ROA methods required that we integrate market and non-

market information types.

• Market information can be obtained and analyzed using standard 

ROA methods.

• Non-market information can be obtained from experimentation 

and knowledge solicitation and can be analyzed using decision tree 

methods.

Challenges:

• Obtaining credible and accurate objective and subjective estimates.

• Communicating process and results from a complicated evaluation 

process to larger audience.

• Obtaining DoD acceptance of non-traditional evaluation method.

Simulation
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An Example:  
Stiletto
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