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Abstract

By bringing innovative new products to the markeitns aim to gain sustainable advantage.
Radical innovations are highly desired for they éhdte potential to open up avenues of
profitable new business. However, they are difficalmanage and very risky. The question is:
What can be done to manage these innovations fy@per

Two contrasting views exist regarding managing aadinnovation projects. First, several
authors suggest radical new projects typically imeotrial-and-error. Because radical new
product applications often do not fit existing metrkdemarcation lines or product categories,
customer preference is difficult to forecast andketsize and profitability are hard to estimate
at best. On the other hand, other autlsoiggest managing project flexibility is well podsiland
can seriously reduce project costs. Drawing on ogdions theory, they suggest that R&D
projects can be managed in a linear way and outs@pikmized by quantifying uncertainty.

Based on the above, we wondered: Can radical nedupt applications be managed in a linear
way or is an ad hoc approach paramount? We explti@sked on a literature review and case
research, the degree to which real options apprcacibe used and extended to management of
radical innovations.

Based on a case study from Philips regarding nghtitig technology, we found that innovation
management requires a mix of the two approachetifigéel above. The early search for a useful
application is a type of deliberated trial-and-erepproach simply because risks cannot be
calculated. After this, real options come into sigh developments of technology, market and the
risks involved become more specific and can benedéd within boundaries. Hence real options
theory can be used but with some modifications dhasedifferent distributions of uncertainties
and levels of control. The streams seem to complemagher than substitute. According to the
findings of our case study, we developed a cone¢gtamework for managing radical product
applications consisting of a pre-radical R&D phaseaadical R&D phase, and an incremental
R&D phase. The radical R&D phase is characterizgdab iterative behavior of subsequent
radical innovation R&D projects which are seledbgdsenior management which is an additional
source of option value and is a critical real apfior managing radical new projects. As the R&D
projects develop through the different phases #agks the uncertainty is resolved and the level
of control is increased.

The current work extends previous findings regaydimanaging radical innovations, particularly
explaining how ad hoc and real options approacbagptement rather than compete. The results
are highly useful for managers in companies fatiege types of projects.



M anagement summary

To assure sustainable competitive advantage, fireesl to bring innovative new products to the
market {/eryzer, 1998 Radical innovations are highly desired as thayehthe potential to
provide higher levels of value compared to existongducts Griffin, 1997, Benedetto, 1999
However, managing radical innovations is a difficahd risky processCpoper, 1990 The
guestion is: What can be done to manage theseatioag properly?

Two juxtaposing views for managing innovations &gt First, several authors suggest radical
new projects typically involve trial-and-erroe.¢., O’Connor, 1998; Chandy and Tellis, 1998
Because radical innovations are often causing aotiat changes in the market place, estimating
market potential and likely market acceptance ekéhtypes of innovations is proven to be very
difficult (Lynn et al., 1995 Moreover, when the technology is still in embmg stage
unexpected problems may emerge requiring exceptitetdnnological efforts and creativity
(Stevens, 1999 On the other handjluchzermeier and LocfR001) suggest managing project
flexibility is well possible and can seriously reduproject costs. Drawing on real options theory,
they suggest that R&D projects can be managed linear way and outcomes optimized by
guantifying uncertainty. Of course, when possihbiehsapproach will provide much more control
to managers when confronting innovation risk andeatainty and thus would be preferable to ad
hoc approaches.

The objective of this thesis is to find out whiclew is correct under conditions of radical new
technology. Can radical new technology and coneartd product applications be managed in a
linear way, as suggested Byichzermeier and Locf2001), or is an ad hoc approach paramount?
We explore the degree to which real options appraan be used and extended to management
of radical innovations.

Based on a case study from Philips Research anliiphiighting regarding new lighting
technology, we found a mix of these two approacties; coexist and alternate. The early search
of a useful application is a type of deliberatadland-error approach. After this, real options
theory can be used but with some modifications dhasedifferent distributions of uncertainties
and levels of control. Our results show that theeashs seem to complement rather than
substitute. Divergent findings may be explainedlégk of sensitivity to or differentiation of
radical vs. incremental innovation projects. Fumere, real options literature use synonymous
definitions uncertainty and risk and lacking spg@ad) the level of project control, which
determine the degree to which real options approaaolbe used and extended to management of
radical innovations.

Early stages in the (pre) radical R&D project aharacterized by very high uncertainty and
require much flexibility. This flexibility will stmulate creativity, encourage outstanding
technological efforts and fuel new opportunitiasthese early phases of the full R&D lifecycle
managerial flexibility loses its value because rearikput, such as market requirements and
payoff, is not available and technical drivers anelear and hard to manage since the technology
is still in the embryonic stage. As the radical R&Ebject develops through the different phases
and stages the uncertainty will resolve and lessilfllity is needed, while the value of
managerial flexibility will generally increase asoertainties become quantifiable at higher levels
of control and higher investments are needed.
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Based on the findings of our case study, we deeelap conceptual framework for managing
radical product applications consisting of (1) a-padical R&D phase, (2) a radical R&D phase,
and (3) an incremental R&D phase. In the pre-rdd&D project phase new applications for a
novel technology or material are identified. Thisai convergent process which leads to a single
or a few most interesting applications. Based am dbportunity identification radical R&D
projects are executed which focus on an applicataentifying and selecting the first application
of a technology is an important source of optiolugand is a critical real option when managing
radical new projects. Because of high failure rateany radical R&D projects are abandoned.
This explains the iterative behavior of subsequedical innovation R&D projects. After
launching a radical innovation to the market, inceatal R&D projects are executed delivering
continuations and extensions of the radical prodadihe market.

We contribute to the literature by reconciling ttebate on the use of ad hoc/trial-and-error and
real options approaches. We extend the soft rdadrapstream that has focused on R&D project
portfolio management to R(technology)&D(product laggiion) project management. By doing
this we close the gap between the hard and sdftopggons approach. We also extend current
work on real options approach for managing (incresadeproduct applications to) radical new
product applications.

The contribution to practice includes new insigbts how radical new product applications
should be managed in R&D based companies. Ouraladen project management process is
highly usable for managers in companies facinggligses of projects.

Vi
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1. Introduction

1.1 Background and problem definition

By bringing innovative new products to the markigins aim to gain sustainable advantage
(Veryzer, 1998 Radical innovations are highly desired for tlnaye the potential to create new
profitable lines of businessG(iffin, 1997; Benedetto, 19%9 However, managing radical
innovations is a difficult and risky processdoper, 1990 The question is: What can be done to
manage these innovations properly?

Two juxtaposing views co-exist. On the one hanges® authors suggest radical new projects
typically involve trial-and-error €.g., O'Connor, 1998; Chandy and Tellis, 1298his view
advocates an ad hoc approach because radical melugbrapplications often serve an entirely
new market and therefore customer preference fgculif to forecast and market size and
profitability are hard to estimatéynn et al., 1996, 1997

On the other handiduchzermeier and Loc[R001) suggest managing project flexibility is well
possible and can seriously reduce project cos@wIdg on real options theory, they suggest that
R&D projects can be managed in a linear way anccasuoés optimized by quantifying
uncertainty. They use a formal, systematic methmglolhaving defined procedures for doing
development.

If Huchzermeier and LocfiL999, 200} are right their approach would provide manageits w
much more control. However, recent empirical figdirsuggest that — contrary to the authors’
opinion — it may be less suitable for radical inaben. For instanceSantiago(2008 reports
that the model seems to be more suitable for magggiojects at the later stages of the full R&D
lifecycle.

Thus in the literature several competing perspestigxist and it is unclear how useful these
approaches are for managing radical innovationsis€quently, the question remains which
approach is more appropriate.

1.2 Research questions

The purpose of this thesis is to find out whichwis correct under conditions of radical new
technology. Can radical new technology and coneartd product applications be managed in a
linear way, as suggested byichzermeier and Loc{200) or is an ad hoc approach paramount
(e.g. O’'Connor, 1992 We explore the degree to which real options @ggr can be used and
extended to management of radical innovations.

We begin with a literature review with a discussiohthe relevant streams of research /
conceptualizations. We address whether they arstitutes or complements and how useful
these approaches are for managing radical innavatio

Next, we research limitations in the approachHoichzermeier and Locf2001) and look for
modifications to fit conditions of radical innovati products.

In order to clarify our research question we defra€elical innovation as innovation which
concerns exploration using new methods or practioesinvolves entirely new products, whereas

1



incremental innovation refers to exploitation usgaptinuations of existing methods or practices
and involves refining or expanding existing prodgudohr et al., 2001

Research questions:

» Can radical new product applications be managed limear way, as suggested by
Huchzermeier and Locf2001) or is an ad hoc approach paramount?

* More specifically, can we complement and modifychzermeier and Loch'€001)
approach to also address radical innovation praj@ctlitions?

1.3 Objectives
The objectives of the thesis are the following.

First, to clarify if radical new product applicati® can be managed in a linear way, as suggested
by Huchzermeier and Locfi999, 200} or is an ad hoc/trial-and-error approach param¢eig.,
O’Connor, 1998; Moorman and Minor, 1995, 1998

Second, to develop a conceptual framework for magagadical new R&D projects which
provides better descriptions on how to manage ahdiew product applications.

Objectives:

e To clarify if radical new product applications cae managed in a linear way, @as
suggested byduchzermeier and Loc{200]) or is an ad hoc/trial-and-error approgach
paramount?

e To develop a conceptual framework for radical ne&DRprojects which provides
better descriptions on how to manage radical neaymst applications.

1.4 Methodology

First, we present a literature review on both pectpes, i.e. real options approach and ad hoc
approach, to get a good understanding of the efadé in this domain. We will describe the real
options stream and focus on models for managing RE&dpects introduced biuchzermeier and
Loch (1999, 200}, Huchzermeie2009, and further developments of the concepg( Santiago
and Bifano, 2005; Santiago and Vakili, 2005; Resd Baier, 2007; Santiago, 20p8Then, we
will study the contrasting view which describes jpots conducted by a trial-and-error/ad hoc
approach. We will compare the juxtaposing views amdicate limitations of the existing
literature. Specifically, the limitations of therdareal options stream will be assessed.

Secondly, to answer our research question we usEsa from Phillips regarding radical new
lighting technology. The motivation for choosingase study concerning multiple related R&D
projects developing same radical technology witnisingle firm is that such approach provides
the possibility to explore a total trajectory of R&rojects. We describe the new technology and
illustrate how early on search of a useful appiwatis a type of deliberated trial-and-error
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approach. After this, real options theory can bedubut with some modifications based on
different distributions of uncertainties. Additidnaonsiderations and uncertainties are also
identified and included. The case study is basedemeral R&D projects working on the new
lighting technology which were executed over thst Beven years — 2003 to 2010 —. The author
of this master thesis participated as a reseainhmany of the projects. In order to increase the
objectiveness of the qualitative analysis, the irgiuihe author is supported by project proposals,
progress reports and published documents inclugatignt applications and (scientific) articles.
In addition, we briefly refer to other R&D projedts / innovations of Philips to strengthen our
findings.

Although the approach of this study is descriptives will make prescriptive statements to
increase the relevance of our work.

Third, based on the literature review and casearesewe develop a conceptual framework of
radical new project management for developing eddiew product applications.

Methodology:

» Literature review on real options approach and-éwel-error approach for managing
R&D projects studying both streams.

e Case study from Philips on radical innovation R&jpcts to clarify if radical nev
product applications can be managed in a linear wrayf an ad hoc approach |s
paramount.

e Constructing conceptual framework for radical newojgct management fqg
developing radical new product applications basedhe literature review and case
research.

=

1.5 Contribution to literature and practice
We contribute to the literature in three importaalys.

First, we reconcile the debate on use of ad hat#mnd-error €.g. O’'Connor, 1998and real
options approaches.g. Huchzermeier and Loch, 2001

Second, we extend soft real options stream thafd@sed on organization strategy including
R&D project portfolio managemente.§., MacMillan and McGrath, 2002to engineering
management in particular R(technology)& D(produethinology) project managemerg.d.,
Santiago and Bifano, 2005By doing this we close the gap between soft laad real options
approaches.

Third, we extend the work regarding real optiorsotty and innovation project management for
managing radical new product applications. Curvemitk (e.g., Huchzermeier and Loch, 2004
more geared towards incremental new products, labevexplained.



Contribution to literature:
* Reconcile the debate on use of trial-and-errorraatioptions approaches.

 Extend soft real options stream that has focused R&D project portfolio
management to R&D project management closing tipebgéween hard and soft real
options approach.

—~

* Extend current work on real options approach fomaggng radical new produ¢
applications.

Our contribution to practice includes new insiglois how to manage radical new product
applications. Based on case research we developmmh@eptual framework. Our radical new
R&D innovation management process is highly uséMenanagers in companies facing these
types of projects.

Contribution to practice:

* Provide conceptual framework for managing radieal product applications.

1.6 Findings

Our results show that for radical innovation andical product applications a mix of the two
approaches is most useful. Based on a case stwdyHhilips regarding new lighting technology,
we found that the truth is a mix of these two apph®s. The early search of a useful application
is a type of deliberated trial-and-error approastier this, real options theory can be used but
with some modifications based on different disttitms of uncertainties and levels of control.
Our results show that the streams seem to compteragrer than substitute. Divergent findings
may be explained by lack of sensitivity to or diffetiation of radical vs. incremental innovation
projects. Furthermore, real options literature sis@nymous definitions uncertainty and risk and
lacking specifying the level of project control, inih determine the degree to which real options
approach can be used and extended to managemawaliczl innovations.

We developed a conceptual framework for managidgaaproduct applications next, consisting
of (1) a pre-radical R&D phase, (2) a radical R&mape, and (3) an incremental R&D phase. In
the pre-radical R&D project phase new applicatiéms a novel technology or material are
identified. This is a convergent process which $thdead to a single or a few most interesting
applications. Based on the opportunity identificatradical R&D projects are executed which
focus on an application. The choice of which agtian to focus on first, is a “real option of
select action” approach. Because of high failutes;amany radical R&D projects are abandoned.
This explains iterative behavior regarding subsatjuadical innovation R&D projects. After
launching a radical innovation to the market, inceatal R&D projects are executed delivering
continuations and extensions of the radical produttthe market. When the radical new
technology develops further the first successfudpct applications will help obtain a better
understanding of how to attack the market and prdliernatives further (i.e. bowling alley idea



in which after launching a first product to the ketrmany other derived products will follow,
Moore, 2006.

Findings:

Radical new product applications should be mandoyedasing a mix of an ad hoc and

a real options approach.
Both literature streams seem to complement rattaar substitute.

Further, theHuchzermeier and Locl{2001) approach needs some adaptations

extend it to management of radical innovations,amdy regarding assumed variability

distributions but also in terms of use of real opsi and managerial flexibility.

Conceptual framework of radical new project manag@nfor developing radical new

product applications.

1.7 Structureof thethesis

to

The remainder of this thesis is divided into fivepters. Chapter two describes managing R&D
projects. In this part we describe managing R&Dewis by using a real options and a trial-and-
error approach and limitations of both approachiélsbe studied. In chapter three, we present a
case from Philips Research and Philips Lightingardimg radical innovation R&D projects

developing a new lighting technology. In chaptarrfave capture and discuss our findings from
the literature review and case study, and in chdpte we develop a real options based model for
managing radical innovation R&D projects by usinglings of the previous chapters. Finally, in
chapter six we will present our main findings, dreamclusions from it and show the implications
and limitations of our work which is a call for ther research.

Structure:
1. Introduction
2. Managing R&D projects -  Literature review
3. Case Study - Empirical study
4. Discussion of case findings - Results and disonssf case material
5. Construction of a conceptual framework for devatgpiradical new produg
applications - Results and discussion
6. Conclusion




2. Managing R& D projects

In this section, we will review the real optionsQ)Rapproach to manage R&D projects that
overcomes the limitations of traditional static jgct management tools, for instance it provides
linear project management in which the course oR&D project is steered from start to finish

based on real time information (section 2.1). Sieadly, we will discuss the models introduced
by Huchzermeier and Loch (1999, 2001), Huchzerm(@i@d9), and further developments of the
concept (e.g., Santiago and Bifano, 2005; Santiagd Vakili, 2005; Rese and Baier, 2007;

Santiago 2008). We will then (section 2.2) discaug®ntrasting view which describes projects
conducted by a trial-and-error approach (e.g., Oi®or, 1998). Next, we will compare both

approaches (section 2.3) and end with addressimifdtions of the hard real options approach

(section 2.4) as suggested by Huchzermeier and (2fifhi) as this approach — according to the
authors’ opinion — would be favorable for managirgdical innovations because it would

provide managers with much more control and enhgNeD success.

2.1 Thereal options paradigm

In order to assure a profitable sustainable fubw&ness, high-tech companies invest heavily in
research and development (R&Dg.d., Griffin, 1997; Ollila, 200D Characterized by high
technological and market uncertainfgeSe and Baier, 209 Tnvestments in R&D projects are
risky, because payoffs are unsure while investmeate substantial and irreversible
(Huchzermeier and Loch, 2001For this reason it is key to manage R&D projeetsan
appropriate way ooper, 1990 However, it is difficult to assess R&D investriierecause
technology and project characteristics such as tead, cost and product performance of a
project are difficult to estimate in time and mdrkbaracteristics including market requirements
and payoff are hard to forecaky(in et al., 1996

Most R&D based companies use traditional Discouw@adh-Flow (DCF) methods such as Net
Present Value (NPV) to valuate their R&D projecsy(, Miller and Chan 2002; Boute et al.,
2004. However these DCF methods show significant atoins which might be catastrophic in
making choices about R&D project investmemrtg)(, Herath and Park, 1999T hese calculations
do not take into account managerial flexibility amssume passive management of the project
(MacMillan et al., 2005 For instance, DCF methods do not take into accthat a project may
be abandoned before finishing if intermediate tesate disappointingFaulkner, 1995 As a
result many projects in a company’s R&D projecttfmdio are undervaluedrifang et al., 200R

Generally these static approaches are overly stipliln order to illustrate this, Figure 1 and
Table 1 Faulkner, 1995 present a simple example of four different vatua of a project: (a)
most likely outcome, (b) most likely outcome indlugl market uncertainty, (c) NPV analysis
which assumes introduction of the product includalguncertainties, and (d) so-called real
options analysis (ROA) which assumes that the R&@)egt is managed activelypéntiago and
Vakili, 2005. Cost, uncertainties (i.e. probabilities) andgiole returns are shown in Figure 1
and used in the calculations for the different aéibns as shown in Table 1. When executing the
project an initial investment in R&D of $6M is need followed by an investment for



commercialization of the product of $15M. The pbksireturn of the project varies between -
$60M and $60M dependent on the R&D and market on¢co

(a) The most likely outcome calculates the valua pfoject based on the scenario which has the
highest probability against the possibility of istiag that money somewhere else at an
established interest or discount rate. This calmrais most oversimplified because it neglects
other possible outcomes. This valuation methodsgyavenegative value of $11.4M (most likely
outcome is a good result with a return of $10Mratfie® years).

(b) The most likely outcome calculation is improveg including market uncertainty, but still

does not consider other possible outcomes. Thigatiah method still gives a negative value of
$9.0M (R&D outcome is good and the range of possieturns is $10M or $20M having a
probability of 0.7 and 0.3, respectively).

(c) The standard Net Present Value (NPV) of a ptaalculates the value of a project against the
possibility of investing that money somewhere esean established interest or discount rate
under the assumption of commitment to commerciadinaand including all uncertainties. Still it
is not financially beneficial to undertake the R&Woject as a negative result of $5.4M is
obtained with this valuation methodology.

d) The real options analysis shows a positive ouic@i.e. result of +$2.2M), because it takes
into account managerial flexibility. The commer@ation phase is only started in case the R&D
project has an excellent outcome and therefoeefinancially beneficial to start the R&D project.

Table 1: Real options analysis vs. traditional analysis ol

2007 2008 2009 result
most likely | -$6M | -$15M/(1.12 $10M/(1.122
outcome =-$13.4M =$8.0M -$11.4M
most likely | -$6M | -$15M/(1.12 [(0.3)($20M)+(0.7)($10M)})/(L.1Z
outcome =-$13.4M =$10.4M -$9.0M
incl. MU
NPV -$6M | -$15M/(1.12 (0.3)[(0.8)($60M)+(0.2)($15M
analysis =-$13.4M (0.6)[(0.3)($20M)+(0.7)($10M)] -$5.4M

(0.1)[(0.1)(-$15M)+(0.9)(-$60MRB$14M
(1.13)
RO analysi | -$6M | (0.3)(-$15M/1.12 (0.3)(0.8)($60M)+(0.2)($15N=%$12.2NV
=-$4.0M (1.13) +$2.2M

The simplified example illustrates that discountegh-flow (DCF) methods such as Net Present
Value (NPV) calculations show limitations (e.dderath and Park, 1999; Bowman and
Moskowitz, 2001; Boute et al., 2004As a consequence, these methods lead to riskave
investments Kester, 1984; Loch and Bode-Greuel, 2001; Fredb@@)7), while risky projects
generally generate the highest proffisedberg, 200Y. However, it should be noticed that in the
example offFaulkner (1996 uncertainty is quantified whereas only in caseisis probabilities
are known and measurable as described in the Faraeature Knight, 192).

In short, real options overcome limitations of D@IEthods as they limit the downside of a R&D
project because real options approach providepdssibility to adjust the course of a project
such as to abandon the project if intermediateltseave disappointing. The example further aims
for the use of real options thinking to R&D valwati(Faulkner, 1995 Although in practice its
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use is still limited, there will be a shift fromasic approaches to a dynamic paradigm of real
options for R&D managementiigeorgis, 199% In the next paragraph the real options theory is
further explained.

2007 2008 2009
Initial R&D Commercialization Market
R&D Uncertainty Decision Uncertainty
Investment & Outcome & Outcome
Decision

+S60M

Excellent

+$15M
+S20M

Yes
S6M +$10M
-S15M
-S60M

No

Figure 1: Real options analysis vs. traditional analysisl$o/adapted from: Faulkner, 1996)

2.1.1 Real optionstheory

The concept of options originates from Finankbdrs, 197y and is extended to a variety of
application areas and topickafider and Pinches, 1998; Miller and Chan, 2Pp@&luding to
R&D projects €.g9., Faulkner, 1996; Morris et al., 1991; Barnet05;Baker and Adu-Bonnah,
2008; Oriani and Sobrero, 2008; Levardy and Brovgni2009 supply chain management, e.g.
investments in sourcing, manufacturing and distiaou activities Tong and Reuer, 2007,
Nembhard et al., 2005 acquisitions Eckhause et al., 2009technology licensingZiedonis,
2007, environmental investments of firmSdrtazar et al., 1998 or other kind of projectdil,
2009; Driouchi et al., 2000 Literature on options for non-financial applicais denotes the
concept real optiong=(edberg, 200Y. Real options provide the right, but not the gafion, to
make a future investment or to take an action tari(Amram and Kulatilaka, 1999Thus the
owner of a real option has the opportunity, but tiwe obligation, to exercise the option
(Fredberg, 200Y.

Definition of real option:

The right, but not the obligation, to make a futureestment or to take an action in future
(Amram and Kulatilaka, 1999




Although the use of real options in managemenatiser difficult (Trigeorgis, 1996; Amram and
Kulatilaka, 1999, the theory is used in many scientific papdranfer and Pinches, 1998
including R&D management. Real options approachlmnsed as a strategic decision making
tool to make choices about future R&D investmentstber managerial actions based on newly
arrived information luchzermeier and Loch, 2001t has developed in a specific stream in the
literature Eden, 2009

First we explain the basic concepts. R&D projecasehthe potential to open up avenues of
profitable new business. However, per definitidnsémething has a potential, it also has a
downside. Real options approach limits the downaru# thus improves the upside potential of a
project. It captures the value of managerial fléiyp(Trang et al., 200R because during an
R&D project new information can be repeatedly gegtieand based on this new information a
gated decision can be madeuchzermeier and Loch, 2001A high level of flexibility means
that management has many chances to alter theecotiis project in order to maximize gains
(Trang et al., 200R

There are several types of real options which @andiegorized into three groups (Table 2): (1)
learning options, (2) insurance options, and (&agh options KHommel and Pritch, 1999; Rese
and Baier, 200Y.

Table 2: Types of real options (Huchzermeier and Loch, 2@@th and Bode-Greuel, 2001,
Borissiouk and Peli, 2002; Rese and Baier, 2007).

Category Type of RO Definition
learning option | defer possibility to postpone the investment until m
information has become available
time-to-build possibility to make steed investmen
insurance optior | contract possibility to decrease the scale of the invest
switck possibility to change the mode of operation o
shut down and resti | possibility to stop the investment and res
again
abando possiblity to proceed further or whether to st
the investment
improve possibility to improve product performance
correct its targeting to market needs
growth option expant possibility to increase the scale of the investi
innovate possibility to cquire new knowledge or skil
through (current/new) investments

(1) learning options refer to real options whicle arsed before the investment is made and
include the defer option and the time-to-build optRese and Baier, 2007

(2) insurance options correspond to options usedéaot to negative changes in the R&D project,
and contain the option to contract, option to stmn and restart, option to abandon, option to
switch, and option to improvél(chzermeier and Loch, 200Rgse and Baier, 2007

(3) growth options refer to options used for futureestments and include the option to expand
and the innovate option (e.¢.och and Bode-Greuel, 20p1
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Real options studies can be classified into difieseays. Several studies categorize real options
literature in the two sub-streams: soft real opiand hard real options.)., Natarayan, 2006;
Fredberg, 200Y. Both sub-streams will be further described ie gections here below and
summarized by Table 3.

2.1.1.1 Soft real options approach

Next to the standard real options of R&D projectglated but different sub-stream exists, using
a more implicit concept of real options. Soft regdtions approach involves a qualitative
orientation towards the real options theory ando@ised on performance and antecedents of
options. This stream takes the ideas from reaboptand makes qualitative assessments avoiding
the use of complex mathematids¢dberg, 200Y. Proponents of soft real options analysis argue
that it is beneficial to use the real options applofor initial decision making and strategic
purposes, while its use is rather difficult for exaaluation of projectsL@nder and Pinches,
19998. Several studies on the soft real options streaen published in the literature (e.g.,
Natarajan, 2006; Fredberg, 200and are applied to disciplines such as internatibusiness
(Lee and Makhija, 2009; Eden, 2009; Cuypers and Ma2010; Xu et al., 2000 marketing
(Rese and Roemer, 2004; Adams, 20@#formation systemsBgenaroch, 2008 organization
managementiogut and Kulatilaka, 2001 but mainly on organization strategy¢Grath, 1997,
1999; McMillan and McGrath, 2000A, 2000B, 2002; Math and Nerkar, 2004; Vassolo et al.,
2004; MacMillan et al., 2006; Li et al., 20R7The softer use of real options is often appiied
empirical studiesNatarayan, 2005 For instanceMacMillan and McGrath(2002 provided a
model to map R&D projects along the two types dfaertainty and based on the mapping senior
management can strategically decide which projectexecute (Figure 2).

zZ . N . Stepping-
_E high Positioning Options Stones
@
O
o .
S | medium Platform Launches
I Scouting
= Options
S | Enhancement P
Q ow
= Launches

low medium high

Market Uncertainty

Figure 2: Categorization scheme for mapping R&D projects.

In another articleMcGrath and Nerkan2004 studied if R&D investments of pharmaceutical
firms show similarities with real options reasonif@sed on patent mapping methodology they
found that real options reasoning can be useds&gi@gic tool by large pharmaceutical firms and
that investment decisions are guided by opporesiand experienceMtGrath and Nerkar,
2004. Also other studies focused on real options neagp describing methodologies
(MacMillan et al., 200§ processesMcGrath and MacMillan, 2000 theories and propositions
(McGrath, 1997, 1990for investment analysis and decisions. Althougimynpapers show the
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advantage and the easy practical application efdbit stream, it is not yet widely embraced by
firms, because traditional decision making and rgangnt tools such as NPV are well-known
and wide-spreadrfedberg, 200Y. Several soft real options studies look at apgiims in R&D
and NPD, but also these applications or topics slmited practical use or the concept is rather
unconsciously applied. Literature on the softer w$ereal options is still immature and
developing i et al., 2007.

2.1.1.2 Hard real options approach

An alternative sub-stream concerns the hard raampapproach, characterized by mathematical
modeling Fredberg, 2007 Natarajan, 200§ Hard real options approach uses quantitative
methods for understanding innovation decisidren@ler and Pinches, 1988and its papers are
often conceptual, lacking empirical tests. Most rjitative models are based on complicated
mathematics such as Monte Carlo simulations anthastic optimizationsQobb and Charnes,
2007). The harder use of real options theory is puklism many scientific paper#{ller and
Chan, 2002; Natarajan, 200éncluding studies on disciplines such as markgfitaenlein et al.,
2006, entrepreneurshipQ(Brien et al., 2003 and economicsQhen and Tokinaga, 2004;
Richards and Patterson, 2004; Cobb and Charnes, 720®ut mainly on engineering
management Hord and Sobek, 2005; Santiago and Bifano, 2005seRand Baier, 2007,
Santiago, 2008; Bekkum et al., 2009; Silva and i8gatf 2009, management science
(Huchzermeier and Loch, 1999, 2001; Bollen, 1999t&xar et al., 1998; Santiago and Vakili,
2005 and operations researdPepinings and Lint, 1997, 2000; Trang et al., 2002

Table 3: Overview of soft vs. hard real options stream @xiaain, 2006; Fredberg, 2007).

Category
Soft real options Hard real options
type of stud empirica modeling
focus of stuc phenomenon testing in empiric | methodology application «
setting mathematically modeling
mainly appliec Strateg' Management Science Operatic
discipline Research
application topics| include R&D and NPI include R&D and NPI
application in little / traditional concepts wi- little / complex mathematics ai
practice / reason | known & wide-spread assumptions
state-of-art application to management apylication of quantitative method
innovation empirical study

Most mathematical models are based on assumptitichvdecrease rather than increase the
accuracy of these calculations and understandiredperg, 200Y. These drawbacks explain the
rather limited use of hard real options theoryragtice Lander and Pinches, 1988n the same
way, to our knowledge little research has been dumease studies about hard real options
management showing empirical evidence of this sirddeverthelesfkese and Baie(2007)
showed a hard real options approach which can &y esed to model simple real options. They
developed a quantitative method based on standamehdsheet software for modeling real
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options. By using the computer-assisted decisiah tfze real options to continue, to abandon,
and to improve within an R&D project were evaluatédey proved the applicability of hard real
options theory in an empirical setting and called mew research in this area and stress the
complexity of underlying assumptions. Also hard igations approach is applied in the research
and development and new product development litegabut practical use in R&D and NPD is
also very limited. Literature on hard real optiosistill far from established and is developing.
An overview of both soft and hard real optionsiigeg in Table 3.

2.1.2 Real options approach of Huchzermeier and L och

In this section we will review the real options &adsnodels introduced by Huchzermeier and
Loch (1999, 2001), Huchzermeier (2009), and furderelopments of the concept (e.g., Santiago
and Bifano, 2005; Santiago and Vakili, 2005; Resel 8aier, 2007; Santiago 2008). Their
methodology assumes that R&D projects can be mahagea linear way and outcomes
optimized by quantifying uncertainty (Huchzermeiad Loch, 2001). By surveying this stream
we can explore the degree to which this real ogiapproach can be used and extended to
management of radical innovations.

Huchzermeier and Locf1999, 200) developed a hard real options based model of &D R
project. In their conceptualization of an R&D pmdjeHuchzermeier and Locii1999, 200}
consider a project determined by two sources okedamty: (a) technical uncertainty and (b)
market uncertaintyH{uchzermeier, 2009

The technical uncertainty can be defined as “skeyii about whether the technology will
function as promised or be available when expebtethe company providing it’"Mohr et al.,
2007 and is characterized by the three interactingedsi of project managemelé¢redith and
Mantel, 2006, namely (1) product performance, (2) product ttgv@ent cost and (3) time-to-
market or scheduldduchzermeier and Loch, 2001

Definition of technical uncertainty:

“Skepticism about whether the technology will fuoat as promised or be available when
expected by the company providing iM@hr et al.,2001).

Market uncertainty refers to “ambiguity about tlype and extent of customer needs that can be
satisfied by a particular technology, arising fronstomer fear, uncertainty, and doubt about the
needs or problems a new technology will address medt” Mohr et al., 2001 and is
characterized by (4) market performance requiresnantl (5) market payofHuchzermeier and
Loch, 200).

Definition of market uncertainty:

“Ambiguity about the type and extent of customeedsethat can be satisfied by a particular
technology, arising from customer fear, uncertaiatyd doubt about the needs or problems a
new technology will address and mee#fdhr et al., 200L
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The value of an R&D project (V) is thus relatedhe two sources of uncertainty and determined
by the five drivers of an R&D project and can beptoaed by the following equation
(Huchzermeier and Loch, 2001

V = f (performance, cost, time, market requirememarket payoff)

The five drivers of an R&D project distinguished Hychzermeier and Loc(l1999, 200} are
characterized by uncertainty and vary according thstribution around a mean value. The five
types of variability are listed together with thdefinitions here belowHuchzermeier and Loch,
2001) and their interactions are shown in the concégtaemework depicted in Figure 3.

Product Performance Product Performance
A A maximum possible requirement

planned
performance
P possible
"~y performance

range

Project Lead Time Market payoff

- - = . _

Requirement variability

variability

Schedule variability

minimum requirement

Lowest Highest
Payoff

Budget
variability

v Project Cost
Figure 3: Five types of operational uncertainty and theipeledence (Huchzermeier and Loch,
1999, 2001).

1.) Product performance variability: refers to emainty in the performance of the product being
developed in the R&D project.

2.) Product development cost variability: corresgieto the uncertainty in the cost of the R&D
project which develops the product.

3.) Product development schedule variability: rete the uncertainty in the start and duration of
the R&D project developing the new product.

4.) Market requirement variability: refers to thencertainty about the required product
performance level by the market.

5.) Market payoff variability: corresponds to tinecertainty about the payoff by the market, i.e.
price and sales forecasts.
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The model oHuchzermeier and Locf1999, 200] presented above can be simplified as shown
in Figure 4 Huchzermeier, 2009Huchzermeier and Locf2001) conceptualize the R&D project
as involving and proceeding in discrete stagesthEéumore, the performance of the product
developed is subject to technical uncertainty, Wheads to a drift in product performance over
time. According to the modelHuchzermeier and Lo¢h1999, 2001; Huchzermeier, 2009
management has three possible real options afteipleting each stage: (1) the option to
abandon, (2) to continue or (3) the real optiorcafrective action, i.e. improvement. These are
discussed briefly below.

Product Product Market Performance

Performance Performance Requirements

A A I

0 T t Expected Market Density of Performance
Payoff Requirements

Figure4: Simplified conceptual framework of Huchzermeieatt Boch (Huchzermeier, 20Q9)

The real option of improvement was introducedHhychzermeier and Locf1999, 200} in the
same paper and is schematically explained in FiguiHeichzermeier and Locf2007) define the
real option of improvement as “midcourse actiongirdy R&D projects to improve the
performance of the product or to correct its tangeto market needs.”

Definition of real option of improvement:

Midcourse actions during R&D projects to improves therformance of the product or [to
correct its targeting to market nee#étgiChzermeier and Loch, 2001

A change in product performance level over two qusiis shown in Figure 5 for a transition
without improvement and a transition with improvemeis can be seen from the illustration, the
real option of improvement leads to an upwardg shiproduct performance. Thus improvement
implies moving the product performance up, butfisaurse costly and should only be considered
when investing that money is financially beneficgich that an increase in expected market
payoff outweighs the additional costs of improvem@tuchzermeier and Loch, 1999Thus
because the expected market payoff is determinethdyroduct performance level and market
needs, it is worthwhile to actively manage the @cbj The decision whether to invest or not
should be based on the latest information updat&in® execution of the R&D project
management can gather new information about uncegstaject and market characteristics and
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according to the collected information, managencant decide whether to continue the project or
change its course of action by abandonment or ingenent Huchzermeier and Loch, 2001

Transition Transition
without with
improvement improvement

Fmmmmm e m

Product Performance

Figure5: Schematic illustration of real option of improverthéHuchzermeier and Loch, 2001)

In real options literature managerial flexibility defined as the ability to alter the course of a
project in response to the most recent gatheremmEtion about project progress and market

characteristicsHuchzermeier and Lo¢l2001).

Definition of managerial flexibility:

The ability to alter the course of a project inp@sse to the most recent gathered information
about project progress and market characteridtiosli{zermeier and Lo¢ti999, 200}

Managerial flexibility can create real option val{ituchzermeier and Loch, 199@nhich is the
value added by actively managing the R&D projesteéad of passive manageme®aijtiago and
Vakili, 2005. This flexibility can be valuable in optimizinggect value and future financial
returns as shown here above. For instance, byatlmyr performance level of the product one
can optimize project value or market payoff. Theefidrivers of an R&D project and their
variability determine the project value and thus ¥alue of managerial flexibility.

Definition of real option value:

Value added to uncertain R&D projects by createa) options through actively managing the
project Huchzermeier and Loch, 2001

Definition of value of managerial flexibility:

Value added to uncertain R&D projects when the R@Mject is actively managed versus
when it is under passive project managemgan{iago and Vakili, 2005

According toSantiago and Vakil(2009, the value of managerial flexibility in R&D prats is
self-evident, but estimating this value is stillher unclearHuchzermeier and Locf2001) have
addressed this question and tried to evaluatebiléyiin R&D. It is important to address this
guestion because it provides qualitative insightshow R&D projects should be managed
(Huchzermeier and Loch, 2001; Santiago, 20(Beal options theory has shown that higher
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uncertainty increases the value of managerial il or real option valueRixit and Pindyck,
1994; Roberts and Weitzman, 1981

Relationship between uncertainty and value of manapflexibility according to the rea|
options theory:

Higher uncertainty increases the value of manalg#gaibility (Dixit and Pindyck, 1994
Roberts and Weitzman, 1981

Several papers have been published which studedefationship between uncertainty and the
value of managerial flexibility Rese and Baier, 2007 However, until the publication of
Huchzermeier and Locim 2001 the relationship between different types of uraaty and the
value of managerial flexibility was not distinguézhRese and Baier, 20D Huchzermeier and
Loch (200]) proposed different types of uncertainty, i.e. ert&inty in market payoff, budget,
performance, market requirements and schedulestaited the impact of these different sources
of uncertainty on the value of managerial flextlyiliThey found that the real options theory is not
always valid for the different types of uncertaijuchzermeier and Loch, 2001n agreement
with standard real options theory their model réagghat (1) increased variability in market
payoffs and (2) budgets enhances the option valumamagerial flexibility. In case of (1) a
higher variability in the market payoff, an increasr decrease in product performance has a
higher impact on the payoff. Therefore managet&dilbility has more value in case of increased
variability in market payoff luchzermeier and Loch, 2001n case of (2) increased variability
in budget, the conceptualizationtéfichzermeier and Locf2001) shows that a budget overrun is
more likely and will make a subsequent future badgerrun also more likely and therefore the
option value of managerial flexibility increasesc® it is more important to counteract budget
runs.

However, increased variability in (3) performanced §4) market requirements may have the
effect of reducing the value of managerial flexiiend does not correspond to established real
options theoryKluchzermeier and Loch, 2001n case of (3) a higher variability in perforncan

the expected payoff function will flatten and thfere decreases the value of managerial
flexibility (Huchzermeier and Loch, 2001In case of (4) higher variability in market
requirements, part of the market requirements ramngeoutside the reachable performance range
and will reduce the payoff variability such that magerial flexibility loses its value
(Huchzermeier and Loch, 2001

Huchzermeier and Locl{2001) also found that (5) increased variability in tieemarket
(schedule) will always decrease the value of mamegé#exibility which is contrary to the
established literaturdfxit and Pindyck, 1994; Roberts and Weitzman, 198le explanation of
Huchzermeier and Loc{2007) is that if the delay is very large active proje@nagement is not
worth much, while small delays can be compensayeachive management.

The findings ofHuchzermeier and Loclk?001) suggest that management should repeatedly
gather information on all sources of uncertainty aot use a trial-and-error approaéteée and
Baier, 2007. This is consistent with literature on marketeatation that advocates that current
market information can help the firm develop befpeoducts meeting latent customer needs
while paying attention to current and emerging cetition (see e.gl.i and Calantone, 1998
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Relationships between different types of uncertaamid the value of managerial flexibility
(Huchzermeier and Loch, 2001

1. Increased variability in market payoffs enhances @ption value of manageria
flexibility.

2. Increased variability in budgets enhances the optadue of managerial flexibility.

=h

3. Increased variability in performance may have tFece of reducing the value g
managerial flexibility.

4. Increased variability in market requirements mayehtne effect of reducing the valye
of managerial flexibility.

5. Increased variability in time-to-market or schedwi# have the effect of reducing the
value of managerial flexibility.

The seminal paper dfluchzermeier and Lock2001) had a significant impact on the R&D
management literature and is referenced in mora 8@ scientific papers. Nevertheless, as
pointed out before, few articles have been pubtishaticizing this work or extending it
(Santiago and Vakili, 2005; Santiago and Bifan, 20B&ier and Rese, 2007; Santiago, 2008;
Silva and Santiago, 20P9Santiago and Vakil(2009, provide an important critique. Focusing
on (1) the influence of an increase in uncertagrtyncreases of the value of an R&D project and
(2) the impact of increased uncertainty on the eati management flexibility, they found
intriguing contradictory resultsSantiago and Vakili,2005. Focusing on market payoff
variability, product performance variability, andarket requirement variability, their results
reveal that one cannot make a general statemeiearelationship between product performance
variability or market requirement variability andetvalue of managerial flexibility (and project
value). They show, for instance, that in some catbesvalue of flexibility (and project value)
will increase, while in others it will decreasedipends on the conditions at hand, e.g. by varying
the continuation cost in the model ldtichzermeier and Loc{2001). As modeled bySantiago
and Vakili (2005, in case of a decrease in continuation costeas®d variability in performance
may decrease the option value. However, in casnadhcrease in continuation cost, increased
variability in performance may increase the opti@iue. In another example they show that
under specific conditions increasing variabilityrmarket uncertainty will lead to an increase in
project value, while at even higher market requeetruncertainties, the project value decreases.
The examples ofantiago and Vakil(2009 clearly show that the impact on project value and
real option value is case dependent.

Table 4 summarizes the findings of the establisiheal options literature, findings of
Huchzermeier and Locf2001) and the results &antiago and Vakil{2009.

In summary, if Huchzermeier and Loct{1999, 200) are right their results indicate that
management should not perform an ad hoc approatha beal options approach using formal,
systematic methodology having defined proceduresdfing development. Even in case of
radical innovation one should monitor the differsatirces of uncertainty at regular intervals and
act accordingly. This approach would provide mamageth much more controHuchzermeier
and Loch, 1999, 2001 However, as described above, recent empiricaliigs suggest that —
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contrary to the authors’ opinion — this approaclyrbe less suitable for radical innovation. For
instance,Santiago(2009 state that the model seems to be more suitablenémaging projects
where development activities dominate those ofarede In the next section we will review the
juxtaposing approach of trial-and-error.

Table 4: Literature overview on impact of uncertainty ohe(tvalue of) managerial flexibility
(Dixit and Pindyck, 1994; Huchzermeier and Loch99,92001; Santiago and Vakili, 2005).

uncertainty X mor e variability in X will
real options Huchzermeier and Loch | Santiago and Vakili
institution (2001) (2005)
ma'rke.t .payof increase the value of MF| "0 25€ prOJe(?t .V.aIL
variability or value of flexibility
budget variability increase the value of MF| -
increase the no general stateme
performance may reduce the value of _
- value of about project value
variability . MF
managerial and the value of

flexibility (MF) no general stateme
about project value

and the value of

market requirement may reduce the value of
variability MF

schedule variability reduce the value of MF -

2.2 Trial-and-error approach

Several authors suggest that highly uncertain R&@jepts should be managed on an ad hoc
basis which involves trial-and-errce.§., Lynn et al., 1996, 1997; O’Connor, 1998; Cihaand
Tellis, 1998; Moorman and Minor, 1995, 1998; Thomik®&98; Terwiesch and Xu, 2008;
Lindkvist, 2008 They argue that radical innovation is uncertaid creative and cannot be
planned systematically or via application of mathgoal formulas. Trial-and-error projects are
characterized by many different projects which hamainclear path to a project’s goal or have a
project’s goal which is still vague. A schematipnesentation of this unsystematic stream is
depicted in Figure 6. The illustration shows thacgof new concepts in terms of technologies
and applications as a function of project duratidfter exploring a first application, a new
application is searched and researched. Accordingi$ approach a wide range of concepts are
briefly studied in a disorganized way and patteosur in different directiongd’Connor, 1998.

The process involves variation and adaptation.

An ad hoc approach is suggested because highlyrtamc@roduct innovations often do not fit
existing market demarcation lines or product categp and therefore customer preference is
difficult to forecast and market size and profitéypiare hard to estimate at be€’Connor,
1998; Chandy and Tellis, 1998A number of articles discuss managing R&D prtgemn an ad
hoc basis, along the lines of (1) improvisation mets Moorman and Minor, 1995, 1998(2)
probe-and-learn techniquekyfn et al., 1996 or (3) other trial-and-error project approaches
(Terwiesch and Xu, 2008; Lindkvist, 2008; O’Conri98; Thomke, 1998
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Space of new concepts
(technology-application)

» time

Figure6: Schematic illustration of trial-and-error approach

A first sub-stream within the trial-and-error metlotogy is (1) improvisation@'Connor, 1993.
This type of ad hoc basis approach assumes thatdkagy and market converge in time and thus
initial market strategies which have been laid danenot appropriate anymore at a certain point
in time such that a firms strategy should be adhpid¢ime as well loorman and Minor, 1995;
Moorman and Minor, 1998 Improvisation involves creation of new actiomslstrategies which
are outside current plans and routines and canxéeuted at different levels from individual to
organizational (collective) improvisatiofMporman and Minor, 1998 This stream of thinking
might have special value especially in fast-chaggnvironmentsNloorman and Minor, 1998
Moorman and Minor(1998 suggest that strategy implementation along withovation by
anticipating on real-time information creates mpuossibilities for organizations. Their results
show improvisation is a substitute for planning dhdt this NPD strategy generates effective
products and processes.

Related to trial-and-error, but more systematityian et al.’s(1996, 1997 view of (2) probe-
and-learn for managing discontinuous innovatiohslrdws on experiential learning approaches.
A case study based on four successful discontinuounsvations revealed that use of
conventional new product development and in speaifarket research techniques proved to be
of limited utility, showed striking results and eveointed the company in a wrong direction
(Lynn et al., 1996 They conclude that the process for developirsgaitinuous innovations is
fundamentally different than the conventional newdoict development (NPD) processes. The
process is far more experimental and far less &oalyynn et al., 1996 For this reason they
suggest a trial-and-error approach in which eaelssions of product are introduced to an initial
market, i.e. probing. Based on the market feedlmek can decide to improve the immature
product or target another plausible market segroerdpplication, i.e. learning. This iterative
process is often referred to in the literaturerab@-and-learn process.

(3) Other trial-and-error approaches argue that R#@jects may be seen as experiments in order
to come up with creative solution&ifdkvist, 2008; Thomke, 19P8This adaptive-learning
process will reveal or at least give an indicatidmt works or notl(indkvist, 200 Based on a
set of alternatives generated by such trials, oag select a solution for further experimentation.
This trial-and-error process which treats projexdstrials or experiments may result through a
series of iterations in a successful solution specific project problem. This type of approach is
especially suitable for R&D projects characteribgchigh uncertaintyl(indkvist, 2008 Thus by
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treating projects as experiments or trials, throageries of projects (iterations), one may firel th
right technology-application combination targeted the right marketL{indkvist, 2008 This ad
hoc solution is suggested to be a successful pomesdeveloping new product applications
characterized by high market and technology uncgytaA special type of this approach is to
conduct experimental projects under open innovatmmditions Chesbrough, 2003, 20péver
corporate boundaries or ultimately by innovationtests Terwiesch and Xu, 2008

2.3 Real optionsvs. trial-and-error approach

We can now juxtapose the real options vs. the-amal-error approaches. Both approaches are
rooted in different perspectives on innovation ngamaent. The first stream sees the world as
absolute and planable, while the trial-and-erroessh uses a more dynamic and evolutionary
view. Although the first view is desirable, it i1 alusion that it can be attained under all
conditions. As a compromise soft real options emergigure 7).

Real Options (chapter 2.1) Trial-and-Error (chapter2.2)

hard Vs. soft Vs. trial-and-error
[ L 2 @

Figure 7: Real options vs. trial-and-error approach.

Some argue that an ad hoc approach involves extifeewibility which is very expensive
(Huchzermeier and Loch, 20Q1he long term risky gambling or trial-and-errstrategies are
unlikely to pay off as high wins are negatively eetied or compensated by high losses
(Huchzermeier and Loch, 199%everal disadvantages of trial-and-error havenhbdentified in
the literature.

First, trial-and-error projects such as probe-agairing techniques are often executed in series
(Lynn et al., 199band this methodology is rather time consuminach et al., 2001} while real
options provides planning advantages such as gicgianning of activities in parallel to reduce
time-to-market Childs et al., 1998

Second, performance improvement received lesstattein trial-and-error projectdynn et al.,
1996, while performance improvement is key in realiopg even in the early stages of real
options approach managed R&D projetisi¢hzermeier and Loch, 1999, 2001

A third disadvantage is that many trial-and-errooj@cts do not have strict budget constraints,
which may result in budget overruns, or are ovaldgeted and those investments being made
may lose valueGhandy and Tellis, 1998

In other words, from a technical point of view,atrand-error approach is difficult to plan in
terms of costs, performance and time. Opponentth@fad hoc approach for R&D projects
conclude that companies cannot afford such higkilfikty (Huchzermeier and Loch, 2001
Strict management of product performance, projesetbpment duration and costs is needed to
optimize market-project payofHuchzermeier and Loch, 1999, 2001
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As most trial-and-error projects are focused omlyahg technical feasibility of the concept the
market part gets less attentidd@’Connor, 1998. For instance, trial-and-error R&D projects do
not include regular planned market information upslai.e. continuous market learnirigag,
1994, which are according to real options stream neéetie decrease market uncertainty
(Huchzermeier, 2009 For this reason in trial-and-error projects nedrkequirements are not
(well) known Cynn et al., 1995

In addition, coordination of uncertain and compR&D projects is key Mimh et al., 2008
however, this is rather omitted in trial-and-erpopjects O’Connor, 1998. For instance, risk
management is hardly used in ad hoc projects.

Another drawback of trial-and-error approach istthidas methodology is not standard and
generalizable, while management of R&D based companmould like to use standard project
management tools. They would like to have contuardhe projects being executed. In the same
way, evaluation of projects executed by a trial-armmbr approach is rather difficult, while for
example project value using real options approaah be calculated to select projects
(Huchzermeier and Loch, 1999, 2001; Huchzermeief92Q.och et al., 2001a; Loch and
Kavadias, 2002

Hence several disadvantages of an ad hoc approash Elowever, also the real options
approach has disadvantages. These are discus#ezinext section. Specifically, the limitations
of the hard real options streamHifichzermeier and Locfi999, 200) will be assessed.

2.4 Limitations of Huchzermeier and Loch

The insightful model introduced byluchzermeier and Lockl1999, 200} attracted academic
attention Santiago, 200Band is improved by several scholaesg(, Santiago and Vakili, 2005;
Santiago and Bifano, 2005; Rese and Baier, 200KaSand Santiago, 2009 For instance,
Santiago and Vakili(2005 found case dependent correlations between diffetgpes of
uncertainty and the value of managerial flexibilithe real options approach described by
Huchzermeier and Locf200]) has also several other limitations, which weioathext.

Although the contribution oHuchzermeier and Loc{200)) is significant to the literature, their
publication shows several limitations:

(2) Their conceptualization addresses incrememabvation and not radical innovation;
from their examples it is clear that the applicati®a given and uncertainties CAN be estimated.

2 They do not describe the real option of seksdion that management can take; In
accordance with previous observation they do nobgeize or consider the possibility that —
particularly for a new technology — the search @iseful application is a major issue, and a
critical element in the procesSiuber et al., 2008; Baron and Ensley, 2006

3) Consequently, they also do not address thativer behavior of subsequent R&D projects
and product network effects; their conceptualizati® limited by a single individual project,
while R&D projects are linked with each other arww patterns of iterationLévardy and
Browning, 200%.
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4) They do not differentiate between uncertaintg aisk; in their approach uncertainty is
synonymous with risk, while in Finance literatusgot clearly separated constructs are used
(Knight, 1921; Epstein and Schneider, 208

5) They do not place the use of real options aadagerial flexibility in context with the
level of control; in their approach they do notrmforlate the use of real options and the value of
managerial flexibility according to the level ofopect control.

The five limitations identified will deliberatelyebdescribed in the following individual sections.
Each limitation will raise different questions whigvill be addressed by means of several case
examples in the next chapter.

2.4.1 Incremental innovation

A first limitation of the article oHuchzermeier and Loc{2001) is that their conceptualization is
suitable for incremental innovation and not radinabvation.

(1.) Their conceptualization addresses incrementalvation and not radical innovation,

- from their examples it is clear that the applicati® a given and uncertainties CAN pe
estimated.

In order to explain this statement we will brieffgfine innovation and the different types of
innovations. Innovations are a result of the inimvaprocess which is defined as “the combined
activities leading to new, marketable products sexvices and/or new production and delivery
systems” Burgelman et al., 2004

Definition of innovation process:

“The combined activities leading to new, marketateducts and services and/or new
production and delivery systems” (Burgelman et2004)

The innovation process starts at the fuzzy fromt which can be defined as the zone between
when the opportunity is known and when a seriotrebn the development beginSrfith and
Reinertsen, 1998

Definition of fuzzy front end:

The zone between when the opportunity is known argkn a serious effort on the
development beginSith and Reinertsen, 1998

An innovation is successful if it returns investieemade in R&D and commercialization plus
some additional returns. Innovations can be cli&skihto two broad categories which we call
incremental and radical innovations. Incrementabiration concerns exploitatiohdifer et al.,
2000, i.e. continuations of existing methods or praedi Mohr et al., 2001 and involves
refining or expanding existing products or servifgrgelman et al., 2004
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Definition of incremental innovation:

Innovation which concerns exploitation using cométions of existing methods or practiges
and involves refining or expanding existing produat servicesMohr et al., 2001

Radical innovation relates to exploratiobeffer et al., 200 i.e. using new methods and
practices fohr et al., 200} and involves entirely new products or servidgargelman et al.,
2009.

Definition of radical innovation:

Innovation which concerns exploration using newlads or practices and involves entirely
new products or serviceMohr et al., 2001

In this master thesis we will focus on technolobmaduct innovations, i.e. new products which
are technology based. Examples of radical prodacbvations were the first Computerized
Tomography and Magnetic Resonance Imaging systemshe field of medical imaging
modalities O’Connor, 1998, first personal computers in the area of comguiémd mobile
phones in mobile communicationkeffer, 2000. A more recent example of a radical product
innovation in the area of consumer lighting for asphere creation is Philips LivingColors.
Subsequent extensions of all these products arenmental product innovations.

Huchzermeier and Lock200]) suggest that R&D projects can be managed in eatirway
(Cooper, 1990, 2004a, 2004b, 2004c; Day, 19@4d outcomes optimized by quantifying
uncertainty are well possibleH(chzermeier and Loch, 19990ther authors argue that the
guantitative model is not applicable for radical R&rojects €.g., O’'Connor, 1998 They state
that the path to a radical R&D project’s goal ithes unclear and not linear. Many authors agree
that the performance, cost, schedule, market reougnts and also the project payoff
characteristics of an incremental product innovat@man be reasonably estimated based on
information of the existing standard produagy(, Santiago, 2008However, the five drivers of
an R&D project identified byHuchzermeier and Loc{2001) are difficult to quantify for radical
innovations. These findings are supported by ttegdture.Santiago(2008 concludes that the
concept introduced biMuchzermeier and Loc(1999, 200) and further developed Wyantiago
and Vakili (2005, Santiago and Bifang2005 andSilva and Santiag¢2009 seems to be better
applicable for later stages in the R&D lifecycle. dddition, as observed in the literature and
discussed here above, scholars have criticizedsbeof hard real optiong.g. Fredberg, 2007
Effective use of quantitative models is limited pgor estimations (inputs) and assumptions
(Bowman and Moskowitz, 2001Because radical new product applications oftenndt fit
existing market demarcation lines or product catiegp customer requirements are difficult to
forecast and market size and profitability are herdestimate at bestynn et al., 1996 If
estimations of radical R&D projects are used, thi@results from the decision support model
(Huchzermeier and Lo¢H 999, 2001; Santiago and Vakili, 2005; Santiago &ithng 2005

will be incorrect Bowman and Moskowitz, 200IThis may explain why such models are not
applicable for radical R&D projects. Even for ingrental innovations the use of quantitative
models in practice is limited since estimations stilk uncertain although relatively much more
certain than for radical innovationdander and Pinches, 1998Based on the limitation
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addressed here above, the author of the thesissstiaat literature on real options for R&D
projects lacks a conceptual framework for radinabivation R&D projects.

2.4.2 Project selection

A second limitation of the article dluchzermeier and Locf2001) is that the authors omit the
selection of a new product application which mamagy should undertake.

(2.) They do not describe the real option of dedetion that management can take,

- In accordance with previous observation they do remognize or consider the
possibility that — particularly for a new techngyo— the search for useful application
is a major issue, and critical element in the psscGGruber et al., 2008; Baron angd
Ensley, 2006

Huchzermeier and LoclR001) as well as the literature which elaborates orr tbenceptual
framework Huchzermeier and Lo¢H 999; Santiago and Vakili, 2005; Santiago and Bafan
2005; Santiago, 2008do not recognize or consider the possibility thgtarticularly for a new
technology — the search for a useful applicatiom imnajor issue, and critical element in the
processBaron and Ensley, 2006A new technology can serve different markets eanbe used
for several applications. Thus before starting a%aDRproject there should be at least one
application in one segment identified in which tlew technology can be use@r(ber et al.,
2008. The targeted initial application-segment comborafunctions as an overview in which
each application is characterized by project andrketa uncertainties. Defining these
characteristics prior to the start of the projeetluces the uncertainty and variability of the
project. It is key to identify for a new technologgveral applications and segments in a specific
market. By identifying more than one applicatior/n market segment, management is able to
select the most attractive opportunity. Particylafdr radical product innovations, a new
technology can serve several applications and sagme a specific marketMoore, 2008.
Successful introduction of a radical product inrtevato the market may enhance NPD success
as many other derived applications/segments magwakccording to the bowling alley idea of
Moore (2006). Huchzermeier and Lock2001) do not describe this opportunity identifica
phase Gruber et al., 2008; Baron and Ensley, 2D06

2.4.3 lIteration and network effects

A third limitation of the article ofHuchzermeier and Lock200)) is that the authors do not
describe the iterative nature and behavior of R&gjgxts. Their models show a focus on product
project management rather than innovation projeatagement.

Most R&D projects generate one or multiple subsagi&.D projects [Levardy and Browning,
2009. A subsequent project may be a project in whisé $ame new technology is being
researched but targeted for a new application. Berd&k&D projects are not single individual
projects, but linked projects, this will impact ttechnological and market uncertainty, and the
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value of a project. For this reason it is valuailanap these interrelated projects as they show
network effectsl(ee and O’Connor, 2003

(3.) Consequently, they also do not address #native behavior of subsequent R&D projects
and product network effects,

- their conceptualization is limited by a single widual project, while R&D projects
are linked with each other and show patterns ohiien (evardy and Browning,
2009; Green et al., 1995

2.4.4 Risk vs. uncertainty

A fourth limitation of the article oHuchzermeier and Locf2001) is that the authors use risk and
uncertainty interchangeably.

(4.) they do not differentiate between uncertaany risk,

- in their approach uncertainty is synonymous wigk,riwhile in Finance literature tw
clearly separated constructs are useudght, 1921; Epstein and Schneider, 2P08

o

The real options literature also does not diffaegatbetween the two terms.§. Huchzermeier
and Loch, 1999, 2001; Huchzermeier, 2009; Santiagd Bifano, 2005; Santiago and Vakili,
2005; Rese and Baier, 2007; Santiago, 2008, Silnd Santiago, 2009 while in Finance
literature two clearly separated constructs aradesed Knight, 1921; Epstein and Schneider,
2008. Knight (1921) was one of the first who described this distimeti According toKnight
(192)) risk is measurable/calculated uncertainty, whereacertainty is non-quantitative thus
immeasurable uncertainty. In case of risk the poditie@s are know, while in case of uncertainty
they are unknown.

Definition of risk (Knight, 1921):

Measurable/calculated uncertainty where probadslitire known.

Definition of uncertainty (Knight, 1921):

Immeasurable uncertainty where probabilities atenawn.

Huchzermeier and LoclR00]) use different types of uncertainty as input foe tonceptual
model. However, actually they use operational resksnput.

2.4.5 Leve of project control

A fifth limitation of the article ofHuchzermeier and Loc(2007) is that the authors do not use
their definitions in combination with the level odntrol.
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(5.) they do not place the use of real optionsraadagerial flexibility in context with the leve
of control,

- in their approach they do not formulate the usereal options and the value of
managerial flexibility according to the level ofopect control

The use of real options depends on the level gepra@ontrol. For instance, if there is almost no
control, the real option of improvemeidychzermeier and Loch, 1999, 20@hnnot be used. In
this situation real options types as abandonmethicantinue are more often applied. In the same
way the level of control will influence managerigéxibility and the real option value. In
addition, the use of the different types of reaiaps varies in timeKatzy, 2003; Rese and Baier,
2007).
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3. Case study

This chapter presents a case study from Philips€Rech and Lighting) regarding new lighting
technology. Case research is used to answer ouearel question whether radical new
technology and conversion to product applicatioas be managed in a linear way as suggested
by Huchzermeier and Loch (2001) or if a deliberatadl-and-error approach is paramount
(e.g., O’'Connor, 1998). First, we define the metilodical considerations of our study (section
3.1), and after a case company description (seci@), an introduction to projects and project
management at Philips Research is given (secti®). 3Ve will describe the new lighting
technology and delineate the different R&D projeatsd their trajectory (section 3.4). The
projects involve trial-and-error as more systematgal options like approaches. The former
dominate the beginning of the radical new technpltmy application development whereas the
latter are more used or resembled in later stages.

3.1 Methodological considerations

In this master thesis we present a case study nangemultiple R&D projects regarding a hew
lighting technology within Philips. All these projs were developing the same radical new
technology. The motivation for choosing multipldated projects is that such a case study
provides the possibility to explore a total tragegtof R&D projects. A case study is defined in
the literature as "an empirical enquiry that inigegies a contemporary phenomenon within its
real-life context, especially when the boundariesMeen phenomenon and context are not clearly
evident” and “relies on multiple sources of evidghgYin, 1984. Our case study provides
insights to develop ideas on resolving/addressingtdtions of the conceptualization of
Huchzermeier and LocfR00) identified in section 2.4. The case study inckigearticipative
research, because the author of this master thesks part in many of the R&D projects.
Advantages of this approach include deeper undeisig of subjects, situations and
organizational context. For instance, the authortro§ master thesis is familiar with the
technology, concepts, projects, terminology, eterget Based on a richer understanding,
evaluation and interpretation of information, thesearch methodology generally results in a
higher chance to develop/design theories/solutiongxisting problems and make substantial
practical recommendations. Disadvantages of trasareh methodology include constraints in
terms of reliability or generality of findings atite methodology may be exposed to biases when
used incorrectlygoy, 199Y. For this reason we use case research as arraqgoiotool to study
the R&D projects within Philips and apply suggestedthods and techniques reported in the
literature for organizing and conducting the cassearch successfullyifi, 1984; Graziano and
Raulin, 1997; Soy, 1997 To guarantee the objectiveness of our study wk wse a
systematic/structured way of working and exercibe following five steps: (1) properly
determine and define our research questions, (Radmte our case sample, (3) describe our data
collection approach, (4) illustrate our data analysiethod, and (5) point out our way of
reporting. We discuss these issues in more detait n

(1) In this master thesis we will investigate wiestihadical new technology and conversion to
product applications can be managed in a linear, waysuggested Iiuchzermeier and Loch
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(200)) or if an ad hoc approach is paramouaty( O’Connor, 1998 More specifically, we
explore the degree to which real options approachbe used and extended to management of
radical innovations. Both research questions amdaed in more detail in chapter 1. The
projects within the R&D of Philips apply as they ehehe criterion of radical defined as
“innovation which concerns exploration using newtmoels or practices and involves entirely
new products or services.” Further, it concernsagomnew technology (LEDs combined with
electro-optical elements) with adequate variatiotypes of projects and success and failures.

(2) Within Research and Lighting there are manyquts related to LED lighting. In this case
study we considered all the projects which werateel to the radical new lighting technology
(i.e. projects which developed electro-optical edais for LED lighting). All other projects on
LED lighting were not considered. In total sevewjgcts will be discussed, which to a large
extent happened sequentially. The R&D projects waeeuted at Research and Lighting over the
last seven years, i.e. 2003 to 2010. To furthendejur case sample we will give a case company
description (section 3.2), describe project anggetananagement at Philips Research, as most of
the case projects are executed at Research (s8c8prand illustrate the new lighting technology
(section 3.4.1).

(3) We will collect our data by using multiple soas of evidenceY(n, 1984. We rely mainly on
formal project proposals, progress reports, paapplications and (scientific) articles. Much of
this information is included in this chapter anck tappendices for evidence. R&D project
proposals of Research were directly copied, whitggat information of Lighting was based on
project progress documents. In addition, we wikk usformation and illustrations originating
from invention disclosures and published patentieaiions. Furthermore, we use information
from technical scientific publications and informegt from books describing the new lighting
technology. Finally, insights were obtained by imiewing project members. This supplemented
and helped validate observations and interpretaiadnhe author.

(4) Data is analyzed by the author of this mashasis and evaluated together with both
supervisors. Furthermore, results were summarinddogesented to a set of three former project
members for review. Based on their feedback onlgllschhanges were necessary, for instance the
help the researchers got finding an applicatiora.afeclient from Lighting got to hear about
another technology intended for another market whe not aware of the technology described
in the case study. After he was informed abouttésbnology described in the thesis the project
of car lighting (executed in 2005) started.

(5) All R&D projects and their trajectory are sunmmad in section 3.4. This provides a brief
overview of all findings and the interpretation.eBle findings will be discussed in chapter 4 and
relationships with the literature are highlighted.

3.2 Case company description

Philips Electronics, headquartered in Amsterdane Netherlands, is a diversified Health and
Wellbeing company which is focused on improving pets health and wellbeing through timely
innovations. Philips is a world leader in healtlecalifestyle and lighting, and integrates
technologies and designs into people-centric swmigti Philips’ brand promise is “sense and
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simplicity” which encapsulates the company’'s conmmeitit to deliver advanced products and
solutions that are designed to meet the needseaf ¢histomers (designed around you) and are
easy to experience. The values of the company @reetight customers, to deliver on
commitments, to develop people, and to depend oh ether. Figure 8 shows the organizational
structure of Philips Electronics.

PHILIPS
1 1 L 1 1
Innovation &
Healthcare Lifestyle LIGHTING Emerging
Businesses
1 : 1
Philips Philips
Corporate Corporate Staff Philips IT
Technologies & Services
1 1 L 1 1
Applied Intellectual

RESEARCH Incubators Properties &

Technologies Standards

Figure 8: Organizational structure of Philips (Philips anriuaport 2009).

Philips has approximately 120,000 employees in ntba@ 60 countries worldwide and had a
turnover of 23 billion euro in 2009. Philips Elemtics is organized in three sectors, namely
Healthcare, Lifestyle and Lighting. An additionagpsirate entity is Corporate Technologies
which includes Philips Research, Philips Applie¢Amlogies, Philips Intellectual Properties &
Standards and Incubators. Philips owns about 50r@Qistered patents and invests a large
amount of its sales in research and developmeniglyal.6 billion euro in 2009 which is 7% of
its sales(Philips annual report, 2009)Philips is heavily involved in R&D projects. Hower,
there is severe pressure within the firm for masuits driven R&D, i.e. leading to marketable
products. Yet, the firm has produced many patewes the years and thus is very suitable as a
case study for our topic.

Philips Research executes research for the thrdg@dPkectors and undertakes projects in
strategic growth areas. It has research sites miHeiven (The Netherlands), Redhill (Great
Britain), Aachen and Hamburg (Germany), Briarclitinited States), Shanghai (China) and
Bangalore (India). Figure 9 depicts the organizatictructure of Philips Research.

RESEARCH

Healthcare Lifestyle Lighting External

Figure 9: Organizational structure of Philips Research.

About 2,000 researchers of various disciplinesveweking worldwide on new technologies and
applications in the area of Healthcare, Lifestyle. (consumer electronics, domestic appliances
and personal care) and Lighting. Nowadays, Phiipsearch operates via a combination of open
and closed innovation strategy in order to bringemonovations to the market.
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Philips Lighting is global leader in the lightinganket. Philips Lighting is in terms of employees
the largest sector of Philips Electronics (appratety 50,000 employees) and has a turnover of
7 billion euro Philips annual report, 2009 The division is structured in the business units
Lamps, Professional Luminaires, Consumer Luminaitéghting Electronics, Automotive and
Lumileds (Figure 10). Philips Lighting’s productsciude mature lighting products such as
incandescent lamps, halogen lamps, fluorescent darfixtures, lighting electronics, ballasts,
automotive lamps, to innovative Solid State Ligftlight solutions. Research is the driving force
behind these innovations. In 2009 Philips spent@8llon euro on R&D in the area of Lighting
(Philips annual report, 2009 Besides research executed at Philips ReseahdipsFLighting has

a separate centralized R&D organization (pre-deraknt) and most business units within
Lighting have their own development department.

LIGHTING

LightLabs

Lighting Professional Consumer
Electronics Luminaires Luminaires

Lamps Automotive Lumileds

Figure 10: Organizational structure of Philips Lighting.

The lighting industry is changing enormously antl eentinue to change for years to come. It is
facing a massive shift from conventional lightingwards Solid State Lighting including

inorganic Light Emitting Diodes (LEDs), Organic lhigEmitting Diodes (OLEDs) and Lasers.
Solid State Lighting (SSL) is a semi-conductor-lasschnology which is completely different

from technologies used in conventional light sosradich dominated the lighting market in the
last century. Another global trend in the lightimglustry, which is embraced by Philips as well,
is the transition from selling lighting componemdsdelivering lighting solutions. This has also
been made possible by the rapid developments atehid of LEDs as they are small, have a
long lifetime, offer amazing efficiency, are dynaally tunable in light level (dimming) and

dynamics in color and color temperature can beiobth

In the following section, we first describe whandkiof projects are conducted, typical trajectories
of R&D projects, and we give a brief overview orpject management executed at Philips
Research.

3.3 Projectsand project management

There is a large variety in research projects afipB8hResearch. As a consequence, different
project management methods/tools exist and areghesad. An overview of this is documented
in a project management handbook of Philips Rebke&alders, 2009 which we briefly
summarize in this section together with additiomdibrmation gathered by the author of this
thesis.

30



Just like projects in development, research prsjddter in terms of their constraintdéredith
and Mantel, 2008 Product performance (i.e. functionality and @yal cost (i.e. resources and
materials), and time (i.e. duration and schedule).

Most projects at Philips Research are executedaifier of the Philips sectors. This implies that
many of the products being developed in projectsralated to the business of one of the Philips
sectors (Healthcare, Lifestyle and Lighting). Pctgemay also be directed towards one of the
innovation themes which were defined by the Philipsovation Board and are potential growth
areas for Philips. Cost of the projects is maingpehdent on the number of team members
(fulltime-equivalents, FTEs). Each FTE is about 28which includes salary, accommodation,
materials, services and overhead costs. Typicgegraize is between 2-5 FTEs (0.5-1M€) in
which most project members have one or two diffepenjects and projects may have members
of different disciplines (multidisciplinary teamdprojects are directly financed by one of the
Philips sectors (so-called Contract Research pjex paid by Philips Research organization
(so-called Company Research projects) financedbyBoard of Management of Royal Philips.
Of course, research activities in Philips may ddsoexecuted for external parties or funded by
external investors (other companies or subsidizedhb government). Projects usually start in
January and finish in December and have a duratidh year and can be extended for several
years. Extended projects are often re-shaped easahwhile many abandoned projects deliver
subsequent similar projects directed towards nevkets, segments and/or applications. In other
words, the project may change over time due to gaimed technology knowledge and market
insights (both including new opportunities) althbugarket insights / requirements are often still
vague in this stage of the full R&D lifecycle. Fosstance, a new technology may not meet the
required performance or market/application appeatsdo be attractive anymore. In these cases
one may study a new technology or target currechrielogy for a new market/application.
Completely new ideas for new projects are ofteregeied in brainstorm sessions, so-called deep
dive studies, Friday afternoon experiments or pisgjinate from an ordinary R&D project
executed by engineers and scientists.

Other important characteristics which are typicalresearch projects include:
- Technology/market orientation: technology vs. siyeople focus
- Product newness: extensions to existing productsntgely new products
- Time orientation: shorter-term vs. longer-term fe@d projects
- Uncertainty: high-uncertainty vs. (relatively) lamcertainty projects

increasing scale CUSLT\QF
starts with technology application starts at customer
Product / Technology focus scope

o &

Figure 11: Technology vs. customer focus.
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Most of the technology projects undertaken at p&ilResearch have a technology orientation
although there is a changing nature to move tostomer focus (Figure 11). Research projects
usually study new technological opportunities téedefor an existing or new market as is
illustrated in Figure 12. This means that the pobaewness is high compared with development
projects. Nevertheless, the level of newness otamreh projects also varies substantially.
Research for extensions to existing products havigtalevel of newness (so-called incremental
product innovations), but new products based on teetvnology have an even higher degree of
newness (so-called radical product innovations)jeets on incremental product innovations are
often relatively short-term oriented, with a timerizon of 1-3 years. Time to market of radical
product innovations projects are often relativelgd-term oriented, with a time horizon of 3-10
years. All characteristics are interlinked with leasther. For instance, research regarding new
technology for a new product type are often longateriented and have a high uncertainty, while
extensions of existing products based on matutentdogy are executed with a more short-term
orientation and the risk is relatively low. Reséapcojects at Philips Research are going through
several phases which includes project planning,jeproexecution, transfer of results,
review/evaluation and project closure.

e -

Technology extended

current

current extended new

Segment / Application

Figure12: Maturity of technology vs. market newness (e.gristensen, 2004).

Philips Research has implemented different projpahagement tools including a web-portal
which contains project management facilities fobmiiting new projects, project portfolio
management and publication of project output sushiravention disclosures, reports and
publications Aalders, 2009 Other examples include databases to collectraadage project

team information in general or other informatiosteyns to archive project results.

Proposed projects should have clear objectives iateimediate milestones. However, it is
difficult to define accurate and measurable promaetput, such as the performance of a new
technology, during the project proposal phase dubke uncertainty inherent to research projects.
For this reason decision points are suggested aedcgates) to overcome the limitations of
definability of milestones. At a decision point, eomecides to continue the current project,
redirect or abandon it. Intermediate decision go@re proposed as well and are valuable tools for
uncertain projects. However, up till now they am often (fully) applied, although this is
changing. A standard decision point used at PhiRipsearch is the decision at the end of the year
to abandon or continue a project. Other formalisals to archive and communicate project
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progress are project progress reporting documerdspaoject reviews (typically twice or four
times a year).

Research projects are characterized by high unagrend complexity. In order to deal with this
high uncertainty and complexity one may use risdeasments, identify project success factors
and try to manage expectations of project stakehnsldFurther, application of strict project
management methods is often not the best way taneehresearch project success. Due to the
variety of research projects it is difficult to poeibe a single project management methodology.
In addition, research projects, compared to deve@y projects, are relatively difficult to
control. For instance, it is very difficult or npbssible to control the generation of inventions.
Even more important, too strict project managenneethods may limit the creativity in research
projects. The creativity of the researchers isrofire of the key ingredients for research project
success. This means that the success of reseap@ttpris dependent on the skills of the
researchers involved. Research should hire the fesstarchers available. Another factor for
research project success is an innovative enviratiolienate. Research should be executed in a
creative stimulating environment and project candia should be flexible. Taken into account
these aspects, the project leader should decidehwisearch project methods and tools to use.

Program managers at Philips Research execute pjetfolio management. Each year about
350 projects are undertaken which are sub-dividénl & number of programédlders, 2009
Portfolio management assesses the risks and pdteetwards of projects. The R&D projects
executed are based on a balanced portfolio. Ftarios, balance between short-term and longer-
term oriented projects, smaller and larger projectd type of projects (for the Philips sectors).
Furthermore, resource constraints are taken intouat. In addition, the portfolio should match
with the maturity of the business and related imtmn requirements. Types of innovation
pursued are defined by: improved product, new tegmy, new to Philips, new to the world.
Maturity in market lifecycle characteristics is ihefd by: decline, mature, growing, and
emerging. Defining all projects by both definitiofts the year to come results in a 4x4 matrix,
which can be used for project evaluation and sele¢Eigure 13).

emerging

(

growth
Market | growth / : ’
Life- d
Cycle /
mature

{ mature / decline ]

decline

improved new to new to new to
product category Philips world

Innovation Type

Figure13: Innovation portfolio balance matrix of Philips Resch.
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On the diagonal from left below to right above omeves from incremental to radical innovation.
Most of the time projects located in the incremkeat@a are executed by Development, while
projects located in the radical area are genepaijormed at Research. New projects are mainly
generated by researchers, and evaluation andiselésiperformed by higher level management.
This process is annually updated and during progaecution a business rationale of many
projects is defined. However due to the uncertaafitymost research projects market forecasts are
very difficult to estimate up front.

Research projects generate value in many diffdoents such as intellectual property and rights
and project/ technology transfers. It is importenmonitor the success of projects and one way
of doing this is measuring the number of transtershe business. The business impact of the
transfer is defined as the business volume it lem®iated. In order to make estimates up front
Philips Research has adopted the Net Present (AIR¥) approach Aalders, 2009 NPV
approach and its limitations are explained in d&tesection 2.1.

Main conclusions about projects and project managet Philips Research:

- Avariety of research projects are undertaken dipBtResearch.

- Because of the variety of research projects, diffscult to prescribe a single standard
project management methodology.

- Too strict research project methodology limits txely which is key for research project
success.

- Research project success is dependent on the ckilie researchers and is enhanced by
an innovative research environment.

- High uncertainty and complexity is inherent to eesh projects and therefore loose
project management methodologies are preferrecactesized with high flexibility.

- Project portfolio management is conducted at Philgesearch in which a balanced
project portfolio is selected based on an innovati@atrix.

- Although desired, it is very difficult to predicesearch project success and to make
market estimates in this research phase.

- Philips Research has adopted Net Present Value \N#p@roach to calculate future
revenues generated by a new product.

Next, the new lighting technology will be explainedd we will describe the separate phases of
the R&D projects to provide an overview of the topaojects regarding this new lighting
technology.

3.4 Case project description
3.4.1 New lighting technology

Lighting is an essential ambience element in péspilees Hikmet and Van Bommel, 2006a
People would like to be able to adjust the lightwogditions according to their activities in which
they are engaged or desire lighting systems whigcbrmmously adapt the lighting conditions
depending on the activity of the user. Since theoduction of LED (Light Emitting Diode)
lighting, it is possible to switch between colorgldo obtain any desired color temperature from
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an LED light module. However, there are no easyde-solutions today for manipulating the
collimation, shape and direction of a light bearhefefore, scientists at Philips have developed
simple electrically switchable (non-mechanical) t flaptical elements for adjusting the
collimation, shape and direction of a beam of ligfbim an LED light sourceHikmet and Van
Bommel, 2006p The non-mechanical elements are able to rediigiut from a single spot and
spread it out over precisely controlled ardasén et al., 2007; Hikmet et al., 2008a

In the beam collimation (size) control concept, ¢hextrical beam forming technology can alter a
collimated narrow beam into a broad beam and vemsa: Depending on the magnitude of the
applied voltage, one can adapt the beam shapellastisated in Figure 14.

2R, 2% 2%

(I ovac I 3vac T

2x /N /N

Figure 14: Example of beam-shaping effect at different velsag

Pictures presented in Figure 15 show five white LiEBdules illuminating a wallHikmet and
Van Bommel, 2006cIn the lens-deactivated state the spots havarseow collimation. Using
software (e.g. DMX or DALI) and electronics one dadividually control the voltage on the
switchable elements and produce precise setting€la@nge the beam angle continuously. Other
beam control elements have been developed whieh #ile shape (e.g. from a spot into an
asymmetrical shape) and direction (steering ligiamf a first direction towards a second
direction) of a beam of LED light.

Figure 15: Photos of LED spots illuminating a wall. A) Nonketle optical elements in the
activated state. B) Some of the elements in theadet state.

Philips’ beam-control technology uses advanceddiguystal technology to manipulate the light
from LEDs (Figure 16). Philips’ innovative activeedm control technology utilizes a unique
mixture of the light scattering, refraction, diftteon, and reflection properties of liquid crystal
materials. These materials are integrated intaretthnsparent element (i.e. LC panel) that can be
placed in front of LED modules and luminaires (Fga7). The elements are highly transparent
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and do not use any polarizers or color filters camiy found in Liquid Crystal Displays (LCDs).
Development of the radical new lighting technoldgs been made possible by both Philips’ in-
depth knowledge of liquid crystals (LCs) and it®Wnhow in exploiting advanced LC effects, as
well as by its knowledge of LED lighting and lighty applications Hikmet and Van Bommel,
2006h.

The switchable flat optical elements can be usedfeariety of applications. It can be used in
standard lighting applications such as consumembaines for homes and professional luminaires
for shops, museums, hotels and restaurants. lalsanbe used for more niche applications for
example in the area of automotive and specialigh&pplications such as flash lights and toys

(Hikmet et al., 2007d
o Application

“ ;!% } new -
o Market \ a
= = = ;
new a
Technology ﬁ& m

Figure 16: Use of new technology (liquid crystal technologg) new market (Solid State
Lighting) which can be used for many lighting apations.

Figure17: Photo of an electro-optical element.

In short, Philips’ beam control technology (patepénding) offers: high-quality beam shaping
(dynamic lighting); maintenance advantage (no meich& moving parts); compactness (thin
transparent panel can simply be placed in frord éiminaire so that the small form factor of
LEDs is retained); and ease of operation (use o@s or software). This new technology
promises a whole new era of dynamic LED lightingickhcan be used for many different
applications in many lighting segments.

3.4.2 General track and trajectory

This section describes a case study within PhiRgsearch and Lighting regarding technology
development of a new lighting concept. The projastsl in the case study were executed over
the last seven years — 2003 to 2010 — and the awhohis master thesis participated as a
researcher in many of the projects. We will go tigio the different projects executed in this time
frame. The projects are divided over different @sagA) pre-phase of developing the technology
and inventory; (B) evaluation and selection phasepplication; and (C) technology-application

36



development phase. Important stages in the diftgreases will be elaborately described as well
and are denoted by sub-numbering style: (C2) iterabf technology-application development
phase; (C3) abandon project; (C4) delay project;1§Drestart project; and (D2) project
including commercialization activities.

A) Pre-phase of developing the technology and inventory

The initial R&D project on electro-optical devices LED light manipulation was executed in
2003. The aim of the project titled “Smart materidr beam and color control in lighting
applications” was to develop smart optical matsrial future light sources based on inorganic
LEDs to control the beam collimation, shape, digttcolor and color temperature of the light.
The project description submitted late 2002 is giveAppendix A.

The project proposal refers to pioneering researctsimilar technology which was conducted
more than a decade ago (i.e. beginning in the )98@sat that time targeted for tradition light
sources such as halogen and high intensity diseHangps. Technology research at that time was
abandoned after a few years because such elemamt®tcbe combined with traditional light
sources since these lamps generate light in thered and ultraviolet which is disastrous for the
switchable elements. Secondly, such light sources systems are not compact and therefore
large optical elements are needed which would bectstly. Thirdly, lighting hardware (such as
electronic control units) and software (lightinghtol systems) were not available at that time.
And last but not least, liquid crystal display teotogy was still in its pre-mature stage. The
technology change from Cathode Ray Tubes (CRT§)agwid Crystal Displays (LCDs) started
around 2000.

As described in the research project proposal (B89 LED light sources with a high efficiency
and a very long lifetime were being studied at tiaie to be used for lighting applications.
Before 2000, LEDs were used for indication lampsetettronic components, i.e. applications
where high light output is not needed. However ssiabout 2000, developed high power LEDs
were introduced into the market in specific appi@mas such as traffic lights. It was predicted that
LEDs would soon (as from about 2000) be used fberotighting applications as they became
even more efficient while costs of LEDs would sabstlly reduce each year. This would result
in a technology change from traditional light s@&such as incandescent lamps to inorganic
LEDs which is going on at the moment.

LEDs do not face the disadvantages of the traditibght sources as described here above. LEDs
do not produce light in the infrared and ultraviol€hey are compact light sources and heat
generated by LEDs is transported to the back osémeiconductor lighting device. LEDs are very
compact as the point light source is typically abbumnf. This means that only small compact
electro-optical elements are needed which redursesosts significantly. Thirdly, due to the
introduction of LEDs for lighting applications in0Q0, infrastructure such as hardware and
software became available which can be used fatrel®ptical elements as well. Finally, LCDs
are phasing out CRTs, which started around 2000a&ride moment no CRTs are being sold
anymore.

These trends justified the start of a project amrtbw lighting technology for inorganic LEDSs.
Project duration targeted was 1 year (and couledbended with 1 year) involving 3.5 FTEs. The
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Research project “Smart materials for beam andramatrol in lighting applications” included
two work packages.

The first work package involved working on the teclogy. New materials and new device
technologies were identified. Besides work on adednliquid crystal technology other beam-
control technologies were studied as well. As dbedr in the project proposal inorganic
suspended particle devices (SPDs), micro electrohargcal systems (MEMS), mechanical
microstructure devices or combinations thereof wevestigated€.g., Van Bommel and Hikmet,
2009.

A second work package includes definition of newduorcts and lighting application using the
new lighting technology. A summary of the projeceeuted in 2003 is given in Table 5.

Table 5: Summary Philips Research project executed in 2003.
Summary Project 2003 (2002-364)
Aim Electrc-optical devices for beam and color control for LHiQhting

applications
Work Package | Research new materials and device technologie:

Definition of new products and lighting applicatson

Resource 3.5FTE
Duratior 1 year (Jan 200- Dec 2003
Cost: ~0.7 ME

Table 6: Summary Philips Research project executed in 2004.
Summary Proj ect 2004 (2002-364 continued)
Aim Electrc-optical devices for beanand color control for LED lightin

applications
Work Package | Research new materials and device technologie!

Definition of new lighting products applicationscamaking demonstrators
and prototypes

Resource 3 FTE
Duratior 1 year (Jan 200- Dec 2004
Cost: ~ 0.6 ME

The research project “Smart materials for beamaotdr control in lighting applications” was
continued in 2004. The research proposal genefated003 is given in Appendix B. Duration
of the project was targeted for 1 year (and mawteneled with 1 year) involving 3 FTEs. The
project proposal for 2004 was very similar to tmepwsal for 2003. Work on new materials and
device technologies for beam-control was continlesides advanced liquid crystal technology,
other technologies were studied as well. A summaéithe project executed in 2004 is depicted in
Table 6.

Uncertainty in the performance of the technologysvaill very high. Most research was
exploratory and no in-depth technology researclgldgment was undertaken. During these
projects there was no focus on a single applicatibarthermore, there was almost no
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involvement of business development and marketihgrevas a result market requirements and
business potential were unknown.

B) Evaluation and selection phase of application

During the course of the project in 2003 and 20&¢esal beam manipulation technologies were
identified and explored. A complete list of techogiks identified is given in Table 7, and most of
them were experimentally studied. Many of the tetbgies were suggested in invention
disclosures during 2003, 2004 or beyond when erplan more detail. Not all of them could be
protected by a patent application due to e.g. @oor lack of inventive step. Patent applications
are typically written about (half) a year after sutting an invention disclosure and it takes
roughly 2 years before the application is publisifed. it takes 2-3 years from invention
disclosure submission to patent application pubbcé.

In late 2004 it was decided to focus only on adeanuid crystal technology and to undertake
no research on mechanical, semi-mechanical andl&BDechnologies for beam manipulation.

No structured methods or tools have been used $esasthe technologies. Evaluation and
selection of the technologies was conducted by &ekers. Project proposal for 2005 was
directed to advanced liquid crystal technology weittocus on LC gels.

In the same way first applications were identifiSdme applications were still quite abstract such
as lamps and luminaires.g., Hikmet et al., 2008dOther applications were more specific such
as Automotive Interior Lighting (AIL), Automotive daptive Front lighting System (AFS), and
Automotive Rear Lighting (ARL). Project proposalr f@005 was mainly directed towards
automotive lighting with a focus on Automotive Inte Lighting (Hikmet et al., 2007a, 2007b,
20079. This decision was made by the researchers anfirmed/agreed on by higher level
management.

Table 7: Assessed technologies in 2003 and 2004 (excludicefegorized in mechanical (m),
semi-mechanical (s) and non-mechanical (n).

Abbr. | Name Syste
ms|n

MME | Mechanical Moving Elemer X

MDS Mechanical Deformable StructureHikmet and Van Bommel, 20() X

RBT* | Roll Blind Technolog (Hikmet and Van Bommel, 20() X

MEM | Micro Electro Mechanical Syste X

ECD Electro Chromic Device

SPC Suspended Particle Devicee.g., Verhaegh et al., 20)

SF- Surface Forced SPDVan Bommel and Hikmet, 2C)

SPL- | SPD stabilized in Liquid CrystalHikmet, 2005)

PDLC | Polymer Dispersed Liquid Crystale.g., Hikmet et al., 200i)
LCG Liquid Crystal Gelse.g., Hikmet et al., 200

SLCC | Structured Liquid Crystal Gele.g., Hikmet, 200)

LC-RS | LC with Replicated Structuree.g., Hoelen et al., 20)
GRIN | Gradient Index Liquid CrystalHikmet and Ronda, 20)
LC- LC Color Conversion Devicee.g., Hikmet, 200%)

XXX [X|X|X|X|X|[»®|X
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During 2003 and 2004 various beam shaping techredowere identified and most were
experimentally studied. Although the performancesleof the individual technologies was not
known, the advantages and disadvantages of alhoéoties became clear although not entirely.
Information on market characteristics was hardlgilable at that time. Selection of application
was not based on a market assessment. There wast alminvolvement of marketing / business
development.

C1) Technology-application development phase

Research project executed in 2005 named “Activenbernipulation of LEDs” was focused on
applications for automotive lighting. Duration dfet project was 1 year (Jan 2005 - Dec 2005)
and the resources used were 3 FTE (about 0.6 Mé&Yidls projects were completely funded by
Company Research, while for this project 2 FTE wareled with company money and 1 FTE
was funded sponsored by Lighting (i.e. Contractéaesh). The project description submitted late
2004 is given in Appendix C.

The project included two main work packages. Atfgork package included research on
advanced liquid crystal technology, i.e. new matseriand devices, for beam manipulation of
LED lighting. A second work package, closely linkedthe first work package, was focused on
development of advanced liquid crystal technology the application automotive lighting.
Several applications generated in the previouseptsjincluding Automotive Interior Lighting
(AIL) (Figure 18), Automotive Adaptive Front liginy System (AFS) (Figure 19), and
Automotive Rear Lighting (ARL) as described in fw®ject proposal which was submitted late
2004, were investigatediikmet et al., 2007a., 2007b, 20074 summary of the R&D project is
given in Table 8.

Jmip] Y mip) D

Figure 19: Automotive Adaptive Front lighting System (Hiketedl., 2007c).

The main focus of the project activity was on Auttive Interior Lighting. In AIL electro-

optical elements can be used in which a single Igbdule can fulfill various functions such as
entry light, reading light, and ambient lightingn érder to prevent dazzling of the driver and
improve the illumination efficiency, asymmetricabam shaping is preferred. Various LC
materials and device configuration were studiedriter to obtain such an effect. The automotive
applications were identified in projects executed2D03 and 2004. Nevertheless, during the
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course of the project a new application was idextjf namely camera lightingRpnda and
Hikmet, 2007.

Table 8: Summary Philips Research Project executed in 2005.

Summary Project 2005 (2004-241)

Aim Active beam manipulation of LEDs targeted for ative lighting
(automotive interior lighting, AlL, and advanced@motive front lighting
systems, AFS)

Work Package | Research on new materials and device techno. Work on automotive
lighting applications AIL and AFS. Look into newglgations

Resource 3 FTE

Duratior 1 year (Jan 200- Dec 2005

Cost: ~ 06 M€

In the beginning of the (2005) project the perfono®level of the technology was still unknown.
During the course of the project it became sligintlgre clear what performance level could be
achieved if such components would be developedhénsame way, new product development
costs and time to market were at that time uncleat undefined, but later on in the project
estimates about the bill of material of the eledptical elements were made based on prices of
LCD displays. In the early stages of the R&D projéeere was no customer contact. As the
project developed through different stages, prptsywere made and some of them were shown
to potential customers and end-users during a éad shows and customer visits. In doing this,
first customer insights and market requirementsabex available, although detailed market
requirements were still unknown. The project focliea automotive lighting with beam-control
functionality was finally stopped late 2005. Theimeeason for this was that the brief business
case made by Philips Lighting at that time revedhed it was not attractive to continue R&D on
this application because profits made by only sglihe LEDs would be similar to selling the
whole system.

C2) Iteration of technology-application development phase

Late 2005 two new research project proposals webenigted. At that time Philips Lighting
considered the move into the camera flash markehédyufacturing LED-based flash modules.
Both projects focused on this application with beaomtrol. Duration of both projects was 1 year
(Jan 2006 - Dec 2006) and the resources used doredearch projects were 3 FTEs (about 0.6
M€). The project descriptions submitted late 2005 given in Appendix D and E. The projects
included two main work packages. First work packag#uded research on advanced liquid
crystal technology, i.e. new materials and devit@shbeam manipulation of LED lighting for the
application video flashRonda and Hikmet, 2007A second work package includes making of
demonstrators using the results of the first waaklkgage. A summary of the research project is
given in Table 9.
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Table 9: Summary Philips Research projects executed in.2006
Summary Proj ects 2006 (2005-029 and 2004-241 continued)

Aim Active beam manipulation of LEDs + beam shaping
targeted for video flash (digital still and videameras)
Work Package | Research on new materials and device technologie
Work on camera flash with beam-control

Resource 3 FTE
Duratior 1 year (Jan 200- Dec 2006
Cost: ~ 0.6 ME

Digital Still Cameras and Digital Video Camerastlaat time used xenon light bulbs which
generate enormous light output. Eventually LEDs| whase out xenon light bulbs for this
application. In order to increase illumination menhance and to extend the battery life of a
camera, electro-optical elements can be used vadgst the shape and collimation of the light
according to the zoom function of the camera (Feq20).

Figure 20: Camera lighting with beam-control.

Besides research activities at Philips ResearcltD) Rétivities were executed at Philips Lighting.

The Lighting project on camera/video flash (VF) exted at pre-development in 2005/2006
named “LED video flash” was focused on module atspand beam-control integration. Duration

of the project was about 1.2 years and the ressursed in the project were 4.5 FTE (about 1
ME€). Main important aspects of the project are giue Appendix F. Table 10 lists a summary of
the project executed at Philips Lighting.

Table 10: Summary Philips Lighting project executed in 2006.

Summary Project 2006 at Lighting

Aim Development of canra flash with beam width conti

Work Package | Electrical, optical and mechanical engineering &bLflash modul
Resource 45 FTE

Duratior ~ 1.2 years (mid 200- mid/end 200¢

Cost: ~1ME

During the project, technology research was mafatgused on gradient index (GRIN) liquid
crystal (LC) technology. Previous projects idestifiadvanced liquid crystal optics based on
patterned electrode, double plain switching (DR8] this sub-technology was selected as a
potential candidate for camera flash applicatioesg.( Ronda and Hikmet, 2007DPS
technology was experimentally studied mid-late 2888 showed that it can diverge a beam of
light of 10 degrees Full Width Half Maximum (FWHNfHto 20 degrees FWHM. Experimentally
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results generated in 2006 showed that DPS techyalag diverge a beam of 10° into a broad
beam of 40° FWHM. Mid 2006 LC technology In Plaiwihing (IPS) was identifiede(g.,
Hikmet et al., 2008b Experiments showed that the performance in tesibeam spreading
effect of the GRIN LC optics was substantially het improved. By using IPS LC cell
configuration a beam of light of 10 degrees carabered into a beam of 60 degrees FWHM.
Late 2006 another new configuration was identifreaned Fringe Field Switching (FFSyan
Bommel et al., 2009 This GRIN LC technology improves beam spreading allows a larger
degree of freedom in terms of patterned electredégd. Figure 21 illustrates the performance of
the GRIN LC technologies identified/studied in theject executed in 2006 as a function of
time. To this day no FFS cells are produced anerexentally studied.
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Figure 21: Performance of the researched GRIN LC technologiestified in the project 2006:
Double Plain Switching =DPS (2005), In Plain Switah = IPS (mid 2006), Fringe Field
Switching = FFS (late 2006).

Although most R&D effort was spent on GRIN techigylalevelopment, sub-technologies PDLC
and LC-RS were options also as these sub-techmslagight serve the same applicatierg(,
Paulussen and Tukker, 2009

During the execution of the project in 2006 perfante level required by the market became
clear although uncertainty about market requiremevds still high. Performance level needed
was specified by customers through original equiptmeanufacturer (OEM) visits which were
carried out by a project manager and a businessl@ger at Lighting. With only a few customer
visits market insights and specifications couldrtweghly visualized. Table 11 lists most of the
market requirements gathered during the proje20D6.
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Table 11: Market requirements of camera flash with beam-mint

Mar ket requirements
must preferred
beam 20° > 55 FWHM 20° > 60° FWHM
drawing
= L
20 ot
60°
uniformity 50% corners as we
beam contrc | continucsly continuousl
respons 100m: 10m:e
beam horizontal and vertice horizontal and vertic
aspect rati 4:3 rounc 4:3 rectangule

C3) Abandon project

Late 2006 both Research and Lighting projects vadr@ndoned. The main reason for this was
that the market assessment made, including NP\Wledilens, indicated it was not attractive.
Although OEMs liked the concept, the flash modulaswa commodity. By bringing this
application to the market Philips would only donta@ a small part of the total supply chain.
This means that EOMs would dictate the price ah@rotontractual conditions. Although market
specifications were mapped, there was still a niginket uncertainty. In addition, the market was
not yet ready for an LED based camera flash asrxéght sources would dominate the market
over the next years because in terms of performdaceunt of light, etc.) xenon was still
outperforming LEDs for this application. Furthermpthere was still high uncertainty regarding
the beam-shaping technology as the performanceireegents for this application were
extremely high (i.e. light distribution, color hogeneity and the like should be perfect for
cameras). In addition, the infrastructure in theneeas at that time was not appropriate for
Philips’ VF module. A relatively large space wasded for the VF module in relation to the
design which used the xenon light source. This mehat OEMs have to make several changes
in their camera design.

C4) Delay project

In 2007 and 2008 several R&D project proposals vegeremitted regarding the new lighting
technology targeted for different applications uwtthg consumer luminaires such as
LivingColors (proposals are not included in the expgices). All project proposals for 2007 and
2008 were rejected. Philips Lighting did not waatrhake new investments in beam-control
technology for LEDs (no Contract Research). As asequence Philips Research also did not
make new investments in this radical new lightiechinology (no Company Research).

In spite of abandonment of the project late 200&jnnteam members who worked on the
technology over the last 3-4 years continued wa@rkan beam manipulation for about 0.1 FTE
both during Friday afternoons, evenings and the ke@ Main activities were making
demonstrators for Lighting or for other projectiResearch.
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One of the research projects executed during 2003/8tudied retail lighting concepts and used
the GRIN advanced liquid crystal technology in afg¢heir concepts. The concept was named
Reactive Spotlight and is an innovative yet simpéy of drawing attention to goods on display
(Aarts and Van De Sluis, 2009s a customer approaches a product displaynsoseletects
their presence and causes the lighting to alten faobroad-beam into a narrow-beam spotlight,
thus placing extra emphasis on the product (Fid2e Thus the Reactive Spotlight subtly
attracts a customer to look at your best productdigplay Philips Lighting, 2008

Reactive Spotlight

’/
O

sensor

|
7218

product
Figure 22: Reactive Spotlight concept (Philips Lighting, 2008

In order to lower the uncertainty of manufacturifpibf the electro-optical elements, supply
chain establishment of such components was realizechanufacturer was found who was
willing to produce the advanced liquid crystal teclogy.

Reactive Spotlight demonstrators were made andliedtin Shop Lab which is one of the
Experience Labs of Philips Research where custoofdhilips Lighting are introduced to new
lighting technologies and applications.

D1) Restart project

In 2007 and 2008, Philips Research and Lighting riitl make new investments in R&D to
develop the new lighting technology and applicatiohs a result no projects on the new lighting
technology were executed. Yet, in 2009 a new beamipalation project was undertaken named
“Electronic beam sweeping optics.” The project \wagposed and executed by other researchers
employed at a different department in Philips Regealhe project description submitted late
2008 is given in Appendix F.

Duration of the project was 1 year (Jan 2009 - P@29) and the resources used for the project
were 1 FTE (about 0.2 M€) which was funded by Comydaesearch. Other project proposals for
2009 on the new lighting technology were not grartg Philips Lighting and Research. The
“Electronic beam sweeping optics” project, whichsvselected by Research management to be
executed, is focused on advanced liquid crystdirtelogy, LC-RS, which was also identified by
research projects conducted in 2003 and 2004. stiisechnology is able to steer the light from
a first direction toward a second direction by gpm a voltage on the LC element. However,
research in previous years showed that this subtdogy had several limitations in terms of
performance and manufacturability. In short, thehtmlogical and market uncertainty were
substantially higher in relation to the other LCticp which had been studied and developed.
Regardless of the higher market and technologiceéuainties, Philips Research made an R&D
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investment in the beam-steering project, while gebjproposals on other beam-manipulation
technologies characterized by lower uncertaintiesewiot approved. A possible explanation for
this is that there is a tendency in Philips Rede&ocexplore rather advanced technologies and
concepts while there is little focus on less immateconcepts. Another possible explanation for
executing this project and rejecting other proposaduld be portfolio management such as
balancing projects between research groups or mesaonstraints. A summary of the research
project is given in Table 12.

Table 12: Summary Philips Research Project executed in 2009.

Summary Proj ect 2009 (2008-268)

Aim Electrc-optical beam sweeping (beam direction control) forain
application office lighting

Work Package | Developing electr-optical elements for beam direction control
application office lighting

Resource 1FTE
Duratior 1 year (Jan 200- Dec 2009
Cost: ~0.2 ME

Research in this R&D project was focused on genkghting, more specifically on office
lighting. The concept of this project is schemdlycalustrated in Figure 23. The project studied
advanced structures and materials which are evere momplex than the structures briefly
studied in the previous projects. The project waandoned late 2009. Current performance of
this LC technology does not meet LED luminaire fkearequirements. Large R&D investments
are needed to further develop this sub-technoladyie the R&D outcome is highly uncertain.
Mainly because of this, Philips Research and Lightlid not approve the new project proposal
for 2010 to continue this project.

luminaire luminaire
\ \
\ \
\

\ light

\ \

light

Figure 23: Luminaire with beam steering.
D2) Project including commer cialization activities

In the same year (early 2009) a venture at Phllighting was started which embraced the
Reactive Spotlight concept (leaflet of the Reactimeotlight is given in Appendix 1). The

Reactive Spotlight is a niche application for thetd Lighting segment. As the Philips Lighting
venture is focused on the Retail market it wouke lto commercialize the Reactive Spotlight
concept which can become a building block of thghting venture.

Activities in the venture on this concept includmcept development, presentations to customers,
sending demonstrators to customers, marketing iesvsuch as sales estimates and business
case, and product sample development. Product samigke LC GRIN DPS cells which were
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manufactured by a supplier which was found in 2P0@8 as described here above. The author of
this thesis managed all activities regarding thadiee Spotlight and was involved for about 0.3
FTE. For about 0.2 FTE other Philips Lighting enygles were involved. A summary of the
commercialization project which is still ongoing2010 is given in Table 13.

Table 13: Summary Philips Lighting venture Project execuieZ009.

Summary Commercialization Project 2009 at Philips Lighting

Aim Commercialization of Reactive Spotlight concept dgee marke
uncertainty);

Transfer concept from venture to Philips Lightingsimess
Work Package | Concept development, presentations to customersgdupt marketing

activities, and product sample development

Resource ~0.5 FTE
Duratior >1 year (Feb 200- still ongoing 201C
Cost: ~0.1 M€

By involving Lighting’s customers through preserdas, sending demonstrators and pilots, the
performance level required by the market becamevknd he concept was presented to end-
users, i.e. customers (retailers), installers, atiter customers such as creative specifiers.
Performance of first commercially produced elemeavds not good enough for bringing products
to the market. Research on LC GRIN DPS technologg meeded to improve the technology.
This fact became known beginning 2009. Howeveryésearch project executed at that time was
studying a different LC technology which could et used for the Reactive Spotlight. Because
other projects were not granted, no research dgpaass available to work on DPS technology.
In order to solve this issue several project prafsposvere suggested late 2009. However, these
project proposals were rejected by Philips Lightamgl Research.

Current status of the Reactive Spotlight is thidtpiare being set up with the developed product
samples. Performance of products samples was Iglighproved (but still far from optimal) by
including two LC optical elements in the enginegrisamples. Decision on transfer of the
concept to Philips Lighting business was plannegdeonid-late 2010 (i.e. go / no go decision).

Although the Reactive Spotlight was a niche appbeawith a strategic fit with the Philips
Lighting venture, the maturity of the product andrenspecifically the LC technology was low.
Because of the low maturity and the fact that mmisicant improvements in technology were
going to be undertaken, it was decided late 2008140 work on another concept. In this second
concept a standard application, namely accentitightvas targeted, because it fitted the current
business and products of Philips Lighting. The nmeature LC technology which can be used for
beam-manipulation is selected to lower the teclninaertainty. Of course product development
is needed to get the concept to the market, bileaast the LC technology targeted is already
commercially available in high volume at a low pgrifused for a non-lighting application). In
addition, the concept is selected such that it dadsgh compatibility with the new range of
luminaires which will be introduced mid 2010 onteetmarket. The aim of developing this
second concept, which has a good fit with the stechtighting business, has a high compatibility
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with the new standard product to be launched antlagse the most mature LC technology, is to

increase the chance of a transfer to the Lightumgriess late 2010.

3.4.3 R&D projectsoverview

Figure 24 schematically illustrates the overviewatifthe R&D projects which spanned over

more than 7 years.

@—-=0 Technology Research Application Researche.g. ﬁ
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Technology [ ~DBRETE. i ~OSRETE. | ;C no osy
Research esearc
[_start_|——]abando}
Commercialization activities
on Application 3
Research Research Research Research No Official No Official Research
| Project 1 | Project 1 | Project 2 | Project 3 | Project | Project | project4 |
I I I I I I I |~
2003 2004 2005 2006 2007 2008 2009 2010

Figure24: Project overview 2003 - 2010.
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4. Discussion of casefindings

This chapter discusses the findings of the casearel presented in the previous chapter and
where necessary links back to the literature. Spadly, we discuss the results according to the
different phases of our case study and try to @gvieleas on resolving / addressing limitations of
the conceptualization of Huchzermeier and Loch {30@entified in section 2.4. The process
starts with a pre-R&D phase of developing the raticew technology and inventory (section
4.1) followed by an evaluation and application setn stage (section 4.2). The process
continues with an application R&D development phi@setion 4.3) showing patterns of iteration
(section 4.4).

4.1 Pre-phase of developing thetechnology and inventory

To begin, we will focus on the first two projecise( projects executed in 2003 and 2004) from
our case study at Philips regarding the new lightechnology. The aim of the project in 2003
(Appendix A) and its continuation project in 200Appendix B) was (1) to explore new
technologies which can manipulate the light of LEEDsl (2) to identify new product applications
using the new lighting technology. The researchjgote (2003 and 2004) show important
similarities to findings in the literaturéynn et al., 1996, 1997; O'Connor, 1998; Chandy and
Tellis, 1998; Moorman and Minor, 1995, 1998; Thomik®&98; Terwiesch and Xu, 2008;
Lindkvist, 2008 Gruber et al., 2008; Baron and Ensley, 2008pecifically regarding (1)
divergent thinking to generate many ideag(, O’Connor, 1998 (2) exploring and inventory of
new applications/technologies.g., Gruber et al., 2008and (3) through convergent thinking the
process leads to the most interesting opportuaiputsueé.g., O’Connor, 1993

The starting point of the full R&D lifecycle is awel idea or technology targeted for a specific
market. ldeas generally originate from a brainsteession, so-called deep dive study, Friday
afternoon experiment or just from an ordinary R&jpct executed by engineers and scientists.

The initial R&D projects (2003 and 2004) startethsa divergent process to generate many and a
wide range of new ideas in terms of technologied applications. Our case study showed the
generation of new materials and devices as welles lighting products and accessories by
searching in many directions. Such an early seafrehuseful application is a type of deliberated
pragmatic approach in which much flexibility is ded. The case study showed that in a non-
linear way various concepts were explored which ewéighly uncertain and outcomes
unpredictable. New identified product applicatiovere entirely new products and did not fit the
existing businesses and product lines. These aadiads are analogous to ideas described in the
literature such as the process of divergent thopk@'Connor, 1998, statements that new
product forms resulting from new technologies oftlennot fit existing market demarcation lines
or product categorieg(@., Lynn et al., 1996, 19pa@nd similarities to other comparable trial-and-
error kind of approaches (e.yloorman and Minor, 1995, 1998

The process for projects one and two (i.e. projesiscuted in 2003 and 2004) continued by
exploring and inventory of the radical new lightitegchnology which was a technology driven
process. The first two projects showed an unsysterapproach of identifying and scanning
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various different new technology-application congtions. Our case study illustrated that NPD
characteristics such as product performance, deredat costs and time were unknown and not
specified (e.g. see project proposals) as the ahdiew lighting technology was still in an
embryonic stage. The initial two projects of ousseastudy did not include any commercial
activities. Because the product applications gerdrdid not fit existing market segments and
product categories, market requirements and payefé too difficult to estimate. Case findings
suggest that in case of a radical innovation idésired to first reduce the high technical
uncertainty, in order to understand the technologyeal its feasibility and to come up with
additional new product applications. Our case tssate in line with findings reported in the
literature including insights regarding market ogipoity identification for new technologies
(Leifer et al.,, 2000; Baron and Ensley, 2006; Grubsr al., 2008 the technology push
orientation for radical innovatiors¢humpeter, 1942nd that it is hard to predict the market for
radical innovations as the market and the techryo®dl-defined and evolvingg.g., Lynn et al.,
1996 and therefore not an issue during the early stagea radical innovation R&D project
(O’Connor, 1998.

Subsequently, later stages in the initial projetibfved a convergent process in which alternative
applications and sub-technologies were briefly igtidselectively developed (e.g. by making
demonstrators/prototypes) and tested, and led ghr@umalysis/evaluation to a single or a few
most interesting opportunities. Similar findingse also reported in the literature such as the
convergent thinking process and the experimentahtation in the phase of developing a radical
new technologyl(ynn et al., 1996; O’'Connor, 1998; Leifer et al0dD).

The process is schematically illustrated in Figefse Any decision to invest in basic research for
a new technology is based on the notion that skegnalications are possible that also have
market potential. Such evaluation of applications aarket opportunities is more a scan than
based on thorough and detailed market researchinstance, no market assessment or NPV
calculations were made during the first two prgect

divergent thinking convergent thinking
5 —
(%]
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o .L \L.\
£ 5 <12 e = 3
S g O | @ @
« o O /'O/
J2e
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£ E
2
I idea idea screening | research& | analysis/ | R&D project
= (starting point) | generation development| evaluation proposal

Figure 25: Divergent and convergent thinking process (adaphean Lynn et al., 1996;
O’Connor, 1998; Leifer et al., 2000).
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The phase of general investment in the new teclggadpening up roads to different applications
(as shown in our case study) is absent in the ponakzation ofHuchzermeier and Locf{l1999,
200]). They start from a single application that wassdan. HenceHuchzermeier and Loch
(1999, 200) omits this initial phase of the technology inntea lifecycle. From their examples

it is clear that the application and technology igiven. Their conceptualization seems to address
incremental product innovation rather than radicaduct innovation. These findings suggest the
need to add a pre-R&D project phase to existingaisodf e.g. Huchzermeier and Loc{i1999,
2001 and Huchzermeier(2009. Our findings further reveal that the early sbaof a useful
application is a type of deliberated trial-and-erapproach and dominates the beginning of the
radical new technology for application developmerdcess. This is a line of thinking embraced
by e.g.,Moorman and Mino(1995, 199§ Lynn et al.(1996, 1997 andO’Connor (1998.

4.2 Evaluation and selection of application stage

The previous section showed that in the pre-R&Djgmtophase different applications for the
radical new technology were identified, because rib& technology may serve a variety of
different applications. Each application is linkeda different sub-technology dependent on its
requirements which becomes clear through experiedteourse, it is possible that more than
one sub-technology may serve the same applicalependent on the number of applications
and sub-technologies identified a set of optiondeBned as illustrated in Figure 26. Figure 26
shows an example of a set of 6 options which agetifled and preliminarily researched in the
pre-R&D project phase. Each option is a combinatidna sub-technology targeted for an
application in a certain market. It goes withowisg that two sub-technologies or applications
can be considered as well, i.e. selection of &t le@o options which keeps your options open. Of
course, also a complete new market may be idemtitie the new technology, but this is out of
the scope of this master thesis. Besides the aptdaentified in the pre-R&D project phase, it is
likely that new options will arise in subsequenagés as time and R&D effort continues.

Our case study revealed a selection action. Difteseib-technologies and applications were
identified and Philips had the choice which oppoitiudoption to develop/pursue first. For
instance, the project proposal submitted in 20@vgld a few of the identified new applications
such as Automotive Front lighting System (AFS) &utlomotive Interior Lighting (AIL). These
applications were submitted as new project propasdlfinally selected. Our case study further
confirmed that in case of radical innovation idesired to keep your options open. For instance,
the camera lighting project showed that various-teghnologies were considered during
application development. Similar findings are aigported in the literature specifically regarding
multiple opportunity identification, evaluation asdlection Q’Connor, 1998; Baron and Ensley,
2006; Gruber et al., 2008and real options reasoning.g., McGrath and MacMillan, 2000A;
MacMillan and McGrath, 2002redberg, 200Y.
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Figure 26: Example of six out of n options for radical innbwa R&D projects(extended from

Nembhard et al., 2005

Each option is characterized by different amourfitproject/technical and market uncertainties
with inherent distributionsMorris et al., 199). For example, each application requires a certain
product performance and in turn a certain engingegffort, i.e. development time and costs
(Figure 27). In the same way, applications idesdifirequire a certain engineering effort
(development costs and time) as is illustratedguife 28 Christensen, 1992a, 1992b
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Figure 27: Technology S-curve: Normative performance/matuwftyechnology as a function of
engineering effort/ time for the various sub-tedbgees.
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The S-curves in Figure 27 and 28, displayed in lamgraphs / fashion as the S-curves of
Christensen(1992a, 1992)) give relative estimates about project uncertaiktgwever, these
graphs are overly simplistic as the technology tmag#y about developing the radical new
product application is rather high at the end & fre-R&D phase and product performance,
development time and cost are hard to estimatelgravere made by the author during writing
of this master thesis late 2009). In addition, @s e seen from the project proposals generated
during the pre-R&D project phase (2003 and 2004 )aficapplications and technologies given in
Figure 27 and 28 were identified at that momentcigroves that besides the options identified
in the pre-R&D phase, new options will arise in seduent phases due to new investments in
developing the radical new technology.
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Figure 28: Application S-curve: Performance needed as a fanaif engineering effort/time for
the various applications.

In short, our case study findings suggest the rieealdd an evaluation and selection stage to
existing models of e.gHuchzermeier and Loc(1999, 2001 andHuchzermeier(2009 as this
selection action is absent in these models. ThiscBen action shows similarities to the
gualitative orientation advocated by the soft @ations streameg.g., MacMillan and McGrath,
2002; Fredberg, 2007

4.3 Application development phase

As explained in section 4.1 the beginning of thelica@ new technology for application
development process (R&D projects executed in 28688 2004) involved trial-and-error.
However, as can be seen from the radical innovatrojects executed from 2005 and onwards,
the projects involved more systematic real optidkesapproaches. During this radical innovation
R&D phase, developments in technology, market dedrisks involved became more specific
and could be estimated within a predicted range.ifgiance, during execution of the radical
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innovation R&D project in 2006 insights about d@gghents in technology became clearer over
time. Substantial gradual improvements in beamtwadintrol were achieved in 2006 and final
product performance could be defined and managdgdmnboundaries. In the same way, market
requirements and payoff could be forecasted. Fsiante, during the radical innovation project
executed in 2006 market insights including marketdpct specifications, market size, market
potential and likely market acceptance became abail(e.g., through OEM visits and by NPV
calculations). Hence, real options come into said its theory can be used in managing radical
innovation projects. However, our case study des®al that the model dduchzermeier and
Loch (2001 cannot be directly applied as the model needsifinations based on different
distributions of uncertainties. Variability or umtanty in product/project and market
characteristics depends on the type of innovaticadi¢al and incremental innovation).
Distributions in product performance, developmeaostcand time, market requirements and
payoff are much broader in case of radical produnbvations as these products do not concern
expansions of existing products already on the etgfkigure 29). As can be observed from our
case study, the distributions seem to be predietdoit not known.

Our case study suggests adding an additional Haidicavation R&D project phase to existing
models of e.g.Huchzermeier and Lockil999, 2001 and Huchzermeier(2009 in which real
options like approaches can be applied.

Product Product Product Market Market
Performance Dev. Cost Dev. Time Requirements Payoff

Density of Density of Density of Density of Density of

Product Product Product Market Market
Performance Dev. Cost Dev. Time Requirements Payoff
7'7" Radical R&D project " Incremental R&D project

Figure 29: Variability in project drivers for radical vs. imlemental innovation.

4.4 Iteration of application development phase

Projects executed in 2005, 2006, small projecviiets in 2007 and 2008, and the project ran at
Research in 2009 were R&D projects which develoggetific applications. The aim of these
projects was to research a deviation of the radieal lighting technology targeted for a new
product application. Namely, in 2005 mainly LCG hrology was studied with a focus on
automotive lighting, in 2006 GRIN technology wawaatigated (i.e. DPS, IPS, and FFS) for
camera flash application, in 2007 and beyond reseasas conducted on DPS technology for

54



lighting for display cabinets, and in 2009 reseaoch LC-RS technology was executed for
directable spot lighting. Early stages in the tedbgy-application R&D projects showed that
information about technical drivers and market ab#aristics was not available, while in later
stages developments of technology, market and inskdved became more specific and could be
estimated within boundaries. Another important ifigdis that the R&D application development
projects happened to a large extent sequentiallthBrmore, our case research showed high
failure rates as many of the R&D projects regardimg radical new lighting technology were
abandoned. This explains the iterative behavisuliisequent radical innovation R&D projects.
Our case research revealed that these subsequ&npRfects are linked with each other and are
forming network effects.

This iterative behavior is also recognized in therdture €.g., Green et al., 1995; McGrath,
1999; Fredberg, 2007; Levardy and Browning, 2P0Bhe iteration occurs because of the high
failure rate of R&D projects, while new project posals describe research on deviations of the
technology or same technology for a different aggtion. Especially R&D projects on radical
new technology are characterized by a high levehliindonment as many R&D projects are
stopped before a radical new product innovatiolausiched to the markeG(een et al., 1995
Reasons of abandonment include application neestduhdlogy performance cannot be achieved
or market estimates proved to be unfavorable.

The conceptualization ¢luchzermeier and Locf2007) is limited by a single individual project,
while our case study supported by the literatuensd that R&D projects are linked with each
other and show patterns of iteratiobegyardy and Browning, 2009; Green et al., 1§95
Huchzermeier and Loc{2001) do not address the iterative behavior of subssdgRe&D projects
and product network effects. As a result, for theenation is less likely and receives little
attention. This can be explained by the fact thatemt work €.g., Huchzermeier and Loch,
1999, 200} is more geared towards incremental new prod@@is. case study findings suggest
the need to add an iteration notion to existing e®af e.g.,Huchzermeier and Locfi1999,
2007 andHuchzermeier(2009. This notion is particularly important becauseniluences the
value of a project and the project selection (aduthé learning effect), among others.
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5. Construction of conceptual framework for developing
radical new product applications

In the previous section we discussed the findiigaiocase study. We found an additional initial
phase which is absent in the model of HuchzernaeidrLoch (1999, 2001). This pre-phase of
developing the technology and inventory encompatssegarly search of a useful application
which proved to be a deliberated trial-and-errorpapach. After this, radical innovation R&D
projects of product application developments arecexed involving more systematic linear like
approaches in which real options come into sightr @ndings further revealed an iterative
behavior of subsequent radical innovation R&D potge which are selected by senior
management. The selection action stage and pattérsration are also not covered by existing
models of e.g., Huchzermeier and Loch (1999, 2@0#) Huchzermeier (2009). In this chapter
we conceptualize our findings into a frameworkdeweloping radical new product applications
(section 5.6) and try to further develop ideas asalving/addressing limitations of the
conceptualization of Huchzermeier and Loch (20@&htified in section 2.4. Our model consists
of a pre-radical R&D project phase (section 5.1)reml option of select action stage (section
5.2), a radical R&D project phase (section 5.3)hngatterns of iteration (section 5.4) and an
incremental R&D project phase (section 5.5).

5.1 Preradical R&D phase

Our findings of the previous two chapters suggestrieed to add a pre-R&D project phase to
existing models of e.gHuchzermeier and Locl{200]) to extend these frameworks to
management of radical innovations. We will denbis additional phase as the “pre-radical R&D
phase”. In the pre-radical R&D project phase nepliaations for a novel technology or material
are identified. This initial phase of the full R&iPecycle is a convergent process which leads to a
single or a few most interesting applications. Wk define this pre-radical R&D project phase
as “the initial phase in the full R&D project lifgde in which new applications for a novel
technology or material are generated and via aergent process leads to a single or a few most
interesting applications to be further exploredwiitisic research.”

Definition of pre-radical R&D project phase:

The initial phase in the full R&D project lifecycle which new applications for a novgl
technology or material are generated and via aerg@nt process leads to a single or a few
most interesting applications to be further explongth basic research.

Figure 30 schematically illustrates the pre-radiR&D project phase displayed in similar graphs
or fashion as the conceptual modeHofchzermeier and Locf1999, 2001

In conclusion, our case results indicate that #idyesearch of a useful application is a type of
deliberated trial-and-error approach as informatiegarding developments of technology and
market are not available. This phase at the furagtfend needs an ad hoc non-linear project
management style allowing creativity to blossom getherate a wide range of novel ideas
(Stevens, 1999 Furthermore, this approach takes into accouat #xceptional technological
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efforts are needed in this phase of the full R&Eedycle to explore different radical new
concepts of which the technology is still in an eyamic stage @ Connor, 1998) Due to a
subjective and scanning-like market, research mewsare prone to oversimplification and
mistakes. The data do however, provide no detailaderstanding of optimal levels of
formalization and detail for this market reseaddbwever,Gruber et al.(2008 do suggest that
people with entrepreneurial experience and marlestkdround are the best to make these
evaluations.
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Figure 30: Conceptual model of the pre-radical R&D phase.

5.2 Real option of select action stage

The case study further suggests the need to addeation stage to existing models of e.g.,
Huchzermeier and LocH1999, 200) and Huchzermeier(2009. A wide range of new
applications for a novel technology or material gemerated in the pre-radical R&D project
phase. All applications have market potential aad be further explored with basic research.
Management should assess all identified opporasiéind decide which application to pursue
first. However, such evaluation of applications andrket opportunities is more a scan than
based on thorough and detailed market researchertheless, selection is a critical stage in the
full R&D lifecycle and is a prime driver of new mhoct development success. In fact, application
selection is a real option which represents anteidil source of option value and is a critical
real option when managing radical innovation prigge€o our knowledge literature so far did not
consider this additional real optioa.g., Lander and Pinches, 1998; Ollila, 2000; Huaimzeier
and Loch, 2001; Borissiouk and Peli, 2002; Natargja00§. We define this real option of select
action as “the possibility to select which prodagplication to be researched and developed
first.”

Definition of real option to select:

The possibility to select which product applicattorbe researched and developed first.

Again, as concluded here above, this additiondlapton of select action is not covered by the
model ofHuchzermeier and Loc{l999, 200) because the conceptualization seems to assume
that the application and technology is a givenhey laddress continuations of existing products
already on the market, i.e. incremental innovatiod not radical innovation. The real option of
select action (Figure 26) is valuable and shouldnieerporated into the conceptual framework
for developing radical new product applicationseTdecision which application to develop first
depends on various factors including the five typlesperational uncertaintyH(ichzermeier and
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Loch, 200}, strategic fit with business and products offitra, probability of market acceptance
of the radical new technology which can be explditey perceived characteristics of an
innovation including relative advantage, compaitjilcomplexity, trialability, and observability
(Rogers, 200Band product form desigiR{ndova and Petkova, 200Among others.

5.3 Radical R& D phase

In the remainder of this chapter we move beyondptieeradical R&D project phase to further
develop our framework. In this section we focusthen question whether after the pre-radical
R&D project phase/select action stage, real optitreory can be used and what modifications
are required. We draw on the Philips Research/lirlghtase for our ideas and solutions.

5.3.1 Radical vs. incremental R& D projects

As discussed in chapter 4, case results showedhbagarly search of a useful application for a
radical new technology in the pre-radical R&D pobjehase is a type of deliberated trial-and-
error approach. After this, when executing radioabvation R&D projects, real options come
into sight as developments of technology and mavkebme more specific and can be estimated
within boundaries. However, the model latichzermeier and Lock2001) cannot be directly
copied asHuchzermeier and Locl2001) address incremental innovation and not radical
innovation. Distributions in product performanceevdlopment cost and time, market
requirements and payoff are much broader in casadatal product innovations. This means that
the real options theory dfluchzermeier and Lock2001) can be extended to management of
radical innovations, but need some modificationseldeon different distributions of uncertainties
and levels of control as will be explained furttger in this section. In addition, managerial
flexibility and its value depend on the type of awation (radical and incremental innovation).
Therefore, we suggest adding a separate phaséetmgxmodels of e.gHuchzermeier and Loch
(1999, 200) and Huchzermeier(2009 in which real options can be applied to innovatio
management of radical new product applications.défeote this second phase in the full R&D
lifecycle as the “radical R&D project phase” whican be defined as “the phase in the full R&D
project lifecycle in which a radical new producipapation for a novel technology or material is
developed and brought to the market.”

Definition of radical R&D project phase:

The phase in the full R&D project lifecycle in whi@ radical new product application for a
novel technology or material is developed and bhnotg the market.

Figure 31 schematically illustrates this radical R@roject phase displayed in similar graphs or
fashion as the conceptual model lfichzermeier and Loclil999, 200) and Huchzermeier
(2009.
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Figure 31: Conceptual model of the radical R&D phase.

5.3.2 Uncertainty vs. risk

The divergent findings between trial-and-error agal options approaches may be explained by
the lack of sensitivity to or differentiation ofdiaal vs. incremental innovation projects. This is
because in the real options literature uncertaistgynonymous with risk, while in Finance
literature two clearly separated constructs arel.ulsethe Finance literature a distinction is made
between risk and uncertainty. Uncertainty is ingkable or difficult to calculate, while risk is
calculable uncertaintypight, 192). In case of risk the probabilities are known, leln case of
uncertainty they are unknown. We go along withdeénitions ofKnight (1921) and argue that
literature on real options (e.gHuchzermeier and Loch, 1999, 2001; HuchzermeieQ920
Santiago and Bifano, 2005; Santiago and Vakili, 20Bese and Baier, 2007; Santiago, 2008,
Silva and Santiago, 20D%lo not differentiate between uncertainty and.risktheir approach
uncertainty is synonymous with risk. Because ptageccess and the individual drivers of radical
product innovations are very difficult to predidifferentiation between the two uncertainty
concepts is neededBdlachandra and Friar, 1997 In the pre-radical R&D project phase
uncertainty is incalculable. In the radical R&D jeai phase uncertainties are difficult to
calculate as the distributions are very broad. @itiik radical R&D projects develop through the
different stages technical and market uncertaistydecreased. Later stages in the full R&D
lifecycle are characterized by risk and uncertagtvhich can be quantified.

Figure 32 illustrates the types of uncertaintytfar different phases of the full R&D lifecycle.

A

—
=
-~

~

incalculable ™ ~ control
incalculable
N
uncertainty N —@]
Uncertainty Mo
difficult to™
~
calculate S o

7 - ~~
uncertainty =

= -
calculable uncertainty

limited control

= risk .
' > Time
pre-radical radical incremental
R&D phase R&D phase R&D phase

Figure 32: Resolving uncertainty and evolvement of levebatrol.
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5.3.3 Leve of project control

As indicated in section 2.4duchzermeier and Locl2001) do not use their definitions in
combination with the level of control. We argueattthe use of real options and the value of
managerial flexibility should be formulated accoglto the level of project control.

For instance, the use of the real option of impnoset is rather limited in the early stages of the
(pre) radical R&D phase, while this type of reatiop is more frequently used in later stages of
the full R&D lifecycle. This finding is supported/mur case study such as the improvement in
GRIN LC technology over time compared to contralhia pre-radical R&D phase.

Similarly, the value of managerial flexibility i@duced under conditions of a low level of project

control which is often the case in the early stagabe (pre) radical R&D phase. However, if the

level of control is increased, for instance whenrkea and technology characteristics /

relationships are known, the value of manager&difflility is enhanced. Our case study showed a
decrease in technical and market uncertainty, dwg fan increase in project controls was
obtained by supply chain establishment in 2008ispldy manufacturer produced and assembled
a first batch of the new lighting technology. Swable lenses could be used in the latest
identified application (Reactive Spotlight) and y&d that the technology could be transferred to
the business.

In general, as the uncertainty resolves in time,¢lel of project control is increased (Figure.32)
The amount of project control in the fuzzy frontdeis constrained by several factors, the
foremost of which is lack of control in idea gerteva and selection of the most favorable
opportunity as markets and developments in teclgycdme not predictable. As the R&D project
develops through the different phases project obrgrincreased as developments in technology,
market and the risks involved become more spediigthermore, in later stages of the R&D
lifecycle the amount of project control can be e by having defined procedures for doing
development and for instance by using growth ogti@e. real options to expand and innovate).

5.3.4 Managerial flexibility

Although the concept of flexibility is often used the literature Qopeland and Keenan, 1998;
Rese and Roemer, 2004; Wu and Lin, 2007; Saleh,e2009; Huchzermeier and Loch, 1999,
2001, the concept itself is rather immaturgaleh et al., 2007 The definition of flexibility

depends on the context of its use and even witlsingle context definitions may vary or are
poorly defined $aleh et al., 2007 The concept itself is frequently used in combora with

uncertainty as flexibility is needed in order tgeowith uncertaintyQaleh et al., 2007 In real

options literature managerial flexibility is defshas the ability to alter the course of a project i
response to the most recent gathered informatioautalproject progress and market
characteristicsHuchzermeier and Lo¢li999, 200} As noted bySaleh et al(2007) managerial

flexibility can be used in two separated construetanagerial flexibility per se and the financial
value of managerial flexibility. We state that inet (pre) radical R&D project phase much
flexibility is required consistent with an ad hogpaoach. In this initial phase of the full R&D
lifecycle distributions are unknown and there igyviittle control and therefore the value of
managerial flexibility is reduced. In the latergta in the full R&D lifecycle there is a desire for
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flexibility but it is limited due to linear managemt of R&D projects using formal, systematic
methodology having defined procedures for doingetigyment. As the radical innovation R&D
project develops through the different phases #leevof managerial flexibility will generally
increase as uncertainties become quantifiablegitehilevels of control and higher investments
are needed.

Huchzermeier and Loc{2001) neglect the fact that one possesses multiplestgbenanagerial
flexibility, such as the option to defer, expandnitact, abandon, and improv&/¢ and Lin,
2007 in which its use depends on the phase of theR&ID product innovation lifecycleiatzy,
2003; Rese and Baier, 2007or instance, as can be observed from our dasly,sthe real
option of abandonment is frequently used in théceddR&D project phase.

Therefore we state that it is rather difficult taake a general statement about the value of
managerial flexibility in R&D projects. One showdd least specify conditions and the context at
hand such as the phase and stage of the full R&Dyitle including the type of innovation, the
source of variability and the type of manageriekibility, among others.

According to the findings of our case study, wedatode that between the pre-radical R&D phase
and the process ¢tuchzermeier and Loc{200)) there is an intermediate phase which we have
denoted radical R&D project phase. Systematic ogaions like approaches can be used or
resembled in this phase of the radical new teclgylior application development as the
uncertainty is resolved and the level of controlnsreased. The value of managerial flexibility
increases as developments of technology, marketriaksl involved become more specific and
can be estimated within boundaries.

5.4 Iteration of radical R& D projects

As discussed in section 4.4 our case study findsuggyested the need to add an iteration notion
to existing models of e.ghluchzermeier and Locf1999, 200) and Huchzermeiern2009 as
many of the innovation R&D projects are abandoned as a consequence show patterns of
iteration. Huchzermeier and Lock2001) do not address the iterative behavior of subsgque
R&D projects and product network effects. Their mlsdshow a focus on product project
management rather than innovation project managemen

The iteration in radical R&D projects is highly eghnt for the value of an R&D project. For
instance, if an R&D project is abandoned, notralestment costs are sudc¢Grath, 1999. On
the contrary, in general the value of subsequenDR&ojects will increase as results from one
iteration are used for the next iteration (i.e.ri@ag process). And, if a first radical product
application using the new lighting technology isurlahed to the market, probably other
applications will follow as well (i.e. network effts).

Figure 33 schematically illustrates this patterntefation of the R&D projects of our case study
displayed in similar graphs or fashion as the cptua model oHuchzermeier and Loc{i999,
2007 andHuchzermeief2009.
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Figure 33: Iterative behavior of radical R&D projects.

The distributions of the projects in Figure 33 approximations made by the author of this
thesis.Huchzermeier and Loch'®001) framework should be modified such that it inclsidee
iterative behavior. However, as can be observeu fraggure 33 and our case study it seems that
subsequent R&D projects are working on deviatiohthe new lighting technology which are
even more immature. In context of innovation manag® it might be suggested that one should
work on a deviation of the radical new lighting lieology and applications which is least
difficult to bring to the market. In line with realptions literatured.g., Fredberg, 20Q7we
therefore advise to evaluate individual R&D proge@s parts of a continuous innovation
lifecycle. We will include this iterative behavierotion in the conceptual framework we are
developing.

5.5 Incremental R& D phase

The third/final phase of the full R&D project lifgcle is the incremental R&D project phase in
which the project management methodologyathzermeier and Locfi999, 200) can be fully
used (Figure 33). We define the incremental R&Djgmiophase as “the final phase in the full
R&D lifecycle in which an incremental product agliion is developed and brought to the
market.”

Definition of incremental R&D project phase:

The final phase in the full R&D lifecycle in whican incremental product application
developed and brought to the market.

S

This incremental R&D phase is the conceptualizatibHuchzermeier and Locfi999, 200} as

it addresses incremental innovation. New extenstdpsoducts on the market can be managed in
a linear way and outcomes optimized by quantifyiistf as distributions of project drivers are
known (Huchzermeier and Loch, 2001For completeness we illustrate the increment@&DR
project phase in Figure 34.
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The value of managerial flexibility in this incrental R&D phase is high, because of the high
level of project control and known distributions wficertainties. The data of our case study do
however, provide no projects which are in the ingeatal phase, as a first product application
using the new lighting technology is not yet laueatho the market. Hopefully a first commercial
product using the radical new lighting technologil e available in the near future. However,
other radical innovations from Philips such as hg€olors are already in this phase of the full
R&D lifecycle and are going through incrementatateons at the moment.
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Figure 34: Conceptual model of the incremental R&D phase.

5.6 Conceptual framework

Based on our case study from Philips regarding tigiting technology, we found that
management of radical innovations requires a miadfhoc and real options approaches; they
coexist and alternate. The early search of a usgiplication for a radical new technology or
material is a type of deliberated trial-and-err@prach simply because risks cannot be
calculated. After this, real options come into sigé developments of technology, market and the
risks involved become more specific and can benedéd within boundaries. Hence real options
theory can be used for developing radical new prodpplications but with some modifications
based on different distributions of uncertaintiesl devels of control. Our results show that the
streams seem to complement rather than substutergent findings may be explained by lack
of sensitivity to or differentiation of radical vicremental innovation projects. Furthermore, real
options literature uses synonymous definitions gy and risk and lacking specifying the
level of project control, which determine the degte which real options approach can be used
and extended to management of radical innovations.

According to the findings of our case study, wealeped a conceptual framework for managing
radical product applications consisting of (1) a-padical R&D phase, (2) a radical R&D phase,
and (3) an incremental R&D phase (Figure 35). la pne-radical R&D project phase new
applications for a novel technology or material identified. This is a convergent process which
leads to a single or a few most interesting apfiioa. Based on the opportunity identification
radical R&D projects are executed which focus orapplication. Identifying and selecting the

first application of a technology is an importaotisce of option value and is a critical real option
when managing radical new projects. Because of fagtire rates, many radical R&D projects

are abandoned. This explains the iterative behasfosubsequent radical innovation R&D

projects. After launching a radical innovation twe tmarket, incremental R&D projects are
executed delivering continuations and extensionth®fadical product on the market.
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We showed that distributions of the project drivare unknown in the pre-radical R&D project
phase and uncertainties cannot be quantified. Hewelistributions become predictable in the
radical R&D project phase and as a consequencetamties are difficult to calculate but can be
estimated within boundaries. In the incremental R@Mject phase distributions of the project
drivers are known and uncertainties become riskgtwhan be quantified. Correspondingly,
early stages in the full R&D lifecycle are charaizted by extreme limited control, while control
is limited in the radical R&D project phase, andréhis much control in the incremental R&D
project phase. As a consequence, the initial plohdbe full R&D lifecycle requires a large
amount of flexibility which is available. As the R&project develops through the different
phases the flexibility is reduced as linear anettsproject management methodology is used,
although in case of radical innovation still mudéxibility is desired. The value of managerial
flexibility is relatively low in the early phase tfie full R&D lifecycle because distributions of
uncertainties are unknown and cannot be calculatadithe level of control is low. As the project
proceeds through the R&D lifecycle the value of agerial flexibility is increased as
distributions become known, uncertainty can be tfied, and there is a higher level of control,
while higher investments are needed. Table 15 suinasaour findings.
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Figure 35: Conceptual framework.
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Table 15: Overview of findings.

phase of R&D project

pre-radical radical incremental
flexibility needed & availab decreasin limited
value of MF | low increasilg high
uncertaint | incalculabl difficult to calculat calculable ris
distributior | unknowr predictabl knowr
control extreme limite: limited contro
approact trial-anc-error (towards) real optior real option
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6. Conclusion

This chapter concludes our work on radical new pcbjmanagement for developing radical new
product applications. First, we will recapitulateioresearch questions, show our main findings
and present our conclusion (section 6.1). Subsdtyeve address the implications of our work
for the literature and practice (section 6.2 an8)6 We will end our conclusion by discussing the
limitations of our study and indicate suggestiamsfiiture research (section 6.4).

6.1 Overview

To assure sustainable competitive advantage, firees! to bring innovative new products to the
market. Radical innovations are highly desiredtf@y have the potential to open up avenues of
profitable new business. However, they are diffital manage and very risky. The question is
what can be done to manage these innovations fy@per

Our literature review revealed that two contrastuigws exist. First, several authors suggest
radical new projects typically involve trial-and-ar. Because radical new product applications
often do not fit existing market demarcation liresproduct categories, customer preference is
difficult to forecast and market size and profitépiare hard to estimate at best. On the other
hand,Huchzermeier and Locf2001) suggest managing project flexibility is well pids and
can seriously reduce project costs. Drawing on ogdions theory, they suggest that R&D
projects can be managed in a linear way and outs@pimized by quantifying uncertainty.

The objective of this thesis was to find out whigaw is correct. Based on our literature study
we formulated the following research questions:

1. Can radical new product applications be managed itinear way, as suggested by
Huchzermeier and Locf2001) or is an ad hoc approach paramount?

2. Can we complement and modifuchzermeier and Loch’®001) approach to also address
radical innovation project conditions?

We explored the degree to which real options ambrozan be used and extended this to
management of radical innovations.

Based on a case study from Philips Research aniip$hiighting regarding new lighting
technology, we found that the truth is a mix ofstéwo approaches. The early search of a useful
application is a type of deliberated trial-and-empproach. After this, real options theory can be
used but with some modifications based on diffedéstributions of uncertainties and levels of
control. Our results show that the streams seerontgplement rather than substitute.

According to the findings of our case study, wealeped a conceptual framework for managing
radical product applications consisting of (1) a-padical R&D phase, (2) a radical R&D phase,
and (3) an incremental R&D phase. In the pre-rad&D project phase new applications for a
novel technology or material are identified. Thisai convergent process which leads to one or
more interesting applications. Based on the oppdstudentification radical R&D projects are
executed which focus on an application. The chofoehich application to be researched first is
an additional real option of select action. Becaabénigh failure rates, many radical R&D
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projects are abandoned. This explains the iterdieeavior of subsequent radical innovation
R&D projects. After launching a radical innovatitmthe market, incremental R&D projects are
executed delivering continuations and extensionth®fadical product on the market.

Early stages in the (pre) radical R&D project phase characterized by very high uncertainty
and require much flexibility. This flexibility willstimulate creativity, encourage outstanding
technological efforts and fuel new opportunitiasthese early phases of the full R&D lifecycle
managerial flexibility loses its value because rearikput, such as market requirements and
payoff, is not available and technical drivers anelear and hard to manage since the technology
is still in the embryonic stage. As the radical R&ibject develops through the different stages
the uncertainty will resolve and less flexibiliy meeded, while the value of managerial flexibility
will generally increase as uncertainties becomentjiegble at higher levels of control and higher
investments are needed.

Divergent findings with the literature may be expé by lack of sensitivity to or differentiation
of radical vs. incremental innovation projects. thRarmore, real options literature use
synonymous definitions uncertainty and risk andilag specifying the level of project control,
which determine the degree to which real optionpregch can be used and extended to
management of radical innovations.

6.2 Implicationsfor literature
The findings of this study have a number of imglimas for the literature.

In the first place, we have reconciled the debatéhe use of trial-and-error and real options
approaches. We have explained how ad hoc and p&ahs approaches complement rather than
compete. This new perspective on R&D innovationgmomanagement can be a starting point
for further research.

Second, we have extended soft real options streamhias focused on R&D project portfolio
management to R&D project management closing the lggiween hard and soft real options
approach. Bridging both streams allows new reseairthe interface.

Third, from a theoretical perspective our findirgsitribute to research in the area of real options
for R&D management by extending current work orl ogriions approach for managing radical
new product applications.

6.3 Implicationsfor managers

Radical new products are important for firms as/thevide sustainability for future business.
However, managing R&D innovations from ideas tocgssful products is difficult and risky.
Real options theory is seen as an important appréacmanage innovation R&D projects.
However, although it has theoretical strengthsajiplication in practice is still limited. Through
this master thesis we would like to contributelte improved management of radical innovations
in the following ways:
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First, one of the main managerial implications afr gesearch is to provide a conceptual
framework for managing radical innovations along fhll R&D project lifecycle. Our radical
new project management process is highly usablenfonagers in companies facing these types
of projects. Our innovation process is designedenhance the development of successful
innovations.

A second important implication of our work for maess is that we emphasize the need of
flexibility in the initial phase of the full R&D fecycle allowing creativity to blossom, encourage
outstanding technological efforts and fuel new oppaties.

A third key practical implication of our work is @ive technology managers new insights on
important aspects of radical innovation managenseich as the iterative behavior of radical
R&D projects and the importance of the applicagetect action.

Finally, we propose that real options approach lsarused and extended to management of
radical innovation. We suggest that when the distions of the uncertainties become predictable
and there is a certain degree of control, lineanagament and managing project flexibility is
well possible and can seriously reduce projectscost

6.4 Limitationsand further research

Our work has several obvious limitations includihg use of a small sample size, case research
conducted by a participant observer, the use ahgles conceptualization, an abstract model and
a single case study. We will go through the diffefenitations and call for further research to
address these topics.

One limitation of current work is that the casedstus based on only a single trajectory of
multiple radical innovation R&D projects within angle organization. By having a small sample
size the generalizability is somewhat limited. tiudd be preferable to have a larger samples size,
i.e. different trajectories of related R&D projeetghin Philips or connected projects from other
R&D based companies. Especially, R&D projects dfedent industries could be investigated.
For instance, project management applied in phagataal R&D could be different than those
used by R&D managers in electronics companies. &elseand product development lifecycles
of the pharmaceutical industry are much longer @gnover ten years) than those of the
electronics industry, and thus might need much riiexgbility (Ollila, 2000). In addition, R&D
projects executed by people from other culturesldvbe interesting to study because managers
from companies established in a different regiomnld¢bdave a different attitude toward risks e.g. a
more risk-averse attitude.g., Souitaris, 2001

Another limitation of the current work is that thathor of this master thesis was taking part in
many of the research projects. Although this vettifitate interpretation of results it can alsodea

to bias. By including objective documents, suchsabmitted project proposals and patent
applications, the likelihood of bias is reducedhaltgh not entirely removed, particularly when
interpreting the documents.

Our study is constrained by the use of a singleeptualization. The aim of this master thesis
was to study if radical new product applications ¢t® managed in a linear way using a real
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options approach or if an ad hoc/trial-and-erroprapch is paramount. The real options based
conceptualization oHuchzermeier and LocfR001) was used as a reference model in order to
answer our research question. Based on our cadg wil have complemented and modified the
conceptualization oHuchzermeier and LocfR00]) to also address radical innovation project
conditions. However, it is desired to benchmarkfings with other real options based models
because the use of different models could leadffeerent results.

A further limitation of the study is the abstradseof our model. Our model could have been
further refined. For instance, the individual segethe (pre) radical R&D project phase could
have been further explored and extended. Partlguthe real option of select action needs
further attention. For instance, the selectiontsgwin the bowling alley idea is underexposed in
the literature Moore, 200¢. The question which application/segment (headlingwpin) should

be developed first is very relevant and is a tépioe further investigated.

So far, our model is not yet applied in R&D. Reshais needed to prove the usefulness of our
conceptualization.

In addition to the limitations addressed before bekeve further research is needed to strengthen
our findings. Especially, research using quantiatnodels (i.e. hard real options) is needed such
as simulations and calculations to further develgories as introduced byuchzermeier and
Loch (1999, 200) For instance, include the learning effect (iteration) of subsequent R&D
projects in the value functions é¢fuchzermeier and Locl2001). Another improvement to
mature real options for innovation management aamhbde by further developing the soft real
options stream. For instance, introduce the retibopf select action in the soft real options
literature. Furthermore, it is desired to improwdimitions such as risk and uncertainty and the
context of its use. By maturing the soft real opsictream the gap between the soft and hard use
of real options can be further reduced.
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Appendices

In this section, we show an overview of the diffel@&D project proposals. R&D project
proposals A through E and G are direct copies & finoposals of Philips Research. Project
proposal F shows project information of the projegecuted at Philips Lighting which is based
on the project progress documents. No detailedegatoproposal of the venture project was
written and submitted. Therefore the author of tiiesis summarized project characteristics
which are based on the initial venture plan drafted/arch 2009.

In most of the appendices options are still opecabse they were not available at that time or
not filled in. Names of responsible person or othen-anonymous information is omitted by the
author of this master thesis. Unofficial projecpspjects with a small activity using the new
lighting technology, and projects which were subeditmid 2006, 2007, 2008, 2009, but not
approved, are not listed in the appendices.

Overview of appendices:

Appendix A:  Philips Research — R&D project proposal for 200
Appendix B:  Philips Research — R&D project proposal for£200
Appendix C:  Philips Research — R&D project proposal for 200
Appendix D:  Philips Research — R&D project proposal 1 o0&
Appendix E:  Philips Research — R&D project proposal 2 o0&
Appendix F:  Philips Lighting — R&D project proposal for Z0@006
Appendix G:  Philips Research — R&D project proposal for 200
Appendix H:  Philips Lighting - venture project

Appendix |:  Leaflet Reactive Spotlight
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