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Introduction

In this paper, we propose using recent advancegsign theory to discuss the relevance of
the dominant model of project management (PM) atsdlimitations in situations of
innovative design. We thus propose revisiting tandmark cases in the history of PM: the
Polaris Project (1956-1960) and the Manhattan Brdj£942-1945). The first project is
famous in the PM field for its development of thegram evaluation and review technique
(PERT), a planning method. Thus, it exemplifiesasec of “traditional” PM. The second
project is a perfect example of a radical innovatinamely, the atomic bomb. Although
presented as the root of modern PM (see, for ex@npbrris, 1997), this case has recently
been reexamined by Lenfle (2008 & 2011) and Leafléd Loch (2010), who demonstrate that
this presentation is notoriously wrong. On the canyt the Manhattan Project exhibits very
original managerial strategies, referred tsalectionisnby Loch et al. (2006), which can be
applied in the exploratory projects that are insmegly important for today’s innovation-
based competition (Lenfle 2011). The discrepandyvéen the two cases is interesting to
study not only because these projects are usuadlyepted as radical innovations but also
because some general analytical frameworks fadistinguish between thémindeed, in
terms of technology readiness level (TRL), it seatf&st glance that both projects had to go
from very low to very high TRL and that, , in Bridathur’'s terms (2009), they used newly
discovered phenomena and required complex combimgatf existing techniques. However,
as we will see, there were fundamental differermetsveen the design problems they face.
This, we believe, explain why the two projects do rely on the same PM models; one relies
on PERT, while the other clearly does not. Thusrdhseems to be a “hidden” contingent
variable that characterizes both the innovatiomdssand the PM model adapted to these

issues.

1 We thank one anonymous reviewer for suggestindalf@ving references.
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In this paper, we use design theory to characténeelifferences in the designs of the Polaris
Project and the Manhattan Project. Indeed, re¢edries, such as concept-knowledge (C-K)
design theory (Hatchuel & Weil, 2009), constitutemerful tools to follow complex design
processes in situations ranging from science pi®jemuiring intensive knowledge creation
to creative design processes (for creativity meshawld C-K design, see Reich et al., 2010;
for science-based products, see, for instanceieGét al., 2010; see examples in Le Masson
et al., 2010). Based on C-K design theory, thisepajmaracterizes the design problems that
the two projects encountered and explains why timginagerial strategies and PM models
were so different. In so doing, we hope to demamstthat bridging PM and design theory
constitutes a fruitful research field for the figuparticularly for new product development

projects.

The paper is organized as follows. Section 2 stiegheoretical problem by reviewing the
literature on PM and design theory. Section 3 pressand discusses the Polaris Project, and
the Manhattan Project is the topic of section 4£tiSe 5 presents the main results. Finally,

section 5 discusses the managerial implicationbisfresearch.

Literature review

Toward a contingency theory of PM

One of the most important recent evolutions inRi field is the development of a form of
“contingency theory” of PM. Indeed, the PM fieldshiong been dominated by a rational,
instrumental approach that aims to achieve a gledefined goal within budget, time and
guality constraints (PMI, 2013). This perspectigenow widely criticized. In particular, it is

well established that this model fails when confiedn by innovations that render its

hypothesis (i.e., the ability to identify a clednjective, to plan the work, etc.) irrelevant (Loch



et al., 2006; Lenfle, 2008; Sehti & Igbal, 2008;vies, 2013). This failure leads several
authors to critique the “one-size-fits-all” apprbaederlying the dominant model (; Shenhar
& Dvir, 2007). These authors propose to differaetithe management of projects according
to the problems that each project faces. The inflak work of Shenhar and Dvir
distinguishes between “traditional” and “adaptivieM, the latter being better suited for
innovation (see also Davies, 2013). In line witis thork on project classification, we believe
that a distinction should be drawn between theowusridesign situations for which different
types of projects will be well suited. However, sthapproach highlights an important
problem—namely, how to characterize the “natur¢hefproblem” faced by a given project.
The prior research on this question relies onikedbt general criteria:

— In their famous 1992 paper, Wheelwright and Clarkppse classifying projects
according to two criteria: the degree of producarge and the degree of process
change. This classification leads them to distisiguamong derivative, platform,
breakthrough and research and advanced developrgetts. The more innovative
the project, the more autonomous the project tdaould be.

— More recently, Shenhar and Dvir (2007) have progdbe “diamond approach,” in
which four criteria are used to classify projectsvelty, technology, complexity and
pace (NTCP). Therefore, they not only show thaditional” PM is compatible with
relatively simple projects that develop incrementadovation but also discuss the
implications of the “adaptive” model for more raalicnnovations.

In each case, however, categories such as “prathactge,” “novelty,” and “technology” can
be criticized as too broad. For example, the teldgyoclassification is on a continuum from
“low-tech” to “super high-tech,” as proposed by Sh@ and Dvir, which is very difficult to
operationalize. Indeed “super high-tech” is defimsda case in whiclpfojects are based on

new technologies that do not exist at project atitin” (p. 48). However, this definition is



relatively broad. Theoretically, it is grounded Abernathy and Clark’s (1985) landmark
typology of innovations, which relies on the notiohmarket/technology novelty, with more
novel innovations being competence-destroying. Tiyisology highlights the issue of
knowledge renewal (acquisition, creation) durin@ fbroject. Later works provide more
detailed elements related to the variety of knogéeévolutions involved in innovation. In
particular, Henderson and Clark’s typology (199@)dduces the famous distinction between
architectural and modular innovation; they showt tha issue is not simply the “quantity” of
knowledge but also its “structure.” In the caseacthitectural innovation, the relationship
between the components (and the skills relatetidset components) is changed (which also
requires a form of knowledge creation); in the aafsenodular innovation, there might also be
a difficult knowledge challenge in one module, the relationship between that module and
the rest of the object remains unchanged. Thigndigin leads to an important research
stream on the problems raised by architectural iations and the power of modularity
(Baldwin & Clark, 2000; McCormack et al.,, 2012). eBe works show the competitive
advantage of owning a particular architecture tteat become a platform leader (Gawer,
2009) and enable an increase in some forms otyafgdised on modular evolutions (Sanchez,
1995 & 1996). This research echoes works on fimateg)y and organization that claim that a
firm’s identity is created through its “combinatieapabilities” (Kogut & Zander, 1992), i.e.,
the architecture that the firm masters and the ‘il combinations that it can build using
these architectures to create a new product. Thes#s show that the question of
architecture and its corresponding combinative bgigias is central to radical innovation.
Thus, the literature invites us not only to consitleat an innovative project must create
knowledge but also to distinguish between projéleéd maintain architectures and projects
that renew both architectures and combinative diped. However, the literature does not

resolve the question of tlemergencef the architecture and the creatiomefvcombinative



capabilities. Henderson and Clark have shown thatimbent firms are often unable to
manage architectural changes. Later works have shdw incumbent firms face difficulties

in this regard—for instance, Kogut and Zander arthet combinative capabilities are the
firm’s genes, which cannot be easily changed. Hamneahe issue of managing tbesationof

the architecture is often either ignored or congideas a random evolutionary process that is
subject to the firm’s entrepreneurial skills. Thex@ methodological and analytical reason for
this approach; in a case involving stable architectand combinative capabilities, it is
possible to study knowledge creation and renewadliserving knowledge increases in each
module or functional domain. The value of knowledgeation can be related to the value of
the module or its function in the architecturethHe case of architectural change, it is possible
to measure the value of thimal architecture. That said, how it is possible torahterize
knowledge changesduring the process, before a single stable architecturelastified?
Between the “old” and “new” architectures, how came characterize the relationships
between pieces of knowledge? How can one analygedhsequences of the transformation
of these relationships in terms of the final inrtoxex output? How can one understand the
management of these transformations? The inteoseofiPM and design theory is important
here because we believe that understanding thistiqonerequires a fine-grained analysis of
the design reasoning in question. We thus rely g6 d&sign theory, which allows this type

of analysis of radical innovations. This theoryhis topic of the next section.

Design theory to formulate research hypotheses on the management of breakthrough
innovation projects

The primary features of C-K design theory for analying projects
Since its inception, design theory has attemptedieweelop models of designers’
reasoning, modeling the interaction between knogdednd innovation and leading to the

development of tools that can organize and/or matine the design process (Simon, 1969;



Pahl & Beitz, 1996; Suh, 1990; for a history of idastheory, see also Le Masson, 2011).
Marples’ seminal 1961 paper includes a design afeengineering design decisions, which
enables an understanding of the different optionslied by nuclear reactor designers.
Subsequently, the same approach has been usedaby tGl analyze the implications of
innovation (Clark, 1985). Still, these representati have been based on a decision-making
process; the tree shape described a search piocs®mplex decision space—to enable the
theory to account for the emergence of new comiginat However, these combinations were
actually determinedby the combination laws defining the decision spdneother words,
based on this theory, one cannot account for thergence of new combination capacities
that have not been provided in the initial decisgpace. In recent decades, it has been
demonstrated that decision-making models cannaiuatcfor design processes when these
processes tend to precisely regenerate the spacenstraints and the space of design
capacities (Dorst, 20Q8Hatchuel, 2002) Several design theories have been proposed to
account for the increasing number of generativecgsses. General design theory (Reich,
1995; Yoshikawa, 1981), axiomatic design (Suh, }9%@ coupled design process (Braha &
Reich, 2003), infused design (Shai & Reich, 200w &-K design theory (Hatchuel & Well,
2009) are formal theories that go beyond decisiaking theory and account for the
processes that help create new objects from knowes by expanding their initial space into
one that is both newer and broader (for a compayisee Hatchuel et al., 2011).
These works led finally to design theories, suchCa& design theory, that possess three
critical properties:
1- Design theories currently account for innovativeige processes that go far beyond a
mere combination of existing knowledge to includeorsy knowledge expansion.
Accordingly, they are particularly well suited fdine study of radical innovation

processes (Hatchuel, 2011; Le Masson, 2010).



2- The generativity of design theories far surpasées dgenerativity of combinations
among known objects in a given set of combinatest design theories model the
generation of new object definitions and the getm@mmaof new combination laws.
Therefore, they can help analyze projects thatmaltely lead to regenerated
architectures (Hatchuel, 2013; Kokshagina et 8132

3- Design theory, and particularly C-K design thedrgs already been successfully used
in the study of innovation processes; thereforead proven its “user friendliness” and
efficiency as an analytical tool for innovation pesses (see for instance EImquist &
Segrestin, 2007; Elmquist & Le Masson, 2009; alenfle, 2012.Gillier, 2010.

For these reasons, we decided to rely on C-K thasryan analytical framework to study
breakthrough innovation and PM. C-K design theomagines a design process that begins
with a set of propositions that are considered (thiey are in the K-space, which contains all
of the propositions that are considered true) aitd @ane proposition that is neither true nor
false (technically, it is called a disjunction).a@ifying a design process’ starting point is one
of the main advantages of C-K design theory. MqrecHically, the starting point it is a
proposition that has not yet true—moreover, impossible to prove at the beginning that the
proposition is impossible (e.g., non-marketableuafeasible). For instance, in 1943, the
proposition “there is an atomic bomb” was a concepbody could produce an atomic bomb,
nor could anyone prove that it would be imposstbléuild an atomic bomb. A proposition
that is neither true nor false cannot—by definiti@@e above)—reside in the K-space; a
proposition that is neither true nor false is ahlfeconception in C-K theory and is written in
the C-space. The design process consists of uspr@mosition known in K to refine and
“expand” the proposition in C and to use the prapmsin C to create a new, true proposition
in K. In C-K design theory, design is a dual expamgprocess: it creates both new concepts

and new knowledge. The process continues untiptbgosition in C is so refined and the



propositions in K are so enriched that a propasitiroC finally becomes true—it is no longer

a concept because it has become knowledge (tedlignites called a disjunction).

This model of the design process in C-K terms lasequences for the analysis of

radical innovation projects:

1.

This model helps to track thevolution of conceptsi.e., the reformulations,
refinements and changes in the product concepgalmnentire design process. C-
K design theory shows that, paradoxically, thera $¢rong order in the C-space; we
say “paradoxically” because the C-space appearshasspace of creativity,
imagination, and chimeras—a space that is oftersidered irrational and chaotic.
C-K design theory confirms that in C, “truth logic®annot be applied (all
propositions are neither true nor false), but therstill a logic that describes the
rigorous refinements of an initial concept when regtkibutes from the knowledge
space are progressively added to that conceptefidrer this logic helps us analyze
the emergence of complex objects from a state ichwiey are partially unknown
to a state in which they are considered known. ldhoge it is possible to
understand how multiple alternatives emerge duaigsign processhis property

is helpful when studying the dynamics of alterrestiand concept shifts in radical
innovation projects.

Furthermore, these conceptual dynamics can beecdel&d the dynamics of
knowledge. C-K design theory models how knowledgdps us produce new
concepts and how new concepts lead to the productionew knowledge (for
example, how a chimera leads to the launch ofeareb program). This property is
very helpful when studying one of the unique feesuof breakthrough innovation
projects: the creation of new techniques and, gdilyespeaking, new knowledge

related to the emergence of new products.



The generic structure of design reasoning is ptedan Figure 1.

Figure 1. The generic pattern of design reasonm@iK design theory (Hatchuel & Weil,

2009).

The design of new architectures: splitting knowledg bases

Recent advances in design theory allow us to takehar step forward. They contribute to
our analysis of the emergence of new architectufesaddress the issue of architecture in
design, the K-space in C-K design theory is modaketbllows: one distinguishes between K-
pockets (for example, skills, expertise, and sdierdisciplines) and the known relationships
between these K-pockets, which we call combinataygabilities.

In this specific K-space framework, we can chammtea design process that relies on a
given, fixed architecture; it is a design proceswhich the designers follow a given “pattern”
existing in K, i.e., specific, known and fixed comdtive capabilities. These combinative
capabilities consist of fixed interdependencies mm@pendencies among the K-pockets. On
the one hand, the “core” of the platform determiaegable relationship, and some attributes
thus determine others in a very constrained way,(&r a car, the size determines the range
of engine sizes, and the engine determines thengpsystem); there are rules that constrain
the relationships between objects (engineeringnseigules, manufacturing rules, logistics
rules, etc.). On the other hand, the architectuaetains “degrees of freedom” and enables
modularity: different wheel sizes are possibledae car model; different software works on
the same computer, etc.

Therefore, in case of non-architectural innovatibe, combinative capabilities in the K-space
are fixed and are characterized by two types ofialeterminism(clear dependence) and

modularity (clear independence). In design theory, such Kepaare said to be “non-
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splitting.” Based on mathematical models, recesults in C-K design theory (Hatchuel,
2013; Le Masson, 2013) show that a “non-splittinigiowledge base (i.e., with these
determinism and modularity properties) guarantéagrsgy “in the box”; the newly designed
object will be obtained by relying on known comliwa capabilities. In this process,
knowledge creation is possible provided it doesamainge the combinative capabilities; more
generally, knowledge creation is possible if thegass follows determinism and modularity;
if the knowledge base remains non-splitting; andh#é newly created object is obtained
through known combinations.

In contrast, a knowledge base can be “splitting, it is non-deterministic and non-modular.
Combinative capabilities thus follow two laws: atyastep in the design process, there is
never a situation in which the next step has alrdsbn determined by previous steps (i.e.,
combinative capabilities are non-determinist); dididion, there is never a situation in which it
is possible to add the next step independent girallious steps (i.e., combinative capabilities
are non-modular). Therefore, a splitting knowledgse corresponds to “out of the box”
design solutions; the newly created objects arffergift from all of the combinations that can
be made based on the existing knowledge base. @mlygif a design is different from all of
the objects known by their combinations, the knolgkebase (at least locally) is splitting.
Consequently, there are two possibilities in theeaaf a breakthrough project:

1- The initial concept can be obtained with the knawmbinative capabilities—in this
case, the knowledge base is non-splitting (detastitnand modular), and the
breakthrough project will rely on a known architeet or

2- The initial concept cannot be realized with the wWnocombinative capabilities—in
this case, the combinative capabilities must bengbd or even created (in other

words, it is an “architectural” radical innovation)
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A priori and in many cases (particularly in engireg design situations), the knowledge base
tends to be “non-splitting”: engineering scienc&dadesign rules, and norms tend to imply
deterministic rules and create modular relatiorship architectural innovation projects, the
knowledge base must thereforerbadeto split, i.e.,some determinisms and some modularity
must be redesigned herefore, design theory predicts the location ed tritical issue in
architectural innovation: the creation of a splity knowledge baseWhere there is
determinism, the designers must invent new alteresit where there is modularity, the
designers must establish mutual conditioning.

We thus posit our first hypothesis (H1): In breatlgh projects (i.e., in projects with intense
knowledge creation), one can distinguish “non-asdtural” innovation projects that create
knowledge while maintaining a “non-splitting” knowledge bagge., one with no new
combinative capabilities) from architectural innbwa projectsthat create knowledge that
“splits” the knowledge basdi.e., one with new combinative capabilities). Fhistinction

helps to characterize two different design strategi

Organizing for new architectural designs: managingsystematic proliferation

These two different design processes should cayrebwith two different management
models. In the case of “non-architectural” innowatistable knowledge architecture appears
as a firm foundation for organizing the design psscas follows. First, deterministic laws
determine the prescriptive relationship betweerctional teams (if the size of the engine
determines the size of the brakes, then the erdpgs@gners work before—and prescribe the
designs of—the brake designers). Second, moduwar émable the organization of concurrent
(or simultaneous) engineering or the outsourcingthed design of modules to external
suppliers. Consequently, “non-architectural” innoma—with its non-splitting knowledge

base—should correspond with classical PM. Moreawee, critical control issue emerges: PM
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should also regularly exercise control to ensuat kinmowledge creation—an essential feature
of breakthrough innovation—does not “split” the kwiedge base.

In the case of “architectural” innovation, PM catsiof “splitting” the knowledge base,
which implies that the organization should nevesade one single path but should instead
support the creation of alternatives as soon ay onk path exists (non-determinism).
Furthermore, the organization should avoid silod expert confinement to support fruitful
hybridizations (non-modularity) and expansions.afin all of these organizational measures
should be accomplished through hard work on coscHyat create truly new, original, and
out-of-the-box concepts.

Accordingly, we arrive at our second hypothesis)(H®ith respect to organization, “non-
architectural” innovation is coherent with tradited PM (hierarchical planning, simultaneous

engineering, etc.), whereas “architectural” innewatalls for a new managerial model.

Methodology: comparative case studies

We will now test our hypotheses by analyzing twsesa the Polaris Project and the
Manhattan Project. We chose these two cases fee tieasons. First, they are both considered
radical innovation projects. Second, one projeatassidered the PERT archetype, whereas
the other has been shown to be a “deviant” casied,Té&a comparison is relevant because the
cases exist in the same industrial universe (tHende industry), and they involve similar
professional skills, similar teams and similar sgoiofessional levels. Moreover, the “market
uncertainty” dimension is irrelevant because thestomer” desperately needs the product.
Therefore, comparative logic enables us to corithomany variables while maintaining our
focus on the critical difference: the differencethe “type of breakthrough.” In addition, the
Manhattan Project and the Polaris Project have lee&nsively studied. Therefore, we can
draw on a large amount of historical material thas not previously been used to study

innovation management. Our objective is not to @®wa comprehensive account of the cases
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or to summarize their unfolding (for the Manhatinoject, see Hewlett & Anderson, 1962 or
Rhodes, 1986; for the Polaris Project, see Sapp&y2 and Spinardi, 1994); instead, we
seek to focus on the design situation that theseqs confront. Nonetheless, we will include
details that are critical to our argument. Givee thformation available, we believe that the
point of “theoretical saturation,” which Glaser dtlauss (1967) have proposed as a criterion
for halting data collection, has been attainedh@ligh our analysis may therefore lack
empirical originality, we hope to triangulate thet@in original ways.

Finally, based on the design theory framework, \ageha clear data treatment procedure.
First, we will draw the C-K trees of the two casBased on these diagrams, we will analyze
whether the knowledge bases are splitting. NotetleaC-structure is already symptomatic; it
should be a “depth-first” graph for non-architeaetuinnovation and a “breadth-first” graph
for architectural innovation. The final step of @u@alysis will be to analyze the organizational

patterns.

The origins of the rational model of PM: the Polars Project

The Polaris Project emerged in the US during tlsehower administration (1953-1961), a
period in which the fear of a “missile gap” withetSSR led to the launch of huge projects
to develop the first thermonuclear intercontinebtllistic missiles (ICBM), first by the Air

Force (the Atlas/Titan Project, 1954-1959) and twethe Navy (the Polaris Project, 1956—

1960Y. In this paper, we focus on the latter project.

Designing the Polaris Project
The US Navy launched the Polaris Project in 195@le¢welop the first submarine-
launched ballistic missiles (SLBM) carrying thermclear warheads. These offensive

weapons, almost impossible to track and destrazarne a key element in nuclear deterrence.

2 For a general presentation of the challenges BM@esigns, see Johnson, 2002.
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Despite its reputation for having introduced PERiTreality, the Polaris Project was much
more focused on strategic choices than on PM tqalesi The Navy initiated the project to
secure resources from the Pentagon, as the newbteck US Air Force (USAF) was
appropriating most of the vast resources availédniewuclear and strategic defense. What is
interesting for our purposes is that to obtain &jnitie Polaris Project’s specifications were
carefully differentiated from those of the compgtidSAF systems. The Polaris Project
emphasized the destruction of urban centers withitdd accuracy—as opposed to the
USAF’s goals of destroying military targets, whigquired less power but more accuracy
(ibid, p. 34).

The technical challenges were considerable becaos®ne had ever designed a
submarine-launched ballistic missile. To understdrese challenges, we must first explore
the technical aspects of missile design. The firgiortant point is that at the time of the
Polaris Project, the architecture of a ballisticssile was largely understood. From top to
bottom, a ballistic missile is composed of the daling elements: (1) a re-entry vehicle
carrying the warhead; (2) a guidance system; andp(®pulsion and flight controls.
Therefore, the Polaris Project’s design createddhawing issues:

1. The Polaris Project’s innovation primarily relatedsubsystems, the foremost of
which was the W47 thermonuclear warhead, which prabably the Project’s
only radical innovatioh

2. There were considerable difficulties due to the plaxities of system
integration in the missile itself (given the sizenstraints imposed by

submarines), of system integration between theilmiaad the submarines, and

% To reduce the warhead’s size and the weight, erginand scientists decided to integrate the my-gehicle
and the warhead, which became a single unit. Titégration required close cooperation between the
Laboratory and the Navy, establishing a new wagiaifig business for both.
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of system integration with the required navigatt@mimunication systems

required to ensure the accurate positioning ofrifssile'.
Despite these challenges, the available knowledge twvas solid enough to enable the project
team to identify various technical solutioes-ante Sapolsky is very clear on this question
when he explains (1972, p. 136-137) thd#t Breakthrough means a substantial and
unanticipated advance in the state-of-the-art, ¢hevere, it is true, no technological
breakthroughs (...) [in] the FBM subsystems. In eva&rpsystem, the trend of technology
could be identified at the initiation of the prognaand remained essentially unchanged for its
duration. In every subsystem, progress came thraaughultitude of small steps and not
through dramatic leaps.He also confirms, The technical challenge and breakthrough in the
FBM program was the early development of the systeelf. (...) To build a system that
involved interdependent progress in a dozen ofrelcigies was, however, unprecedented.
Such a system represents a substantial and hiattyriananticipated advance in the arts of
planning and program managementTherefore, if we apply the C-K framework to the
Polaris Project, we obtain the following depictiamhich emphasizes that Polaris’s design

strategy was to differentiate itself from the USAKCBM:

Figure 2. The Polaris Project’s design as diffefation from USAF ICBM

This (simplified) representation of the PolarisjBetis design strategy demonstrates that
1. The Polaris Project built on previous projects;
2. The Project’s conceptual evolution was importarar(f a silo-based ICBM targeting

military forces to a submarine-launched deterremeapon targeting cities); and

* One must remember that the first satellite-basedlization system, Transit, was designed for thieuis
Project.
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3. The knowledge base was very rich at the beginnihg: architecture was given;
several solutions were identified for each compgnamd competences were available
within the Navy through contractors such as Locklnead universities.

Therefore, the residual uncertainties were notwkielming. Let us underline the two critical
reasons for this relatively low level of uncertgin©On the one hand, there was substantial
reuse of existing components and solutions; orother hand, the project benefitted from the
system’s modularity because some components woeldclimnged without having a
substantial impact on the other components. Feamtg, the main uncertainties related to the
warhead design, which was largely independent efrést of the missile, the underwater
launch system and the solid propellant propulsion.

If we turn to our framework, it appears that theikble competences ultimately built a
knowledge base that, with respect to the initiahcspt, was actually modular and
deterministic. The knowledge base thus did notofelithe splitting condition. Using the
theorem mentioned in part 2.2, we can conclude thatPolaris Project was actually a
combinatorial project. Naturally, it tested a condiion that had not been tried before, but, as
stated by Sapolsky, the combination was ultimatghasi-)predictable based on the available

knowledge.

Managerial implications

This representation of the design problem helpsunderstand the end of Sapolsky’s
comment, as quoted aboveSuch a system represents a substantial and histtyic

unanticipated advance in the arts of planning amdgpam managemeritindeed, because

the design process was foreseeable (despite théaiple surprises), the primary challenge
was controlling the design of an incredibly compleystem given cost/time/quality

constraints, which led the Polaris Project to miytwo managerial innovations.

17



The first and unquestionably most important inrimra was the creation of a
dedicated organization, the Special Projects Offi&#?O; see Sapolsky, 1972). This
organization allowed the project to overcome thealbureaucratic struggles among various
departments of the Navy. Furthermore, the orgawzadf the SPO mirrored the missile’s
architecture. It was organized via subsystems (3Pl&incher/SP 23: guidance and fire
control/SP 24: navigation/etc.) and combined thieWong features:

1. A very tightly centralized system integration—theP( defined the goals,
architectures, and interfaces and controlled tligbty and
2. Substantial delegation of the work on subsystenositrdctors were given a very high
degree of autonomwyithin the SPO guidelineJ here were always several contractors
competing in the design process, which maintairredsure and ensured the existence
of back-up solutions (see Table 1 in Chapter SagfaBsky).
According to Sapolsky, the existence of the SPO imdhanagerial approach was the key
success factor of the Polaris Project.

The second managerial innovation, which is thetrfeoaous if not the most efficient,
was the PERT approach to project planning. In pmpatcounts, the success of the Polaris
Project is associated with the development of tBRP method, which after the project has
become almost synonymous with PM. Sapolsky has dstraded that this association was a
myth (Chapter 4); however, a discussion of thisesills outside the scope of this paper. We
are interested in uncovering what the PERT priesipeveal about the management of the
Polaris Project. We thus refer to the 1959 papevbicolm et al. (who were working for the
SPO), which marks PERT’s first appearance in tteedture. Their starting point is clear. As
they explain, A schedule for the system development was at leseodmpassing thousands
of activities years into the futurelh other words, in 1959 (3 years into the projectdst of

the design work was complete, and the challenge m@sitoring work progression in the
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context of very tight schedule. Therefore, theylaixp “The PERT team felt that the most
important requirement for project evaluation at SM@s the provision of detailed, well-
considered estimates of the time constraints amrduactivities” Their hypothesis reveals the
project’s huge K-base:

— An ordered sequence of events to be achieved taestia valid model of the

program;

— Activities could be determined and were conditionky identifiable product

performance requirements and resource applicataon;

— Resources were known, and technical performancectag is specified
Consequently,&n approach dealing only with the time variable vgatected. Indeed, to the
extent that the system and its components weradyrepecified, the main uncertainty was
task duration. The problem was thus one of makegsions despite uncertainty, a question
that could be addressed using the operation rds@aethods that were in favor during the
1960s at institutions such as the RAND Corpora{ege Marschak et al., 1967, or for an
historical approach, Hounshell, 2000; Ericksonlgt2®13). However, we now know that the
necessary conditions rely on this method: the ixjsk-base and its structure allow an

(almost) complete definition of the system from keginning.

The Manhattan Project case and the management of movative design
situations

We can now turn to another landmark in the fieldPdfl: the Manhattan Project. Recent
research demonstrates that claims that the MamhBttgect is the foundation of modern PM
are false (Lenfle, 2008; Lenfle & Loch, 2010). THanhattan Project instead exemplifies the

case of a project confronted by radical innovatiand its associated unforeseeable

® This method is obvious in a Navy study of 1956-Bfich almost gives the final characteristics af folaris
Project (see The China Laker, vol. 9, n°4, fall 200
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uncertainties. The interesting question is thusatalyze how the project succeeded in
designing such an innovation so quickly. We wilk wiescribe the unfolding of the project
here (see Gosling, 1999 or Lenfle, 2008 for an wve®). Instead, we will focus on the

project’s design strategy.

Designing the Bomb

Scientifically, the Manhattan Project was basedtlan principle of the self-sustained
nuclear chain reaction, as demonstrated by Enre@anFin December 1942, 3 months after
the Project began. However, transforming the intiomafrom a crude prototype pile at the
University of Chicago to a working nuclear weapoowd be difficult. The project faced two
major problems: the production of fissionable matsrand the design of the bomb itself.
These problems were aggravated by time pressurdsed, the US government feared that
Nazi Germany would build the bomb first; therefdog, November 1942, it decided to skip

the pilot phase and move directly from researdultescale production.

The problem: the production of fissionable materias and the bomb design
Two materials capable of sustaining a chain renottere identified at the beginning
of the Project. One, uranium 235, is a componemafiral uranium (U238) but represents
only 0.72% of its mass. The other, plutonium (PY23® a byproduct of nuclear fission
discovered by Glenn T. Seaborg in 1941. In botlegahe production of fissionable materials
raised considerable scientific and technical pnoiste
— Because of the slight differences in the atomicaadJ235 and U238 (less than
1%), separating the two isotopes involves extrentelinplex processes. Seven
different separation methods were identified in1;%%k we shall see, three of them

were ultimately used [14].
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— Plutonium production involves the design and camsion of nuclear reactors,
along with the associated chemical separation @ldiwelve separation processes
were studied at the University of Chicago Metalicad Laboratory (“Met Lab”) at
the beginning of plant construction.

These processes were breakthrough innovations iémel elid not exist before the Project
(plutonium production) or had never been used wildioactive materials (chemical
separation). They entailed extremely tight requeeta and involved radioactive (and
therefore extremely dangerous) materials. Above thkk available knowledge about the
production, metallurgy and chemistry of plutoniumdauranium separation was far from
complete. Thus, commenting on the 1943 Met Labopiuim research program, Smyth
observed, Many of the topics listed are not specific reseapcthblems such as might be
solved by a small team of scientists working fofe&w months but are whole fields of
investigation that might be studied with profit fgears.[So] it was necessary to pick the
specific problems that were likely to give the moshediately useful results but at the same
time it was desirable to try to uncover generalnpiples [14]. In C-K terms, they were
confronted with a (highly) generative design spdde more they progressed, the more likely
they were to face new problems and to create n&wisos.

The team faced a similar situation with respedhtodesign of the atomic bomb. In a
seminar that Oppenheimer organized at Berkeleyulg 1942, scientists discussed bomb
designs. Several fission bomb assembly possilsilivere envisioned: the gun method, the
implosion method, and the autocatalytic method, rgnothers. In the end, only the gun
method and a more complicated variation of the awsipin design would be used; as we shall
see, the path to these designs was not simplehdfarore, the Berkeley discussion was

theoretical because no prototypes had been buait,na experiments had been performed. It
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remained to be seen, for example, whether a guigrdeguld work for both uranium and

plutonium and whether an implosion device wouldrebve feasible.

Managerial implications

This situation had fundamental managerial impiocet, the most important of which
was that the entire project was characterized Hpraseeable uncertainties. The required
knowledge was largely non-existent at the outséhefproject. At the end of a meeting with
scientists at the University of Chicago on Octoberl942, soon after his nomination as
project director, GrovesaSked the question that is always of uppermoshénniind of an
engineer: with respect to the amount of fissionamblaterial needed for each bomb, how
accurate did they think their estimate was? | exg@@ reply of ‘within twenty-five or fifty
percent,” and would not have been surprised at @aenegreater percentage, but | was
horrified when they quite blandly replied that thi#pught it was correct within a factor of
ten.” (Ibid, p. 40). He thus concludedyhile | had known that we were proceeding in the
dark, this conversation brought it home to me wita impact of a pile driver. There was
simply no ready solution to the problem we faceaept to hope that the factor of error
would prove to be not quite so fantas{ibid.).

Therefore, it is clear that the Manhattan Projextoeintered a completely different design
situation compared with that of the Polaris Projéte K-base was largely non-existent; there
was no existing industrial base; and, therefordody could predict how the project would
unfold. Thus, if we rely on traditional engineerifigmework, we can say that, for the
technologies in Polaris, the TRLs were higher, tnedtrajectory of those TRLs much clearer,
The challenge, as Sapolsky said, was in managmgithultaneous development of a number
of technologies. Whereas for Manhattan, the elesnawailable to the engineers were at lower
TRLs, it was not clear in which direction they woulevelop, and fundamental scientific

work had to be done to understand the phenomenh emelugh to make engineering
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judgementd This explains why Groves quickly realized the asgibility of any reliable
planning (see Groves, 1962, p. 15). One could guestion its manageability. In this type of
situation, the design strategy plays a central b@leause the challenge is not to control a
complex but predictable design process (as in tilarB Project) but instead to manage the

unknown.

Design strategy

We can roughly summarize the design problem a®uvsli given the available K-base,
nobody knew what was feasible in terms of fissid@mammaterial [mt] and the ignition
mechanism [im]. Several solutions were identifisdg( Serber, 1992, but it was impossible to
anticipate which one would work. Moreover, theraavprobably incompatibilities in the K-
space, i.e., not all of the [mt;im] combinationsukbwork. Therefore, contrary to the Polaris
Project, there were strong interdependencies preseonsequently, the choice of one
alternative may have led to a necessary redesigmeatmainder of the project. We recognize
the two features of the splitting condition theoremith respect to the initial concept, the
knowledge base was non-deterministic and non-modula

In such a situation, it is necessary to think “aéshe box,” beyond a pure combination of
available components, and to fulfill all of the ftraints” or requirements of the initial
concepts. This necessity implies a strong knowlextgation effort for each of the
constraints. Because no modularity can be expettéxinecessary to explore a large set of

alternatives, which thus enlightens the design @ggr of L. Groves and the steering

® We thank one anonymous reviewer for this remark.

" Note that some design theories are very closentextended combinatorics, such as general desigpryth
(GDT) and axiomatic design (AD). These theories sufficient to describe projects that do not meet t
splitting condition. The Polaris Project might habeen described using either GDT or AD. As sooa psoject
knowledge base fulfills the splitting condition,\itill be necessary to rely on design theories drat more
generative, such as the coupled design process)(@Dised design (ID) or C-K design theory. THisdretical
division confirms that we were right to choose @lésign theory to compare and characterize the iBdtanject
and the Manhattan Project.
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committee. Indeed, as shown in the figure belowy twould make two fundamental design
decisions:

1. The separation of material production and bombgtesihe idea was, on the one
hand, to explore different ignition mechanisms wviogk“in one or more of the
materials known to show nuclear fissid®erber, 1943, p. 1) and, on the other hand,
to produce fissionable materials that would be @a® @s possible. The goal was to
avoid exploringpredefinedcouples of [mt; im] that would prove to be dead€n

2. Because of unforeseeable uncertainties and the stitmgportance of time, they
decided to simultaneously explore and implementfed#ht solutions for the
production of fissionable materials and for bomlsige (see Lenfle, 2011 for a
detailed analysis of the parallel approach in trenNattan Project).

The fundamental goal of this strategy was to bailtarge K-base that would enable

different weapon designs via what would eventub#ydiscovered. Figure 3 summarizes

the possible solutions envisioned by the projeatteln the remainder of the paper, we
will use this strategy to describe the evolutiontloé process of designing the atomic

bomb, which will help us understand how the strategplains the final success of a

project that otherwise could have been a compéeharé.

Figure 3. A complex and generative design space ¢£1942)

Given the available knowledge in September 194 pdwticipants’ first strategy (Figure 4:
preferred choices are in red, and back-up choiemalue dotted lines) was the following:
1. To favor fusion over fission which, although clgagnvisioned, was too uncertain to
be of any utility during the war.
2. To focus on electromagnetic separation (code nawi?), with gaseous diffusion

(K25) as a back-up, when producing fissionable medte
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3. To favor the seemingly more-robust gun method fomb design and to use that
method with plutonium, which at the time was lesdlaknown. It was supposed that
if the gun design worked with plutonium, it wouls@ work with uranium. However,
given the unknowns, a small team studied imploa®a backup.

4. For DuPont to choose a simpler-to-design, watetetbaeactor for plutonium

production.

Figure 4. First design strategy space (Septembd@21Spring 1944)

However, the unforeseeable uncertainties soon e&ed and, in the spring of 1944, the
project leaders, primarily Groves and Oppenheimesijzed that the project had maneuvered
itself into a dead end:
1. None of the uranium enrichment methods had sucdeed@roducing sufficiently
enriched uranium; the cyclotrons for electromagnséparation were arfaintenance
nightmare,; and the gaseous diffusion process raised seeynimgsolvable design

problems (see Lenfle, 2011 for a synthesis).

2. The production of plutonium looked more promisibgt “canning” the uranium slots

to protect them from water created huge problems.

3. Even worse, the gun design proved to be unsuitedsleolutonium (this episode,
known as the “spontaneous fission crisis,” is dbscr in detail in Hoddeson et al.,

1993, Chapter 12 et seq.)

Figure 5. The spring 1944 crisis

Therefore, at that point, they had a fissionableene (plutonium) without a bomb design
and a bomb design (the gun) without a workableidisgble material (uranium 235).
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Therefore, the chosen design strategy revealedeievance at this pivotal moment. The
building of a large K-base and the decision to $iameously explore different solutions

allowed the team to do the following (Figure 6):

1. To switch from the plutonium gun to the implosioesin as the first priority
(although the gun design continued for uranium 288@n if many people doubted the

feasibility of the design.

2. To add a new separation process for uranium engabnd to combine the different
processes to reach the desired level of enrichmantddition, to combine the

uranium-enrichment processes (see Lenfle, 201 hisrdéecision).

3. To adapt a strategy of intense experimentatiorta@léo the “canning” problem in

plutonium production.

In terms of design theory, we observe a fascingtimgnomenon. The initial knowledge base
meets the splitting conditions, and it has beeerstcched during the exploration process that
it incrementally becomes non-splitting; modules deterministic rules have been created. At
this stage of the process, moreover, it is possthlombine pieces and components to arrive
at a new “modular” solution. Once the knowledgeebappears (most likely) modular, it is

possible to return to a combinatorial process, tvingsults in the surprising speed of the final

design phase.

Figure 6. Escapes (Summer 1944—August 1945)

This flexibility, allowed by the design strategyxpéains the final “success” of the

Manhattan Project, which ultimately proceeded etadible speed. The implosion design was
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settled on very late, probably on February 28, 19@ppenheimer then created the

“cowpuncher committee” to oversee the final phasse (Hoddeson et al., Chapters 15 and
16). However, the remaining uncertainties arourdriéw device were so great that Groves—
finally, but reluctantly, and despite the considdeacost—approved Oppenheimer’s request
to test the bomb. The Trinity Test marked the daivthe nuclear age. On July 16, 1945, the
Manhattan Project tested the implosion bomb innaote area in the deserts of New Mexico.

The test was a success. The “gadget,” as it wasnamed, exploded with an estimated power

of 20,000 tons of TNT. The bombing of Hiroshima &abasaki followed three weeks later.

Results

By analyzing radical innovation projects througk tinses of knowledge creation, one tends
to confuse two different types of projects: thdsat tmaintain their product architectures and
those that change them. The former case is sdié tmanageable through the use of PERT
and classical PM techniques, but we have a veritddnunderstanding of the latter case.
What is its design logic? What are its organizatloorinciples? Even more: if we do not
clearly understand the difference, are we sure weatclearly understand the management
principles of non-architectural breakthrough pregecin this paper, we uncover one hidden
contingent variable in the management of breaktjmoprojects: in both cases, there is
substantial knowledge production, but in the cdseom-architectural breakthrough projects
(the Polaris Project), there i knowledge production related to combinative calfiads;
and in the case of architectural breakthrough ptsjeknowledge production changes
combinative capabilities (Manhattan Project). Timsgling corresponds to our first hypothesis.
Moreover, we can now identify the consequenceshe$d changes in terms of both design
strategy and PM.

R1: Design strategy. Architectural innovation is required when a prégamitial concept (its

“brief”) cannot be obtained by relying on known damative capabilities; in this case,
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combinative capabilities must be increased to becofsplitting,” i.e., combinative

capabilities should be both non-deterministic aot-modular. The case studies highlight

several properties related to this result:

— For radical, but non-architectural, innovationserth is knowledge creation under the
constraint of keeping combinative capabilities waraed, as was the case with the Polaris
Project. The architecture is given at the beginnargl innovations occur on subsystems
and their integration. However, this innovationqess does not imply the creation of new
combinations. The existing combinative capabilitieemain relevant.

- In contrast, designing architectural innovationgjurees the creation of a splitting
knowledge base, i.e., the generation of both nderdgnism and non-modularity. In
practice, this condition means that the projecttmyicreate new alternatives when only
one path has been considered and 2) explore miatieahctions in which independence
and modularity have been considered. In this sdoatmany new architectures are
possible. Therefore, we are confronted by the mardlgat a project attempting to design a
radical innovation is not driven by a single arebitire but instead aims to create a
splitting knowledge base that will easily generataltiple architectures. This radical
innovation occurred in the Manhattan Project caseyhich different alternatives were
systematically generated before the more intergsime was chosen. Even more: in the

end the two bombs were based on two different tachires.

R2: PM. This research also helps to clarify how to (défety) manage architectural and non-
architectural projects, i.e., how to manage prgj@cta way that maintains their combinative
capabilities or causes their combinative capaéditio split. This clarification relates to our

second hypothesis. The two cases demonstrate ltbwifuy:
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In the case of non-architectural innovation, thistexg combinative capabilities allow for
work packages to be defined, planning to be orgahietc., which reflects the classical
PM model. Knowledge creation can occas long asit maintains its combinative
capabilities, which implies a critical PM task: ¢ah over maintaining combinative
capabilities. Here, we highlight a largely unddmeated or ignored (or even
misunderstood) role of PM management: control oter stability of architectures.
Therefore, silos and limited interactions betweesrkwvpackages are not an unwanted
consequence of PM; instead, they are actuallytacaricondition for its success. PM is
organized to avoid (and contain) propagations atetactions. As we have observed, the
Polaris Project is typical of this type of situati(see for instance the efforts to keep the
SPO guidelines)

Conversely, when there is a change in the architecthe team confronts a complex
process of the systematic generation of alternstibat require a strong, coordinated
effort. Indeed, the challenge is being able to gmeethese alternatives, to constantly
assess their relevance according to the evolutidheosituation, and to adapt PM to do
so. This distinct challenge explains a fundameditérence between the Polaris Project
and the Manhattan Project. Whereas the main clyglesf the Polaris Project was
monitoring the evolution of a complex (but cleaslyuctured) development process, the
Manhattan Project confronted major unk-unks thattteseveral complete reorganizations
of the project. To adopt the expression of Thorpeé Shapin (2000), Los Alamos—the
crux of the Manhattan Project—was ia €ontinual state of flux and turbuleridp. 557).
Therefore, as stated by Hoddeson et al. (1993)sthesture of the laboratorywas by
nature ephemeral; experiments and responsibilitieanged overnight as priorities that
the war gave to the project changgtioddeson et al., 1993, p. 247). The spontaneous

fission crisis and the development of the implostmmb are examples of this type of
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paroxysmal event. The contrast with the PolarigeRtds striking in that the structure of
the SPO, which mirrored the Polaris Project missidenponents, remained unchanged
throughout the project. Again, this unchanged stmec shows that the profusion of
alternatives, trials and prototypes is not an urtadrconsequence of breakthrough PM;
instead, it is an intentional and organized prodkas tends to maximize the exploration

of different paths.

Discussion and further research

In this paper, we have attempted to bridge thedlitee on PM and recent advances in
design theory. What can we learn from this firstempt and, in particular, from the
comparison of the two cases?

First, this attempt demonstrates the power of dedlgeory in overcoming the
limitations of traditional typologies of innovatiotndeed, both the Polaris Project and the
Manhattan Project are traditionally presented asmgles of radical innovations. However,
our analysis demonstrates that the problem is momgplex. Both projects were innovations,
of course, but we show that the Polaris Projecebed from a large, non-splitting K-base
and could rely on an industrial network of contoastalready active in the field of missile
design. Therefore, as noted by Sapolsky, évery subsystem, the trend of technology could
be identified at the initiation of the program amemained essentially unchanged for its
duration. In every subsystem, progress came thraaughultitude of small steps and not
through dramatic leaps.The Polaris Project was risky, but there were femioreseeable
uncertainties. The knowledge base was essentitiligtared in a non-splitting way, it was
fundamentally modular and deterministic. Converstlg Manhattan Project was plagued by
unknown unknowns and had no industrial base ontwtaaely. More precisely, the analysis
with C-K theory reveals that in the Manhattan Fegjethe initial knowledge actually
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corresponded to the splitting condition; any netsitaite had critical consequences, and there
was never one single, self-evident alternativepreslicted by the splitting condition theorem,
the Polaris Project’s design strategy was quitagtitforward, whereas the Manhattan Project
had to adopt a much more original approach to mattag unknown and to learn. As Groves
said, “the whole endeavor was founded on possibilitiethea than probabilities. Of theory,
there was a great deal, of proven knowledge, nathh1962, p. 19). We thus show how
design theory is more precise than the traditidpablogy of innovations in understanding
what happens in projects. Indeed, understandingdésggn of architectural innovation can
help organize such design processes. Our papes belplarify some evaluation criteria (i.e.,
whether the final knowledge base is splitting)aléo enables to characterize the type of
“design spaces” that might be required by desigri@@n-architectural” innovations would
favor validation tools, whereas architectural inaton would favor explorations that go
beyond any local determinisms—techniques such asingolvement, new extended digital
mock-ups, and use scenarios might help us renewisiceission about the existing dominant

design.

We thus explicitly link the design situation andastgy to PM—which is our second
contribution. This link contributes to the ongoirdfort to excavate the roots of PM
techniques (Lenfle & Loch, 2010; Soderlind & Len813). More precisely, it demonstrates
that the “rational” approach to PM, with its empbkasn control, is viable when the team
benefits from a K-base and a concept that allowse¢lm 1) to define the problem and 2) to
identify the different solutions in advance. Thadional approach is largely reflected in the
case of the Polaris Project. Conversely, an innexatesign in which unknowns exist in the
K-space and/or the C-space, traditional PM techesdgoecome completely irrelevant. This
irrelevance cannot be more clearly stated than bye@l Groves’ insistence on deciding

“almost at the very beginning that we have to abandompletely all normal, orderly
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procedures in the development of the productiomtpla(Groves, 1962, p. 72). Our analysis
of Manhattan Project with C-K design theory demmatsts the need for new managerial
approaches based on the construction of a largadé-tbodesignthe necessary flexibility.
Moreover, we discover one key feature of the sieoéshe Manhattan Project: not only did
the team learn, but also the knowledge createcabgtied to the creation of a knowledge
base that—this time—was non-splittivge better understand Groves’ very smart stratégy
exploring all of the extreme combinations of altdives, in the hope of creating new pieces
of knowledge that could be considered as moduledeterministic rules. Ultimately, this
finding leads us to a new understanding of paralietegies in projects with unforeseeable
uncertainties. Until now, such strategies have bpetified in terms of the increased
probability of finding the *“best” solutions, giventhat several solutions are tried
simultaneously (Abernathy & Clark, 1969; Loch et @D06). However, the various trials are
presented as independent of one another. Therélfigreationale for this approach, beyond its
use for random trials, remains unclear. In usimgjgietheory and introducing the structure of
the K-base in the analysis, our research shed ngit bn this question. Indeed, the
Manhattan Project case shows the rapid creatianrafh, non-splitting knowledge base that
would ultimately allow the team to succeed desthieeexistence of many unknowns.

This study is, of course, exploratory. It was lieditto two historical cases, and further
studies will be needed to consolidate its resiach work remains to be done, but we
believe that this dialogue between PM and desigorihconstitutes an important avenue for
future research on the management of exploratamjegtis. Indeed, it may help develop new
strategies of PM that will account for advancesdesign theory. In particular, we think about
the notions of expansion (Hatchuel & Weil 2009) amandable rationality (Hatchuel,
2002), which, in our view, reopen a field that hhsught of projects as convergence

processes for too long. This task has alreadyestattenfle (2012) and Gillier et al. (2014),
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for example, have studied how C-K design theorylddead us to rethink the evaluation of
projects that produce much more than they delidesign theory helps formalize the “much
more” in terms of C and K. Therefore, we generaiijieve that design theory offers a new

way of representing/discussing/managing the exporgrocess.
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Figure 1.The generic pattern of design reasoning ithe C-K design theory (Hatchuel & Weil, 2009).

Figure 2 : Polaris design as differentiation from \SAF ICBM
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Figure 3 : a complex and generative design spacenteof 1942)
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Figure 4 : First design strategy space (sept. 1942spring 1944)
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Figure 5 : The spring of 1944 crisis
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Figure 6 : Escapes (summer 1944 — august 1945)
Design an atomic bomb
as fast as possible
|
FEl=gian Yoo 1 q'
L Fusion path 1 | Fission path
|
¥
Separating bomb design Not
/ Prod of material séparating

¥
Igniting the bomb
whatever the material

\P—I—\P

Autocatalytic Shooting
methods
¥ v v
Gun Two-gun Implosion
design design design

t

v
Producing as pure as possible
fissionable materials

|

Water-
cooledR.

N
Enriching
uranium
W_l'_w Air-cooledR
Single Combining (proto)
Pro ceé Processes

40

=T =

DuPont
overdesigned the

reactor => Xenon
poisoning pb solved

Switch to Implosion /Pu
as first priority => new K

»Science of explosives
...




