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Abstract— Collaboration, by definition, is a process where
two or more parties (individuals or organizations) join
resources and knowledge to achieve common goals.
Globalization and competitiveness in today’s market conditions
compel firms to collaborate in order to reduce development
costs and time-to-market. In order to model and analyze
conditions under which collaborations are formed, this paper
proposes to employ a game-theoretic approach, given that
Game Theory attempts to model and analyze strategic
situations, including various types of games suitable for
different settings. A mathematical model is proposed for
Collaborative Product Development and a Nash Bargaining
solution is proposed in a numerical analysis.

Index Terms— Bargaining, Collaborative Product
Development, Game Theory, Profit sharing.

. INTRODUCTION

OLLABORATION between firms in order to share

R&D investments, product development (PD) costs and
reduce time-to-market becomes more and more common
with increasing market competition and globalization.
Collaboration includes creation and sharing of knowledge
about markets and technologies, setting market standards,
sharing facilities, etc [1]. The benefits of collaboration
efforts can only be defined by analyzing the conditions that
collaboration requires. Game Theory is the formal
investigation of conflict and collaboration and is applied to
situations where two or more parties interact. Therefore,
game-theoretic  principles are applied to analyze
collaboration efforts in PD. This study attempts to
mathematically model the profit for the collaborative parties
and identify the conditions under which the collaborative
equilibrium is achieved.

The implication of collaboration goes beyond sharing of
revenues [2]. Collaboration engenders knowledge sharing
and innovation as well. In this respect, a mathematical
model is required to model the variables such as investment,
knowledge, trust, innovation, cost and revenue, as well as
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the level of sharing and collaboration. The aim of this study
is to structure these variables in order to offer a model of
collaboration formation. First and foremost, the model needs
to put forward a negotiation environment where each party
of collaboration benefits from it, i.e., a win-win situation.
The win-win situation is required to balance the contribution
of each variable from each party by defining the level of
sharing. The model needs to be described with a reference
point other than revenue, given that collaboration between
organizations does not solely aim to increase revenue, but
also seeks to learn and innovate by joining knowledge and
technology, cultivating trust and assuring coordination. The
model needs to present how collaborative parties should
interact with each other in order to improve total
effectiveness of the process.

In this study, a game-theoretic approach for collaboration
formation is presented to tackle the aforementioned issues.
The paper is organized as follows: next section introduces
Game Theory and collaboration concepts with some
background and description. Section Ill introduces the
mathematical model for Collaborative Product Development
(CPD). Section IV describes the numerical analysis
conducted on the mathematical model. The paper concludes
with a few remarks.

Il. GAME THEORY

A. Background

Forming groups and collaborations is an essential
problem in Game Theory literature [1]. Introduced by von
Neumann and Morgenstern [3], Game Theory is an applied
mathematics branch employed in many domains such as
economical  behavior, politics, management and
organization, etc.

There exist various applications of Game Theory in
collaboration research. Early studies date back to the
appearance of strategic ventures in 1990’s. Parkhe [4]
develops a model incorporating Game Theory and cost
economics in order to analyze the formation, management
and completion of strategic ventures. Larsson et al. [5]
integrates Game Theory, strategic venture, institutional
learning and collective action literatures in order to observe
the development, performance and longevity of strategic
ventures.

There also exists a Game Theory literature on strategic
partnerships in supply chain. Studies such as collaboration
among supply chain actors [6], modeling of buyer-supplier
relation with cooperative/non cooperative games [7],
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modeling of customer-supplier relation with Game Theory
approach [8] can form a basis for CPD research.

A vast literature can be found on R&D collaborations.
These studies generally cover issues of partnerships within
one industry and analyze the cost sharing and pricing
mechanisms. On the other hand, CPD literature is limited on
the Game Theory studies. Xiao et al. [9] model the
relationships between engineering teams using Game
Theory principles in order to facilitate the collaborative
decision making and they investigate the effect of design
competence on design freedom. Phelan et al. [10] models
the behavior towards an opportunistic partner using
prisoner’s dilemma with an exit option. They conclude that
the opportunistic partner should be given a second chance if
high expectations are involved. Arend [11] also employs
prisoner’s dilemma to observe two-firm collaboration and
state that while literature argues that reputation benefits
collaboration, empirical evidence shows that collaboration
diminishes as reputation increases.

Cai and Kock [12] employ evolutionary Game Theory in
order to determine whether or not to collaborate and the
amount of collaboration. They use prisoner’s dilemma and
Snowdrift Game Theory notions, including social
punishment, and they investigate e-collaboration game with
discrete strategies. Another important Game Theory
research is introduced by Bhaskaran and Krishnan [2],
where they define three collaboration models (revenue
sharing, investment sharing and innovation sharing) and
they define equilibrium points with Nash bargaining game
under technology and timing uncertainties.

In CSD literature, Hazzan and Dubinsky [13] investigate
Extreme Programming in prisoner’s dilemma framework,
while Tenenberg [14] studies institutional analysis of
software teams.

Amaldoss focus on strategic partnerships in his Game
Theory applications. Amaldoss et al. [15] investigate the
concept of coopetition (collaboration to compete) and they
observe the control of resource attributed to collaboration.
Non-cooperative non-zero sum games are used to model and
analyze equilibrium in various types of partnerships.
Amaldoss and Rapoport [16] analyze the effect of the
number of networks competing to develop a product, the
number of alternative technology platforms, and market
sensitivity to product development expenditures on
investments of partnering firms using Game Theory
principles. Amaldoss and Staelin [17] employ a Game
Theoretical model to investigate investment behaviors in
cross-functional and same-function alliances.

Chen and Li [18] model team behavior of multifunctional
product design teams toward design alternatives, using
Fuzzy Sets Theory. Strategic team paradigms derived from
Game Theory principles as well as responsibility and
controllability notions are employed to ensure team
agreement. Takai [19] analyzes collaboration in engineering
design using Game Theory and defines collaboration
conditions of two engineers in order to maximize product
performance within prisoner’s dilemma framework.

Samaddar and Kadiyala [20], focus on collaborations with
knowledge creation purposes and they investigate conditions
to share resources and maintain collaboration. They analyze
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models with and without prior knowledge using Stackelberg
leader-follower framework. Ding and Huang [21] employ
this study and investigate the effect of knowledge spill-over
using the same framework.

B. Collaboration Process

Collaboration process differs from partnership formation
given that its goal focuses on collaboration dynamics.
According to Chapman and Corso [22], stability and
effectiveness of a network is strongly dependent on softer
issues such as open communication, knowledge sharing,
trust and common goals. Accordingly, four dimensions can
be identified for collaboration process: trust, coordination,
co-learning and co-innovation [23]. Building open, trust-
based relationships is the key to successful partnership
development, and integrated information systems facilitate
the flow of data and information between staff [24].
Understanding the role of trust in collaboration during inter-
organizational process implementation can potentially
increase the probability of achieving a successful B2B
implementation that leads to a productive longer-term
relationship [25].

An approach for each person and for most encounters can
then be developed by typically working through three steps:
exchange of vision; negotiate agreement; and negotiate trust
[26]. Therefore, trust is the first dimension to examine. The
parties have to seek trusting among many partners, relying
on social control mechanism in the system composed of
network and innovation and outsourcing in the global
networked economy [27]. Firms participating in horizontal
alliances appear to be less trusting of their partners
compared to firms in vertical alliances, which suggests that
the presence of relationship norms such as trust may not be
able to overcome the fear of opportunism when a firm
collaborates with competitors [28]. Coordination is another
key factor in collaboration given that various teams from
different organizations on different sites are engaged for the
same purpose and their efforts must be coordinated.
Improved learning is partly the result of effective
communication and information distribution systems, both
within and between organizations [29]. Co-learning
consequently emerges as another key issue in collaboration.
Identifying relevant knowledge inputs from the various
partner organizations needs to be viewed as a constant [24].
A key goal for firms is to shift from an essentially static
approach to learning, based on information acquisition,
towards a greater emphasis on information interpretation
and distribution [29]. In a global networked economy with
rapid technology change and an increasing need for sharing
information and cooperative R&D, information leakage is a
core problem in collaboration [27]. As a result, information
sharing emerges as an important aspect of collaboration that
needs to be balanced. Knowledge is accumulated both
through internal capacities of the agent and through the
direct and indirect connections that allow to have access to
others' knowledge [30] and this constitutes the co-learning.
Firms can find ways in which to innovate and at the same
time place innovation within the context of sustainable
development through partnerships [24]. Therefore co-
innovation appears to be another key factor in collaboration.
The search for agreement on the innovation applies to both
internal and external people [26] as knowledge is
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accumulated both internally and externally [30]. Carayol
and Roux [30] state that expected number of innovation is a
function of accumulated knowledge. This constitutes a link
between co-learning and co-innovation, which cannot be

stated separately from trust and coordination in
collaboration.
These four Kkey dimensions mentioned above are

consequently employed to model the collaboration
formation. Next section describes the model as well as its
variables and parameters.

I1l. MATHEMATICAL MODEL

In this section, CPD is modeled as profit functions of two
firms that must decide on the level of collaboration, level of
investment sharing and level of profit sharing. The model
includes the four dimension of the collaboration process,
described earlier. It includes the revenues and the costs
anticipated from CPD efforts. Only two firms, focal firm (F)
and partner firm (P), are considered. It is assumed that the
partners undertake an innovation sharing, i.e. undertaking all
development efforts collaboratively as described in [2].

Three major assumptions are made to develop the model.

Assumption 1

Collaboration creates added value for the product
development process [2].

Assumption 2

Collaboration engenders a collaboration cost, resulting
from the coordination efforts and knowledge spillovers.
When the development effort is distributed between the
firms, integration costs are incurred [2].

Assumption 3

Collaboration reduces development cost. The division of
innovation across the two firms could lead to lower
development costs in comparison to the case in which this
innovation were to be done in a single firm [2].

The presented model is based on three different models
from [2], [31], and [32]. These different models are
integrated in order to best fit the assumptions
aforementioned and include the four dimensions of the
collaboration process.

First of all, a collaboration level 0 is defined, where 8 = 0
means no collaboration and 6 = 1 means full collaboration.
Firms’ involvement in decision process increases as 0
increases. Accordingly, revenues and some portion of the
cost also increase in function of 0. It is expected that firms’
investment will increase as the firms’ invest more effort in
CPD process. On the other hand, it is also expected that
firms’ revenue share will be much higher as they are more
involved in the development and decision processes.

Then knowledge sharing and new knowledge creation is
defined. Cowan et al. [31] highlight firms’ abilities to
effectively integrate each other’s knowledge. Consequently,
it becomes important to include knowledge spillover and
knowledge absorption into the model. When two firms
collaborate, they pool their knowledge and use that as input
into new knowledge production [31].

Knowledge stock definition is based on the model
presented by [32]. However, knowledge is extended to
include different types of knowledge, as presented in [31].
Each firm is assumed to hold N distinct types of knowledge.
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Total knowledge for knowledge type i € {1, ..., N} is the
sum of the firm’s own investment into knowledge and the
learning occurred from the collaboration, defined as follows:

t t
z;=M{ + M +6 [VF(Mf:ﬁi)MiP Py yP(ME, BIMS FP]
Total knowledge for knowledge type i, where i represents

the number of knowledge type necessary for the
development, is a concave function. Total knowledge is
represented by the N-dimensional knowledge vector z. Mi] is
the firm j’s investment in knowledge type i. y is a function
of Mi’as well as f;, where B; is the knowledge
complementarity for the knowledge type i. Trust, one of the
four dimensions of the collaboration process, is integrated
into the model within the knowledge sharing. ¢, represents

the trust level of firm j towards firm k. Ml.’ I represents the
knowledge sharing of firm j, increasing t. Basically, firm j
reveal more of its knowledge as the trust towards firm k
increases. Literature shows that trust has a positive effect on
information sharing and it is important for collaborative
relationships not only for effective partnerships, but also for
collaborative venture performance [33]. Therefore, we
assume that co-learning diminishes as trust decreases. Also,
trust is not reciprocal and each firm has a personal degree of
trust towards its partner.

Consequently, v (MF, BIME ™" +y” (MF, F)MF "
embodies co-learning occurred from the collaboration. It
increases as @ increases given that the higher the
collaboration level, the higher the interaction and
consequently, learning.

Profits of both firms from the collaboration are a function
of the collaboration level and are defined as follows:

IF = ¢ = (a + bzD)

— (Z M+ (1-k)s(®) + Z CiF(Zi))

P = (1 — ¢) * (a + bzd)

_ (Z MP + ks(6) + 2 cf (a))

Revenue from the CPD efforts is derived from [2].
Basically it states that revenue is the sum of initial value of
the product and the added value created during the
collaboration process. When a = 0, it is a new-revenue
project and when a > 0, it represents it is an improvement
project [2].

z is the N-dimensional pooled knowledge vector of the
collaboration consisting of z;’s.

b is a N-dimensional value creation vector and b * z
represents the value added by innovative efforts. ¥
represents market uncertainty, it is an uniformly distributed
random variable. Briefly, it can be said that the co-
innovation dimension of the collaboration process is
represented as b * z = ¥. The final product value is affected
by the innovation.

Each firm gets a fraction @; of the total revenue.
However, as the current model includes only two firms, we
consider that focal firm F gets a fraction @ of the profit
whereas partner firm P gets a fraction (1 — @). The model
assumes that partners share all development and innovation
costs. @ is determined as a function of the bargaining
between firms.

The model consists of three types of costs: R&D
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investment, integration cost, and production cost.

Investment cost is the sum of firm’s total investment in all
types of knowledge.

Collaboration cost is the same for both firms and it
represents the coordination dimension of the collaboration
process. The economic costs of complete secrecy or full
sharing are higher than the costs of intermediate cases [32].
Therefore s(8) is a convex function representing
collaboration cost. Collaboration cost is divided between
firms. Firms endure k and 1 — k fractions of the integration
efforts.

Production cost is presented by a convex function ¢/ (z)).
acj(?"}) <0 and 9%c)(ap)
oz; Bzzij

Cy- Production cost is different for each firm.

It is clear that the profit functions are concave. It is

assumed that production costs will decrease as knowledge

increases.

<0.c/(0) =C, < o0 and ¢/ () =

IV. NUMERICAL ANALYSIS

For the analysis, the instance with only one type of
knowledge is considered, therefore z is one-dimensional.
Collaboration cost is assumed to be s(8) =1=x862
Absorption capacity is adapted from [32] and it is
y(MJ,B) = M+ B+ (1 — ). Total knowledge, which is
the sum of prior knowledge and knowledge creation
occurred from collaboration, can be expressed as follows:

z=MF +MP +6[(MFB + 1— B)MP'PF
+(MPB+1—B)MF'F?]
For simplification purposes, we set co-learning as Z; =
[(MFB + 1 — B)MPPF 4+ (MPB + 1 — B)MF'FP],
Production cost is expressed as (¢/ —d/ = Z,), the cost
decreases as co-learning increases.

Expected value of the random variable ¥ is VTH it follows a

continuous uniform distribution.
The profit functions of focal and partner firms consequently
become:

v+1
nF¥ =¢)(a+b( > )Z)
—(MF+ (1 —k)IO? + (cF —dFZ,0))
v+1
P = (1—¢)(a+b< > )Z)
— (MP + k16% + (c? — dPZ,0))
For the numerical analysis proposed in this paper, we
consider the instance where production cost of both firms
are equal, i.e. d¥ = d¥ =d and ¢? = ¢f = c¢. Moreover, we
consider a new-revenue project, therefore a = 0. Both firms’
knowledge investments are equal and M? = M¥ = M. Trust
degree of both firms is at its maxima, ¢t = 1. Knowledge
complementarity is assumed to be 8 = 0,5, which results in
Z, =M(M +1).
Both b and (%1) are assumed to be equal and have unit

value, yieldingto Z; = b (";’1) =1.

It is assumed that the focal firm makes the decision on the
collaboration level. Given that the focal firm initiate the
collaborative activities, it is normal to suppose that the
collaboration level is determined according to the
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requirements of the focal firm. Therefore, optimal 6 is
calculated through the profit function of the focal firm.
MM+ 1)(d +0)

0" = 21(1—k)

6~ is inserted into the profit function of the partner firm, in
order to compute optimal fraction of integration cost in
respond to the given collaboration level. The proportion of
collaboration cost which is endured by the partner firm is
then expressed as:

d+ (2-30)
S 3d+(2-0)

*

It is obvious that k* is feasible if and only if @ < g

The optimal solutions for collaboration level and integration
cost fraction are inserted into the profit functions of both
firms. The equilibrium @ would be the solution to the Nash
bargaining problem:

max Tg = TpT
0sp=1 B FeP

We set M = —=10 and ¢ = 100d = 1. The maxima of
the bargaining problem is unique and @* = 0,5.

With these parameters, we obtain k* = 0,334 and 6* =
0,4208.

These solutions conclude that when all cost and revenue
parameters are equal, the profit must be shared equally.
However, given the ration of investment in knowledge over
the investment in coordination, it is more economical not to
collaborate entirely. Partner firm, accordingly, only endures
a third of the integration cost.

V. CONCLUSION

The presented model integrated the four dimensions of
collaboration process in CPD and presented a mathematical
profit model that captures both the revenue generated by the
innovation and the cost occurring from the collaboration.
The mathematical model provides an understanding on the
working of the collaboration dimensions, expressed as
parameters. It provides visualization on the effect of
collaboration level on revenues and costs occurred from
collaboration, as opposed to the situation without
collaboration.

Further study will provide a more in-depth analysis of the
current model. The instances where trust degrees,
investments in knowledge, production costs, etc. are
different for each company will be investigated in order to
obverse the proposed model’s behavior and the
compatibility with the real-life collaborative activities.
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