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Abstract: In construction projects, owners’ and contractors’ decisions as to whether or not share
their tacit knowledge transparently with each other determines the choice of project delivery and
contracting methods and their collaborative behaviors in the projects. The dynamic of collaboration
is a complex one and is often influenced by the other player’s intent to collaborate. This paper
proposes a quantitative framework using game theory to analyze the collaborative dynamic interplay
in construction projects. The framework demonstrates that when an owner’s and a contractor’s
knowledge leveragability (L) is very high and synergy (S) is enhanced as a result of knowledge
sharing in complex construction projects, the Nash equilibrium state lies beneath the Pareto frontier.
This means that sharing tacit knowledge transparently about budgets by choosing the best value
procurement with GMP or IPD contracts can promote collaboration and provide better payoffs to
both stakeholders than not sharing the knowledge by choosing the Design–Bid–Build method using
a low-bid procurement in conjunction with a fixed-price contract. This research contributes to the
body of knowledge by proposing a theoretical framework that enables both owners and contractors
to understand the economics of collaboration in the context of complex projects.

Keywords: game theory; Nash equilibrium; optimal decision; Pareto optimality; tacit knowledge;
knowledge sharing in construction projects

1. Introduction

Tacit knowledge means individuals’ comprehension, capabilities, skills, and experi-
ences on a given topic or situation [1]. This knowledge is embodied in the form of thoughts,
points of view, evaluations, and advice, which may be leveraged for individual and or-
ganizational benefits. In construction projects, tacit knowledge-sharing among project
stakeholders is critical because most construction work is knowledge-intensive, and knowl-
edge on the project is experienced-based and tacit [2,3]. Consequently, many studies have
explored the nature of tacit knowledge [1,4,5] and tacit knowledge-sharing [2,3,6–9] in the
construction industry. However, most of these studies have focused on tacit knowledge
management and sharing in project teams involving individuals, such as architects, engi-
neers, and contractors. To date, there are no studies that have devoted attention to tacit
knowledge-sharing between project owners and contractors.

Considering that owners are responsible for securing and managing funds and paying
team members in construction projects [10], information related to financing can affect
owners’ decision making or behaviors in the context of construction projects. From this
perspective, owners possess tacit knowledge associated with project budget; they know
the maximum budget that can be financed for construction projects. They decide whether
to share this knowledge or withhold it from contractors depending on the selected pro-
curement and contract methods. According to Hwang [7], contractors mainly have tacit
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knowledge of pricing and operational strategies for construction engineering and man-
agement. In construction projects, the contractors can decide whether to share this tacit
knowledge or withhold it from owners depending on the selected procurement and con-
tract methods. Accordingly sharing tacit knowledge between owners and contractors
is closely associated with the owners’ decisions on procurement and contract types and
the contractors’ decisions on being collaborative and committed to knowledge sharing in
the projects.

The current dilemma is that owners may not fully understand how their decision
on procurement and contract types could trigger contractors’ collaborative versus oppor-
tunistic behavior. Moreover, contractors may not fully understand the economical payoffs
of their knowledge sharing and collaborative behavior. This lack of understanding and
uncertainties may lead to decisions that result in owners incurring higher costs and facing
more change orders, or contractors earning less profit as well as gaining a damaged reputa-
tion because of multiple disputes and claims. Thus, an undesirable lose–lose situation as
opposed to win–win results.

Nevertheless, the definitions of owners’ and contractors’ tacit knowledge, the impact
of sharing the knowledge on both stakeholders, and how the decision on whether to share
the knowledge can be made have not yet been studied. To overcome the knowledge gap,
this study aims to (1) define tacit knowledge of owners and contractors, (2) analyze the
economic payoffs of tacit knowledge sharing for both owners and contractors, (3) propose
a theoretical framework that would help owners identify the optimal procurement and
contract methods for complex projects where enhanced collaboration is needed. Through
the framework the owners would understand how their choice of procurement and contract
would incentivize and trigger contractors’ collaborative behavior. The framework also
enables contractors to determine the economic payoffs from their collaborative actions in a
project-specific context.

The framework involves defining and quantifying the value of tacit knowledge of
owners and contractors as well as analyzing the estimated payoffs based on game theory,
along with an analysis of the Nash equilibrium and Pareto optimality. In addition, by
simulating the framework with hypothetical scenarios of a mega construction project,
this study illustrates and validates the effectiveness of the framework in identifying the
most optimal procurement and contract type for triggering collaborative behavior and in
determining the circumstances when collaboration maximized individual payoffs for both
owners and contractors, leading to a win–win outcome and a successful project.

This paper is structured into several sections. The literature review is conducted
in order to identify the research gaps of previous studies on tacit knowledge sharing
in construction projects. This is followed by descriptions of the game-theoretic method
to define owners’ and contractors’ tacit knowledge and measure the payoffs of sharing
tacit knowledge. Respectively, the framework is developed and validated by a series of
simulations using hypothetical scenarios of a mega contraction project. Finally, the paper
discusses the simulation results and clarifies the study’s contributions to both theoretical
knowledge and practical applications in the construction industry.

2. Literature Review
2.1. Nature of Tacit Knowledge in the Construction Industry

A study from Pathirage et al. [5] indicates that tacit knowledge in the construction
industry involves the skills, experiences, and talents of construction workers. In another
study [1], the authors specified the key aspects of tacit knowledge in the construction
industry by conducting a case study of a company and interviews with directors, managers,
and operational level personnel. According to the interviews, tacit knowledge in the con-
struction industry involves estimating and tendering skills, understanding the construction
process, interacting with project owners and team members in the construction supply
chain, and comprehending the tender markets. Shan and Li [11] also explain that tacit
knowledge in the construction supply chain includes engineering experience, accumu-
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lated management experience, and technical skills. Egbu and Robinson [12] revealed that
tacit knowledge in construction can range from the plastering ability of workers to the
interactions among stakeholders in the construction supply chain.

Most of the knowledge in the construction industry is tacit rather than explicit, and
sharing tacit knowledge is imperative for enhanced project performance [13]. Tacit knowl-
edge is critical to organizational performance due to the labor-intensive and knowledge-
intensive nature of the construction industry, involving a wide range of professionals work-
ing as an interdisciplinary team to successfully deliver the construction projects [14]. In
addition to organizational performance, it is also critical to construction performance associ-
ated with construction innovation, process improvement, and quality improvement [15,16].
However, Saini et al. [16] argued that communicating tacit knowledge is challenging in the
construction industry because tacit knowledge exists in the mind of construction stakehold-
ers and decisions on whether to share tacit knowledge or not depends on stakeholders and
their individual perceptions of the associated benefits. Kıvrak and Arslan [17] also pointed
out that tacit knowledge resides in people’s heads, and it is difficult to transfer.

2.2. Tacit Knowledge Sharing in the Construction Industry

Many recent studies highlighted the impact of tacit knowledge sharing on construction
project performance and the difficulties of capturing and transferring tacit knowledge across
the construction supply chain [15–18]. Subsequently, several studies have examined the
challenges and opportunities of efficiently sharing tacit knowledge and identified the
critical factors influencing tacit knowledge sharing in construction [2,6–8].

Nesan [6] emphasized that the temporary nature of construction projects and the
short-term relationships among project team members hindered the exchange of tacit
knowledge. The study also revealed that construction knowledge, which was often tacit,
disappeared when the project was completed. To resolve the foregoing, the study identified
five major critical factors influencing knowledge sharing behavior (trust, creativity, motiva-
tion, ability, and learning) of personnel in construction. The study subsequently proposed
work practices based on the identified factors that can influence the behaviors of personnel
in transferring tacit knowledge in the construction organization. Zhang and He [2] also
investigated crucial factors affecting tacit knowledge-sharing within integrated teams of
construction projects. They identified the five critical factors to be swift-trust, information-
based trust, identification-based trust, personal benefits, and lack of self-efficacy. The study
argued that the findings provide important implications for promoting tacit knowledge
sharing among integrated project teams. Hwang [7] argued that sharing tacit knowledge
in the construction industry requires active interaction between knowledge-holders and
knowledge-seekers. By surveying construction industry practitioners, the study investi-
gated a few considerable problems in terms of the maturity of organizational ecology for
exchanging tacit knowledge at the workplace in the industry. The survey results indicated
that the construction industry lacked company-wide internal interaction among employees.
They recommended that the inter-organizational interaction through the communities
of practice should be made more active to raise the overall effectiveness in sharing tacit
knowledge. Chen and Mohamed [8] also emphasized the importance of human interactions
for facilitating tacit knowledge sharing in the construction industry. The survey results of
contractors empirically proved that knowledge was essentially personal and inseparable
from the knower. The research demonstrated that people-centric tacit knowledge manage-
ment was required and should be combined with IT systems to make the strategic decisions
in tacit knowledge sharing explicit in form.

The aforementioned studies have investigated the factors influencing tacit knowledge
sharing. However, they were limited to the knowledge of construction workers and
professionals whose tacit knowledge differs from that of stakeholders in the construction
supply chain. For example, the project owners may have knowledge related to project
financing, and the suppliers may be knowledgeable of material supply logistics; despite
the difference, the knowledge of both groups can considerably affect construction project
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performance. Furthermore, the stakeholders may be uninterested in sharing their tacit
knowledge for several reasons (e.g., competitiveness and interest in profits). However, none
of the reviewed studies have offered solutions to problems which deter tacit knowledge
sharing in the construction industry.

Other studies have investigated various means of facilitating tacit knowledge sharing
in the construction industry [3] and the impact of such sharing [9,19]. Woo et al. [3] pro-
posed creating and testing a web-based knowledge map to enable tacit knowledge sharing
among construction professionals. The proposed knowledge map enables construction
professionals to search for experts with relevant knowledge and connect with them in
real time using instant messaging, e-mail, telephone, or internet conferencing. However,
because knowledge sharing requires trust among stakeholders and involves consideration
of the personal benefits sought by the knowledge givers, this may not necessarily ensure
that the professionals indeed share their tacit knowledge [2]. Jung et al. [19] investigated
the impact of trust-based collaboration among the project stakeholders in Design-Build
(DB) and Integrated Project Delivery (IPD) settings where Target Value Design (TVD) was
applied. The study revealed how the TVD in an IPD contract enables each stakeholder
to collaborate on initial design alignment, using game theory. Zhang et al. [9] empirically
examined the impact of tacit knowledge sharing within an integrated project delivery
team through a case study. The study demonstrated that tacit knowledge sharing among
project team members improved the flexibility and increased the overall collaboration and
synergy of the team. It aided team members to proactively manage the project at an early
stage, identify critical factors for project success, and plan reaction measures for potential
dynamics. However, the investigation was limited to knowledge sharing among the con-
tractors during the construction phase, whereas the other stakeholders shared their tacit
knowledge at various stages. The owners and contractors can share their tacit knowledge
at the pre-construction phase or bidding phase, and the contractors can transfer their tacit
knowledge to facility maintenance teams and project owners at the handover phase.

The existing studies on tacit knowledge sharing have majorly focused on knowledge
sharing among construction workers and professionals in the construction phase. However,
various stakeholders exist in the construction supply chain, and each may have tacit
knowledge regarding some aspects of the project lifecycle. In particular, tacit knowledge
sharing between owners and contractors throughout the procurement and construction
phases could substantially affect project quality and cost. Hence, it is necessary to define
owners’ and contractors’ tacit knowledge and develop a framework comparing the payoffs
in sharing or not sharing tacit knowledge in construction projects. This paper bridges this
research gap by defining owners’ and contractors’ tacit knowledge, proposing a framework
to compare the payoffs of tacit knowledge sharing, and demonstrating the framework with
specific scenarios of tacit knowledge sharing between owners and contractors.

3. Research Methodology
3.1. Dimensions for Quantifying Value of Tacit Knowledge

As an initial step to develop the framework, this study defines owners’ and contractors’
tacit knowledge in a construction project. Next, the value of their tacit knowledge is defined
as a measurable form based on the dimensions proposed by Loebecke et al. [20] (Table 1).

Loebecke et al. [20] introduced a game-theoretic framework for analyzing inter-
organizational knowledge sharing. In their theoretic framework, they provided five dimen-
sions for quantifying the value of knowledge when sharing knowledge under the context
of co-opetition. Co-opetition is a neologism to describe the state of organization where
cooperation and competition simultaneously exist among stakeholders. Under co-opetition,
knowledge shared for cooperation may also be used for competition. Owners and con-
tractors in a construction project are in a co-opetition situation in which they cooperate
with each other to achieve a successful project while they seek to increase their individual
gains and profits. For example, owners want quality projects at lower costs, while con-
tractors pursue a higher price and least work for the project to increase their individual
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profits. Accordingly, the dimensions proposed by Loebecke et al. [20], including basic
value, value-added associated with monopolistic knowledge, synergy, leveragability, and
negative-reverse impact, can be applied to this study (Table 1). These dimensions enable the
stakeholders under the co-opetition context to estimate the value of tacit knowledge sharing.

Table 1. Five dimensions for quantifying value of knowledge in co-opetition (Loebecke et al., 1999).

Dimensions Definitions

Basic value (ri) Fundamental, inherent value of knowledge
Value-added (vai) Value-added generated by monopolistic knowledge

Synergy (S) Additional value resulting from interdependent
knowledge sharing among stakeholders

Leveragability (Li)
Value generated when knowledge-receiving party

exploits shared knowledge

Negative-reverse impact (nrii)
Impact created by receiver’s use of knowledge, which

may lower sender’s original value of knowledge

3.2. Game-Theoretic Approaches to Tacit Knowledge-Sharing in Construction Projects

Based on these five dimensions, this study develops a framework to quantify the
value of owners’ and contractors’ tacit knowledge when transferring or not transferring
the knowledge to each other. The framework involves defining the value of the tacit
knowledge and computing a payoff matrix that indicates the payoffs of each stakeholder’s
decision on whether or not to share their tacit knowledge. During the knowledge sharing
between owners and contractors, one stakeholder’s decision payoff is affected by another
stakeholder’s decision. Game theory enables us to quantitatively compare the payoffs
of each decision in situations where two or more stakeholders’ actions will influence
the actions of the other [21]. Consequently, game theory is applied to understand and
analyze the payoffs resulting from each decision of the two stakeholders. The payoffs
of each decision in the matrix are analyzed based on the two game-theoretic approaches:
(1) Nash equilibrium and (2) Pareto optimality. This approach is inspired by Raweewan
and Ferrell, Jr [22].

3.2.1. Nash Equilibrium

The Nash equilibrium is a strategic profile in which each player’s strategy (or decision)
is an optimal response to the other players’ strategies [23]. In the Nash equilibrium state,
no player would gain additional benefits by deviating when the opposing player does not
deviate [24]. In the tacit knowledge-sharing game between owners and contractors, based
on the definition of the Nash equilibrium provided by Hitzig et al. [24], this study constructs
the following definition of the Nash equilibrium (Definition 1) to determine the optimal
decision on whether or not to transfer tacit knowledge, given the other stakeholder’s
decision in construction projects:

Definition 1. The tacit knowledge-sharing game is a two-player game with finite strategies. One
of the players is denoted as player i and the opposing player as player −i. For example, when i
represents an owner (o) of a construction project, −i represents a contractor (c) in the construction
project. Strategies available to player i are denoted as si. Si is the set of all possible strategies for
player i. The strategies consist of transfer tacit knowledge (T) and do not transfer tacit knowledge
(DNT), Si = {T, DNT}. If si is a strategy available to player i, s′i will be a different strategy available
to player i. Given this, each strategy profile provided by two players can be referred to as (si, s−i),
while ui (si, s−i) represents payoffs of player i when the strategy profile is (si, s−i). Subsequently,
the strategy profile (si, s−i) is a Nash equilibrium if it follows the below Function (1):

For ∀i and ∀si, ui (si, s−i) ≥ ui (s′i, s−i) (1)
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where ∀ = a logical symbol meaning “for all”; si = a strategy available to player i; s′i = a different
strategy available to player i; and s−i = a strategy available to player −i.

3.2.2. Pareto Optimality

Even though the Nash equilibrium provides stakeholders with optimal strategies (or
decisions) for a non-zero-sum game [22], it does not mean that the stakeholders always
obtain the maximized payoffs. This situation, in which the stakeholders are not able to
obtain maximized payoffs in Nash equilibrium state, is called the Prisoners’ dilemma.
To check if the stakeholders are in the Prisoners’ dilemma or not, they can analyze their
state based on the Pareto optimality (or Pareto efficiency). The Pareto optimality is an
economic state in which no player can be made better off without making other player
worse off [25]. In other words, the state, which is not Pareto-optimal, enables both players
to increase their payoffs simultaneously by deviating from the non-Pareto-optimal state to
the Pareto-optimal state. Accordingly, the Pareto optimality analysis enables us to confirm
whether or not a change of decisions from the game players can increase both players’
payoffs. If the state is Pareto-optimal, it should be examined that the state provides the
maximized payoffs equally shared with the players. However, when the game is using a
Likert scale, the state may not be identified because the scales are fragmented (e.g., 1, 2, 3,
4, and 5) and the value of the equally shared payoffs in the state may locate between the
fragmented scales (e.g., 2.4, 3.5, and 4.7). In this case, a player, who has better payoffs, can
propose an offer to share the added payoffs with an opposing player so that the players
can decide to deviate from the non-Pareto-optimal state to the Pareto-optimal state.

In the tacit knowledge-sharing game between owners and contractors, based on the
aforementioned concept of the Pareto optimality, this study uses the following defini-
tion of Pareto optimality (Definition 2) to determine whether the stakeholders obtain the
maximized payoffs:

Definition 2. When following the conditions associated with i and si in Definition 1, for ∀i and
∀si, the decision-making strategy profile (si, s−i) is Pareto-optimal when ui (si, s−i) is not able to
become better off without making u−i (si, s−i) worse off.

Although we have provided the theoretical definitions of Nash equilibrium and
Pareto optimality in the context of the tacit knowledge sharing game in construction
projects, these definitions have their limitations. Owners’ and contractors’ decisions related
to the sharing of tacit knowledge and the payoffs will be limited to the predetermined
parameters for measuring the values of different strategies derived from the definitions.
Thus, in a real scenario involving the sharing of tacit knowledge, owners and contractors
may adjust these parameters based on their project characteristics. Nevertheless, the
theoretical definitions can help owners and contractors to analyze the payoffs resulting
from sharing or not sharing their tacit knowledge. Even though a few of the parameters
used for determining the decision strategies and the states of Nash equilibrium and Pareto
optimality should be adjusted depending on the unique characteristics of a project, we
expect that the construction management and engineering domain can benefit from the
proposed approach by leveraging the proposed definitions customized to tacit knowledge
sharing between owners and contractors in construction projects.

4. Tacit Knowledge of Owners and Contractors
4.1. Owners’ Tacit Knowledge

Because of the complexity and diversity of tacit knowledge, there are extensive dis-
agreements regarding what should be counted as tacit knowledge and what the general
characterization of the concept should be [4]. Especially as complexity and diversity are
aggravated in defining owners’ tacit knowledge, since they have never been investigated
and studied. However, many studies from various domains have agreed that tacit knowl-
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edge involves contextual information that affects decision making or behaviors within the
context [4,7,26,27]. Considering that owners are responsible for securing and managing
funds and paying team members in construction projects [10], information related to the
financing can affects owners’ decision making or behaviors in the context of construction
projects. From this perspective, this study assumes that owners possess tacit knowledge
associated with project budgets; they know the maximum cost or financial incentive that
can be financed for construction projects. They decide whether to share this knowledge or
withhold it from contractors depending on the selected procurement and contract methods.
For example, in low-bid procurements in conjunction with lump-sum contracts, the owners
choose not to provide contractors with this tacit knowledge. In contrast, in best value
procurements with guaranteed maximum price (GMP) or integrated project delivery (IPD)
contracts, owners may opt to disclose their available project budget with contractors, share
project risks, and use financial incentives to reward quality performance and innovation.
Indeed, the instance in which owners may not have any tacit knowledge associated with the
project budget is excluded from the scope of this study because rational decisions related
to the procurement and contract methods cannot be made in such an instance.

Each decision has its advantages and disadvantages. When owners choose not to
share their tacit knowledge regarding budget by selecting contractors through low-bid
procurement and executing a lump-sum contract in DBB projects, owners are at risk
of receiving a low-quality construction project and receiving change order requests as
opportunistic contractors use change orders as a mean of increasing their individual profits.

To achieve quality construction, owners can select contractors through best value
procurement and also share their tacit knowledge on budget by establishing a GMP in
CM@Risk projects or Estimated Maximum Price (EMP) in IPD contract-based projects and
sharing financial risks with contractors through incentives and disincentives. However,
owners may not fully trust that the contractors will actually become engaged in the best
value procurement with GMP or IPD contracts with full transparency and commitment.

4.2. Contractors’ Tacit Knowledge

According to Hwang [7], contractors mainly have tacit knowledge of pricing and
operational strategies for construction engineering and management and benefit by sharing
the knowledge. In construction projects, the contractors can decide whether to share
this knowledge or withhold it from owners depending on the selected procurement and
contract methods. For example, they are able to identify design or engineering errors or
omission in the bidding phase of DBB projects, understand which construction engineering
methods should be applied for the expected project quality, and estimate prices for the
projects. This study defines this knowledge as tacit knowledge for contractors. Contractors
can share this knowledge with owners by informing them of design or engineering errors
and omissions when bidding on a DBB project. However, opportunistic contractors may
choose not to bring to the owners’ attention design or engineering errors they discover
at the time of bidding in DBB projects with the motivation to increase their individual
profits through change orders after they are awarded the project. In case of the project
using best value procurement with GMP or IPD contracts, contractors can share their tacit
knowledge with owners by engaging in the projects with full transparency and commitment
to sharing knowledge of pricing and operational strategies for construction engineering
and management.

When it comes to making decisions on tacit knowledge sharing, contractors are faced
with two options: (1) to share their knowledge in order to build good relationships with
owners, develop a reputation for high quality work, and/or to gain additional financial
incentives per contract; (2) to pursue opportunistic business practices by not sharing their
tacit knowledge in order to gain additional profits. However, contractors find it challenging
to determine which decision overall would make them better off. Table 2 summarizes the
definitions of owners’ and contractors’ tacit knowledge and their knowledge sharing in
construction projects.
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Table 2. Owners’ and contractors’ tacit knowledge sharing scenarios in construction projects.

Owners Contractors

Tacit knowledge Knowledge associated with financial capability
for the project

Knowledge associated with construction
operational strategy and pricing

Transfer knowledge Best value procurement with GMP or IPD
contracts (risk-sharing and incentives)

• Sharing knowledge on design and engineering
errors and omission in the bidding phase of
the projects in the DBB delivery method

• Engaging in best value procurement with
GMP or IPD contracts with full transparency

Do not transfer knowledge

Low bid procurement with a lump-sum
contract (lowest price, no risk sharing, no
incentives) in the project using the DBB
delivery method

Concealing design and engineering errors in the
bidding phase of the projects in the DBB delivery
method and making change orders in the
construction phase

4.3. Quantifying Value of Owners’ and Contractors’ Tacit Knowledge

This study applies the five dimensions proposed by Loebecke et al. [20] to determine
the value of tacit knowledge in construction projects (Table 3), namely: (1) basic value (ri),
(2) value-added (vai), (3) synergy (S), (4) leveragability (Li), and (5) negative-reverse impact
(nrii).

Table 3. Owners’ and contractors’ tacit knowledge value in construction projects.

Owners Contractors

Basic value (ri)
rO: Fundamental, inherent value of
knowledge associated with
financial capability

rC: Fundamental, inherent
value of knowledge associated
with construction operational
strategy and pricing

Value-added (vai)
vaO: Lowest price resulting from low bid
procurement and risk avoidance through
a lump-sum contract

vaC: Individual profits
resulting from change orders

Synergy (S)
S: Additional value beyond the tangible benefits from the stakeholders’
individual knowledge (e.g., high level of collaboration, fewer disputes and
claims, long-term relationships, reputation in the industry, etc.)

Leveragability (Li)
LO: Fewer change orders, adequate price,
and quality works LC: Incentives or risk sharing

Negative-reverse
impact (nrii)

nrii = vai

The basic value (r) is the basic, inherent value placed on the information [22]. Accord-
ingly, with respect to owners’ tacit knowledge, the basic value (rO) is the fundamental,
inherent value of the knowledge associated with owners’ financial capability. Value-added
(va) means additional value generated when the information is not shared with other
stakeholders [22]. Based on this definition, the value-added dimension of owners (vaO) is
the value generated when owners do not transfer their tacit knowledge. Therefore, it refers
to the profits resulting from the lowest price and risk avoidance through low-bid procure-
ment in conjunction with a lump sum contract. The leveragability (L) refers to the value
increment of the knowledge-receiving party when the party exploits the shared knowledge
on its own beyond the cooperation [20]. Accordingly, the leveragability of owners (LO) is
the value that owners can exploit when contractors transfer their tacit knowledge to them.
It can involve fewer change orders, a reasonable bidding price, and high-quality works
from the contractors.
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These variable determination processes based on the theoretical background from
literature are identically applied to contractors’ tacit knowledge. As for contractors’ tacit
knowledge, the basic value (rC) is the fundamental, inherent value of the knowledge
associated with contractors’ construction operational and pricing strategy. The value-added
(vaC) dimension is the value generated when contractors do not transfer the knowledge
related to the operational strategy and pricing. The value can be denoted as individual
profits resulting from concealing design and engineering errors in the bidding phase of
projects in the DBB delivery method and making change orders in the construction phase.
The leveragability (LC) refers to the potential profits that contractors can make when owners
transfer their tacit knowledge. It involves risk sharing through contingency or incentives
based on their performance.

Both owners and contractors reach synergy (S) when they share their tacit knowledge
with each other. This synergetic value means additional value that co-operation yields
from interdependent knowledge sharing beyond the sum of the stakeholders’ individual
knowledge [20]. For example, in our study, synergy (S) dimension refers to the potential
positive impact on both stakeholders, such as increased collaboration and reduced number
of disputes and claims. Furthermore, other non-financial benefits, such as long-term
relationships between stakeholders and reputation in the industry, can be considered as
synergy dimensions. The negative-reverse impact (nrii) is the negative impact on the
knowledge-sender, when shared knowledge is used by the knowledge receiver against the
knowledge sender [20]. In this tacit knowledge-sharing game, we assume that the value
of the negative-reverse impact (nrii) is equivalent to the value of the value-added (vai)
dimension because the knowledge-sender is negatively affected by losing the value-added
dimension when the knowledge-receiver exploits the shared knowledge.

Applying the above dimensions in Table 3, this study constructs the payoffs matrix
of the tacit knowledge transferring game for construction projects. The matrix indicates
payoffs for each stakeholder when the stakeholder transfers or does not transfer their knowl-
edge based on the other stakeholders’ choice to transfer or not transfer their knowledge.
For example, the matrix consists of four sets of decision profiles from the two stakehold-
ers, and the decision profiles are illustrated as (owner’s decision, contractor’s decision).
Transferring tacit knowledge is denoted as (T) and not transferring tacit knowledge as
(DNT). Subsequently, the set of decision profiles is indicated as (T, T), (T, DNT), (DNT, T),
and (DNT, DNT). In the context of (T, T), the owner can estimate their payoff with the
function below:

Owner’s payoff in the context of (T, T) = rO + rC + S + LO − nriO (2)

Since the contractor transfers their knowledge, the owner has rC and LO while the
owner is affected by nriO because they transfer their knowledge. In addition to these
elements, the owner has the fundamental value of the knowledge (rO) and S led by the
synergistic knowledge transfer. In the same way, the contractor’s payoff can be computed
with the below function:

Contractor’s payoff in the context of (T, T) = rO + rC + S + LC − nriC (3)

In the context of (T, DNT), the owner’s payoff does not involve S or L because the
contractor does not transfer its knowledge. However, the contractor’s payoff contains r
from the owner (rO) and L generated by exploiting the owner’s transferred knowledge (LC).
Furthermore, it includes vaC because the contractor has monopolistic knowledge by not
sharing knowledge with the owner. This approach identically applies to the context of
(DNT, T). Accordingly, the owner’s and contractor’s payoffs in the context of (T, DNT) and
(DNT, T) are computed with these functions:

Owner’s payoff in the context of (T, DNT) = rO − nriO (4)
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Contractor’s payoff in the context of (T, DNT) = rO + rC + vaC + LC (5)

Owner’s payoff in the context of (DNT, T) = rO + rC + vaO + LO (6)

Contractor’s payoff in the context of (DNT, T) = rC − nriC (7)

Finally, in the context of (DNT, DNT), neither stakeholder has L or S. They only have r
of their own knowledge and va resulting from not sharing their knowledge. Consequently,
the owner’s and contractor’s payoffs in the context of (DNT, DNT) are computed with
these functions:

Owner’s payoff in the context of (DNT, DNT) = rO + vaO (8)

Contractor’s payoff in the context of (DNT, DNT) = rC + vaC (9)

All the functions for each payoff are presented in the payoff matrix (Table 4). In Table 5,
the procurement and contract types based on the decisions on sharing tacit knowledge
of owners are allocated in the matrix. In addition, Table 5 shows the different situations
showing the degree of contractors’ collaborations in sharing their tacit knowledge.

Table 4. Payoff matrix of tacit knowledge-transferring game in construction projects.

Contractors

Transfer Tacit Knowledge (T) Do Not Transfer Tacit
Knowledge (DNT)

Owners
Transfer Tacit

Knowledge (T)
(rO + rC + S + LO − nriO),
(rO + rC + S + LC − nriC)

(rO − nriO),
(rO + rC + vaC + LC)

Do Not Transfer Tacit
Knowledge (DNT)

(rO + rC + vaO + LO),
(rC − nriC)

(rO + vaO),
(rC + vaC)

Table 5. An Owner’s and contractor’s tacit knowledge sharing and collaboration scenarios in the
context of different procurement and contract types.

Contractors

T DNT

Owners

T

Best Value Procurement with GMP or
IPD Contracts
Owners:

• Risk-sharing and incentives

Contractors:

• Collaborative mindset and
behavior, full transparency

Best Value Procurement with GMP or
IPD Contracts
Owners:

• Risk-sharing and incentives

Contractors:

• Opportunistic mindset and
behavior

DNT

Low bid procurement with lump-sum
contract
Owners:

• No risk sharing, no incentives

Contractors:

• Sharing knowledge on design
and engineering errors and
omission in bidding phase of
the project using the DBB
delivery method

Low bid procurement with lump-sum
contract
Owners:

• No risk sharing, no incentives

Contractors:

• Concealing design and
engineering errors in the
bidding phase of the project
using the DBB delivery method
and making change orders in
the construction phase
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5. Game-Theoretical Analysis of Potential Scenarios in Construction Projects

In this section, the tacit knowledge dimensions in the above payoff matrix are encoded
with numerical values and the matrix is analyzed with the two game-theoretical approaches
using the Nash equilibrium and Pareto optimality. The Nash equilibrium determines the
most risk-safe and optimal decision pair for both stakeholders. Both stakeholders assess
their decision payoffs while considering different scenarios resulting from the other stake-
holder’s decision and choose the most risk-safe option. The Nash equilibrium state may not
provide maximized payoffs to the stakeholders. In some circumstances, it provides better
payoffs when both stakeholders trust each other and deviate from the Nash equilibrium.
To capture these circumstances, we use the Pareto optimality approach. Pareto optimality
shows whether a decision generates maximized payoffs. If the Pareto optimal decision gen-
erates better payoffs for both stakeholders than the decisions in the Nash equilibrium, the
stakeholders should trust each other and deviate from the decisions to the Pareto optimality.
As a result, by combining these two approaches, the stakeholders are able to comprehend
which decision is optimal in obtaining the best payoffs of the knowledge transfer.

This paper provides an example to illustrate the proposed framework’s benefits and
the ways in which the methodology can be used. The hypothetical project scenarios used in
the example encompass project complexity, because the dimension variables involving vai,
Li, and S are affected by the perceived project risk and difficulty as by-products of project
complexity. Based on the scenarios, the values of the dimensions in the framework are
numerically estimated using a 5-point Likert scale. For this scale, 1 represents “very low”
and 5 represents “very high.” Consequently, the payoff matrix is computed and analyzed
with game-theoretical approaches. Given the matrix and analysis, the optimal decision on
whether to share tacit knowledge is identified in each scenario.

5.1. Example: Large and Complex Projects with High Risk

The hypothetical project scenarios are developed based on the characteristics of large
and complex projects, also referred to as construction megaprojects. The primary character-
istics involve high cost, high complexity, and uncertainty that are revealed by the study of
Fiori and Kovaka [28]. This type of projects is emerging nowadays because the complexity
of project scopes and environments are increasing [28–30]. Construction projects for high-
rise commercial buildings, airports, hospitals, and industrial projects can be examples of
this project type.

Given the high cost, complexity, and uncertainty involved in executing this type
of complex project, it is our assumption that a high level of construction knowledge or
skill is needed to tackle the challenges in these projects. Accordingly, the contractors
have considerable knowledge regarding construction work and pricing, which owners
may not have. In addition, these projects may also experience many change orders and
claims during the construction phase due to the complexity and uncertainty involved.
Accordingly, we also assume the primary characteristics of this type of complex project
are closely related to determining the value-added dimension of owners (vaO) and of
contractors (vaC). The value-added dimension of owners (vaO) is the value generated when
owners do not transfer their tacit knowledge. Therefore, it refers to the profits resulting
from the lowest price and risk avoidance through low-bid procurement in conjunction
with a lump sum contract. The value-added (vaC) dimension is the value generated when
contractors do not transfer the knowledge related to the operational strategy and pricing.
The value can be denoted as individual profits resulting from concealing design and
engineering errors in the bidding phase of the projects in the DBB delivery method and
making change orders in the construction phase.

5.1.1. Low Bid Procurement with a Lump-Sum Contract in the DBB Project Delivery Method

In projects using low bid procurement, owners expect perfect plans and specifications
from contractors for keeping construction costs within the agreed amount or minimizing
cost increases [31]. In addition, a lump-sum contract method requires contractors to
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complete the project for a fixed price and take the risk of cost overrun [32]. Accordingly,
when the project applies low-bid procurement in conjunction with a lump-sum contract,
the owners do not share their tacit knowledge about available budget. It enables the owners
to have value-added (vaO) knowledge led by the lowest price and risk avoidance. Given
the hypothetical case, projects are large and complex with high risk and difficulty, and the
impact of the vaO will be very substantial.

On the other hand, if contractors do not share their tacit knowledge about design
errors and omission during bidding phase, they can have value-added (vaC) knowledge
about design errors and omissions and submit change orders after the award of contract.
This situation is observed by several studies [33–35] illustrating that projects using low bid
procurement have many change orders, claims, and disputes. The impact of vaC will also
be very significant due to the size and complexity of the case projects.

Subsequently, we can define vaO and vaC = 5 (very high), which means the negative-
reverse impact (nrii) = 5 because the value of nrii is equivalent to the value of vai according
to Table 3. When contractors share their knowledge (e.g., potential design errors and
omissions discovered during bidding), owners can leverage the knowledge to prevent
unnecessary change orders, which gives the owners slightly high or very high leveragability
(LO). In a DBB project, because owners do not share their tacit knowledge about budget,
the contractors are not able to obtain knowledge leveragability (LC).

5.1.2. Best Value Procurement with GMP or IPD Contracts

In projects using best value procurement, owners expect to pay for higher bid price
than projects using low bid procurement, aiming to acquire a higher qualified contractor
who can deliver better construction quality and cost performance during the construction
phase [36–38]. In addition, a GMP contract allows contractors to establish a maximum
price within which the project should be completed [39]. The cost savings resulting from
the project completion within the maximum price can be shared between the owner and
the contractor on a mutually agreed upon ratio [39–41]. An IPD contract enables all the
stakeholders, including architect, owner, and contractors, to be responsible for project costs
by having them share risks and rewards from the project [42,43]. Accordingly, applying
best value procurement with GMP or IPD contracts means the owners share their tacit
knowledge about available budget, thus not having value-added (vaO) knowledge.

In contrast, in projects where contractors do not share their tacit knowledge, they
can have value-added (vaC) knowledge by potentially submitting higher bid prices with
overengineering or creating change orders for increasing contractors’ individual profits.
Considering the size and complexity of the case projects, the impact of vaC will be also
very significant; thus, we can define vaC = 5 (very high). However, these opportunistic
behaviors may lead to project failure, increasing project costs and causing project delays.
This assumption is supported by the study of Marinelli and Antoniou [44] which demon-
strated successful delivery of the best value project depends on high competition among
competent contractors, improving the cost efficiency of technical solutions, discouraging
future scope changes, and establishing objectivity, fairness, and transparency in the process
of contract award.

In addition, contractors benefit from slightly high or very high leveragability (LC); for
example, in IPD projects, contractors can leverage the target budget knowledge shared by
the owner to increase their profits through performance-based incentives and shared IPD
contingency. Accordingly, we can define: LC = 4 (slightly high) or 5 (very high). In addition,
if contractors share their tacit knowledge, owners can leverage the knowledge to obtain
quality works at a reasonable cost with minimum waste and change orders, which gives
the owners slightly high or very high leveragability (LO).

5.1.3. Commonly Applied Values: Synergy and Basic Value

We assume that collaboration, disputes, and claims have impacts due to the high risk
and difficulty of a project type. Especially, collaboration can have many positive effects on
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the performance of the case project. According to Eriksson and Westerberg [45], when a
construction project is challenging due to its size, complexity, and uncertainty, cooperative
procurement procedures among the project stakeholders and the project performance have
a highly positive relationship. Therefore, we can define S = 4 (slightly high) or 5 (very high)
in the case project, which is a large and complex project.

Finally, basic value (ri) is the fundamental, inherent value of knowledge itself. Accord-
ingly, we assume the basic value of the knowledge from both stakeholders (ri) is very low
because the knowledge in this setting has value only when the stakeholders interact with
each other. Therefore, we can define: ri = 1 (very low). These values are commonly applied
to all the decisions of owners and contractors.

5.2. Four Potential Scenarios

Given these numerical values for each dimension, we have developed four differ-
ent scenarios:

(1) Scenario 1: vai = 5 (nrii = 5), ri = 1, and Li = 4 when S = 4 or 5
(2) Scenario 2: vai = 5 (nrii = 5), ri = 1, and Li = 5 when S = 4 or 5
(3) Scenario 3: vai = 5 (nrii = 5), ri = 1, and LO = 5 > LC = 4 when S = 4 or 5
(4) Scenario 4: vai = 5 (nrii = 5), ri = 1, and LO = 4 < LC = 5 when S = 4 or 5

5.2.1. Scenario 1: An Owner’s and Contractor’s Leveragability of Shared Knowledge (Li) Is
Slightly High

In Scenario 1, the owner’s and contractor’s leveragability of shared knowledge (L) is
determined as slightly high (Li = 4). In addition, the synergy (S) is determined as either
slightly high (S = 4), which is Scenario 1-1, or very high (S = 5), which is Scenario 1-2.
Table 6 indicates the payoff matrix of Scenario 1. The payoffs in the table are calculated
with the functions provided in Table 4. Figure 1 illustrates the Nash equilibrium points and
Pareto frontier of the strategy pairs in Scenario 1. The Pareto frontier is a line consisting of
Pareto optimal points.

Table 6. Payoff matrix of Scenario 1.

ri = 1, vai = 5, nrii = 5 and Li = 4
Contractor

T DNT

Scenario 1-1 S = 4 Owner
T (5, 5) (−4, 11)

DNT (11, −4) * (6, 6)

Scenario 1-2 S = 5 Owner
T (6, 6) (−4, 11)

DNT (11, −4) * (6, 6)
* Nash equilibrium.

Figure 1. Nash equilibrium and Pareto frontier in Scenario 1.

In Scenario 1-1 and 1-2, the strategy pair (DNT, DNT) is in both Nash equilibrium
and Pareto optimality, providing both stakeholders with the maximized payoffs in the
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most risk-safe state. This means that owners and contractors can maximize their payoffs
in the most risk-safe state when they do not transfer their tacit knowledge to each other.
Accordingly, when the owner’s and contractor’s leveragability of shared knowledge (L)
is estimated as slightly high (Li = 4), which means the knowledge-receiving party can
slightly increase its decision payoffs by exploiting the shared knowledge for its own benefit
beyond the cooperation, it is the optimal decision for the owner to not transfer knowledge
by choosing low bid procurement with a lump-sum contract. From the perspective of the
contractor, it is the optimal decision that the contractor does not transfer knowledge by
concealing design and engineering errors in the bidding phase of DBB and making change
orders in the construction phase to make additional profit. However, Figure 1 also shows
that the payoffs of (T, T) increase when S is enhanced from slightly high (S = 4) to very
high (S = 5). Subsequently, both (T, T) and (DNT, DNT) are in Nash equilibrium and Pareto
optimality in Scenario 1-2 where synergy is very high. This means that the owner and
contractor are also able to obtain the maximized payoffs by sharing their tacit knowledge
in a GMP or IPD contract when they trust each other in high synergistic collaboration.
The result implies that the owner and the contractor in the GMP or IPD contract-based
projects should be collaborative by being transparent in order to maximize their payoffs in
the projects.

5.2.2. Scenario 2: An Owner’s and Contractor’s Leveragability of Shared Knowledge (Li) Is
Very High

In Scenario 2, the owner’s and contractor’s leveragability of shared knowledge (L)
is determined as relatively higher than the L in Scenario 1, which means Li is very high
(Li = 5). In addition, the synergy (S) is determined as either slightly high (S = 4), which
is Scenario 2-1, or very high (S = 5), which is Scenario 2-2. Table 7 indicates the payoff
matrix of Scenario 2. The payoffs are calculated with the functions provided in Table 4.
Figure 2 illustrates the Nash equilibrium points and Pareto frontier of the strategy pairs in
Scenario 2.

Table 7. Payoff matrix of Scenario 2.

ri = 1, vai = 5, nrii = 5 and Li = 5
Contractor

T DNT

Scenario 2-1 S = 4 Owner
T (6, 6) (−4, 12)

DNT (12, −4) * (6, 6)

Scenario 2-2 S = 5 Owner
T (7, 7) (−4, 12)

DNT (12, −4) * (6, 6)
* Nash equilibrium.

Figure 2. Nash equilibrium and Pareto frontier in Scenario 2.

In Scenario 2-1, (DNT, DNT) is in Nash equilibrium point and Pareto optimality, and
(T, T) is in Pareto optimality. It means both decision pairs provide maximized payoffs to the
stakeholders. However, it also implies that even though (T, T) can also provide maximized
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payoffs, the stakeholders may have a preference to go with (DNT, DNT) because it is in the
Nash equilibrium state. In Scenario 2-2 in which S is enhanced from slightly high (S = 4) to
very high (S = 5), (DNT, DNT) is still in the Nash equilibrium point because the change in
S is not able to impact the owner’s and contractor’s decisions on Nash equilibrium. For
example, when the contractor’s decision is T or DNT, the owner will choose DNT because
the owner’s payoff from DNT is greater than the payoff from T. This decision process is
identically applied to the contractor when the owner’s decision is T or DNT. Accordingly,
the Nash equilibrium point will be (DNT, DNT) in Scenario 2-2. However, the difference
from Scenario 2-1 is that both stakeholders can obtain better payoffs by deviating from
the Nash equilibrium point (DNT, DNT) to the Pareto optimal point (T, T). Thus, if the
owner’s and contractor’s leveragability of shared knowledge (L) is very high (Li = 5), both
stakeholders can obtain the higher payoffs by sharing their tacit knowledge in the best
value procurement with GMP or IPD contracts in high synergistic collaboration (S = 5).

5.2.3. Scenario 3: An Owner’s Leveragability of Shared Knowledge Is Higher than a
Contractor’s Leveragability of Shared Knowledge

In Scenario 3, the owner’s leveragability of shared knowledge (LO) is relatively higher
than the contractor’s leveragability of shared knowledge (LC). In addition, the synergy
(S) is determined as either slightly high (S = 4), which is Scenario 3-1, or very high (S = 5),
which is Scenario 3-2. Table 8 indicates the payoff matrix of Scenario 3. The payoffs are
calculated with the functions provided in Table 4. Figure 3 illustrates the Nash equilibrium
points and Pareto frontier of the strategy pairs in Scenario 3.

Table 8. Payoff matrix of Scenario 3.

ri = 1, vai = 5, nrii = 5 and LO = 5 > LC = 4
Contractor

T DNT

Scenario 3-1 S = 4 Owner
T (6, 5) (−4, 11)

DNT (12, −4) * (6, 6)

Scenario 3-2 S = 5 Owner
T (7, 6) (−4, 11)

DNT (12, −4) * (6, 6)
* Nash equilibrium.

Figure 3. Nash equilibrium and Pareto frontier in Scenario 3.

As with Scenario 2, (DNT, DNT) is in the Nash equilibrium in both Scenario 3-1 and
3-2. However, unlike Scenario 2-1, (T, T) is not in the Pareto optimality in Scenario 3-1, in
which the synergy is slightly high (S = 4). Accordingly, in Scenario 3-1, both stakeholders do
not deviate from the Nash equilibrium point (DNT, DNT) to the (T, T). However, in Scenario
3-2, in which S is enhanced from slightly high (S = 4) to very high (S = 5), owners can obtain
better payoffs by deviating from the Nash equilibrium point (DNT, DNT) to the Pareto
optimal point (T, T). In this setting, contractors’ payoffs do not increase. Consequently,
when LO is higher than LC, the owner should persuade the contractor to become engaged in
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the project with full transparency in the best value procurement with GMP or IPD contracts
so as to increase their payoffs. Incentives can be used to encourage contractors to engage in
collaborative and transparent interactions with the owner, which can ultimately increase
both stakeholders’ payoffs.

5.2.4. Scenario 4: A Contractor’s Leveragability of Shared Knowledge Is Higher than an
Owner’s Leveragability of Shared Knowledge

On the other hand, Scenario 4, in which LO is slightly high and LC is very high, shows
different results. Table 9 indicates the payoff matrix of Scenario 4. The payoffs are calculated
with the functions provided in Table 4. Figure 4 illustrates the Nash equilibrium points and
Pareto frontier of the strategy pairs in Scenario 4.

Table 9. Payoff matrix of Scenario 3.

ri = 1, vai = 5, nrii = 5 and LO = 4 < LC = 5
Contractors

T DNT

Scenario 4-1 S = 4 Owner
T (5, 6) (−4, 12)

DNT (11, −4) * (6, 6)

Scenario 4-2 S = 5 Owner
T (6, 7) (−4, 12)

DNT (11, −4) * (6, 6)
* Nash equilibrium.

Figure 4. Nash equilibrium and Pareto frontier in Scenario 4.

Figure 4 illustrates that (DNT, DNT) is in the Nash equilibrium in Scenario 4-1 and 4-2.
The Nash equilibrium (DNT, DNT) is also in the Pareto optimality in Scenario 4-1, in which
the synergy is slightly high (S = 4). However, in Scenario 4-2 in which S is enhanced from
slightly high (S = 4) to very high (S = 5), the Nash equilibrium point (DNT, DNT) is not
in the Pareto optimality. In this setting, contractors can obtain better payoffs by deviating
from the Nash equilibrium point (DNT, DNT) to the Pareto optimal point (T, T). In contrast,
the owner’s payoffs do not increase when the decision pair deviate from (DNT, DNT) to (T,
T). Consequently, when LC is higher than LO, the contractor should persuade the owner to
transfer their tacit knowledge in the best value procurement with GMP or IPD contracts so
as to increase their payoffs.

6. Discussion

The analysis of the scenarios demonstrates that in complex construction projects
involving high risk, the strategy pair (DNT, DNT) provides owners and contractors with
a Nash equilibrium state in which they can have the optimal payoffs regardless of an
opposing stakeholder’s decision in deciding whether or not to transfer their tacit knowledge.
The (DNT, DNT) also generates the maximized payoffs for both stakeholders when the
synergy between stakeholders is slightly high (S = 4) compared to the scenarios in which
S is very high (S = 5). When the synergy is relatively low, owners may choose not to
share their tacit knowledge by using low-bid procurement with a lump-sum contract, and
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contractors may not share their tacit knowledge by not disclosing design and engineering
errors that they discover at the time of biding in DBB project cases.

The analysis of scenarios also revealed that the owner and contractors should deviate
from the (DNT, DNT) strategy pair to the (T, T) strategy pair in order to increase their
payoffs when LO and LC are very high, and S is enhanced from slightly high to very high.
Because the Nash equilibrium (DNT, DNT) lies beneath the Pareto frontier, the strategy pair
(T, T) can provide better payoffs to both stakeholders than the strategy pair (DNT, DNT). In
this case, stakeholders are better off to trust each other and share their tacit knowledge in
order to obtain better payoffs, which means owners would leverage best value procurement
with GMP or IPD contracts, and contractors become engaged more collaboratively in the
project with full transparency.

The analysis also demonstrates that if the L of one stakeholder is estimated as higher
than the L of an opposing stakeholder, the stakeholder whose L is larger than the opposing
stakeholder’s L can generate better payoffs without decreasing the opposing stakeholder’s
payoff by deviating from the Nash equilibrium state (DNT, DNT) to the strategy pair (T,
T). Thus, in this case, the stakeholder whose L is larger than the opposing stakeholder’s
L, would seek cooperation and knowledge sharing from the opposing stakeholder in best
value procurement with GMP or IPD contracts to enhance the synergy and thus increase
the payoffs. The increased payoffs may be shared to persuade the opposing stakeholders.
The optimal decisions for each scenario in large and complex projects are summarized in
Table 10.

Table 10. Optimal decisions for each scenario in large and complex projects.

Scenarios Scenario 1:
Li = 4

Scenario 2:
Li = 5

Scenario 3:
LO > LC

Scenario 4:
LC > LO

Synergy is slightly high (S = 4) (DNT, DNT) (T, T) or
(DNT, DNT) (DNT, DNT) (DNT, DNT)

Synergy is very high (S = 5) (T, T) or
(DNT, DNT) (T, T) (T, T)—better payoffs

for owners
(T, T)—better payoffs

for contractors

Please note that the developed scenarios and their associated insights and conclusions
are limited by the definition of the dimensions used to quantify the value of tacit knowledge
and project characteristic-based assumptions. Changes in the definition, the assumptions,
or the values measured may significantly affect the conclusions or insights generated from
the framework. Accordingly, when the framework is applied to real construction projects,
the owners and contractors should confirm whether the definitions of the dimensions for
quantifying tacit knowledge values capture all aspects of the tacit knowledge associated
with their project. In addition, when they measure the value of tacit knowledge in their
project, they should consider the project characteristics that can impact the measurement.
Nevertheless, the proposed framework can serve as a guideline that enables owners and
contractors to measure the values of tacit knowledge and analyze the results of sharing or
not sharing tacit knowledge in their own projects.

7. Conclusions

Sharing tacit knowledge among construction stakeholders heavily impacts construc-
tion project performance. Accordingly, many studies have defined tacit knowledge in
construction projects and investigated how to capture it and how to facilitate the transfer of
it across the construction supply chain. Despite the valuable findings from previous studies,
the studies were limited to tacit knowledge sharing at the construction phase that can be
used to improve construction productivity or efficiency. In addition, most of these studies
have focused on tacit knowledge management and sharing in project teams involving
individuals, such as architects, engineers, and contractors.
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However, tacit knowledge sharing between owners and contractors is also critical for
successful construction projects. Owners have tacit knowledge on the maximum budget
that can be financed for construction projects. Contractors have tacit knowledge related to
construction operational strategies and pricing. Sharing this knowledge is closely associated
with the owners’ decisions on procurement and contract types and contractors’ decisions
on their level of collaboration or transparency. Collaboration and knowledge sharing could
lead to successful projects and higher profits for both stakeholders if procurement and
incentives are set appropriately. Nevertheless, the definitions of owners’ and contractors’
tacit knowledge, the impact of sharing the knowledge on both stakeholders, and how the
decision on whether to share the knowledge can be made, have not yet been studied.

This research proposes a quantitative framework to examine the dynamics of tacit
knowledge sharing between owners and contractors in construction projects. The frame-
work defines the tacit knowledge of owners and contractors and quantifies its value using
the five dimensions: basic value, value-added associated with monopolistic knowledge,
synergy, leveragability, and negative-reverse impact. The framework subsequently com-
putes the payoff matrix of sharing tacit knowledge and analyzes the payoffs based on
game-theoretical approaches using the Nash equilibrium and Pareto optimality. The Nash
equilibrium offers the most risk-safe decision where a stakeholder can generate the optimal
payoff regardless of the decision adopted by the opposing stakeholder; however, this state
of equilibrium does not always maximize the payoffs for both stakeholders. Accordingly,
the proposed framework also involves the examination of the Pareto optimality to generate
maximized payoffs, enabling stakeholders to determine when to deviate from the Nash
equilibrium state to achieve optimal payoffs. Hence, the proposed framework assists own-
ers in identifying the optimal procurement and contract methods for achieving excellent
project quality at a reasonable cost, given their assessment of project complexity, knowledge
sharing leveragability, and synergy with contractors. Further, it helps contractors to deter-
mine when being collaborative and committed to knowledge sharing is most advantageous
to them.

Additionally, this research validates the effectiveness of the proposed framework by
a series of simulations using hypothetical scenarios of a mega construction project. The
simulations illustrate the process of how the framework identifies the best decisions of
owners and contractors in determining procurement and contract methods, as well as
being collaborative in the projects. It also demonstrates that when owners’ and contrac-
tors’ knowledge leveragability (L) is very high and synergy (S) is enhanced as a result of
knowledge sharing in mega construction projects, the Nash equilibrium state lies beneath
the Pareto frontier. This means that sharing tacit knowledge transparently about budget
by choosing the best value procurement with GMP or IPD contracts can promote collab-
oration and provide better payoffs to both stakeholders than not sharing the knowledge
by choosing design–bid–build method using a low-bid procurement in conjunction with a
fixed-price contract.

This research contributes to the body of knowledge by proposing a theoretical frame-
work that enables both owners and contractors to understand the economics of collabora-
tion in the context of complex projects. Through the framework the owners would identify
the optimal procurement and contract methods for complex projects where enhanced col-
laboration is needed and understand how that would incentivize and trigger contractors’
collaborative behavior. The framework also enables contractors to determine the economic
payoffs from their collaborative actions in a project-specific context.

Despite these valuable contributions, this study has some limitations. First, we limited
the scope of an owner’s tacit knowledge to the financial knowledge that directly impacts
decisions pertaining to procurement and contract methods. Thus, the authors recommend
that future research investigate other types of tacit knowledge and examine the impact
of them on the collaboration between owners and contractors. Second, the proposed
framework is implemented in the theoretical case scenarios limited to large and complex
projects with high risks. Future research could examine other scenarios of construction
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projects, which are not complex, and compare the results with the complex projects. This
analysis will deepen the understanding of the relationship between project complexity and
tacit knowledge transfer. In addition, the scenarios in the example section were developed
for a given procurement and contract type, and did not include other alternatives, such as
Design-Build or CM@Risk delivery methods and a Cost-Plus contract. Accordingly, this
study recommends future research address the potential of other types of delivery methods
and contracts in affecting tacit knowledge sharing dynamics. This paper will serve as a
foundation for these future studies.
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