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Abstract 

Knowledge Heterogeneity is the source of Knowledge Collaboration in Enterprise 

while the Virtual Practice Community constructed with Web 2.0 technology is a very 

important way to gain heterogeneous knowledge. Active Cross-border Innovation makes 

the virtual practice community to be heterogeneous knowledge preference nowadays. 

However, the appropriate degree of knowledge heterogeneity that can excite the 

community to be synergy equilibrium is difficult to seek. This paper studies on the 

signaling game analysis of knowledge heterogeneity in Virtual Practice Community based 

on two-period reputation model. We mainly analyze the lower bound of optimal interval 

of knowledge heterogeneity to reveal the management meaning of this optimal interval. 
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1. Introduction 

With the rapid progress of Web 2.0 technology recently, many companies have built 

their virtual practice communities (VPC) based on Internet. For example, Procter 

&Gamble launched the Connect+Develop program which allows inside R&D employees 

to innovate with outside cooperators including research institutions, customers, suppliers, 

individuals and even competitors. Up to 2006, 35% of P&G products have innovative 

ingredients outside the company. R&D productivity has increased by nearly 60%, and 

innovation success rate increased by more than two times, while innovation costs 

decreased by 20%. 

The virtual community of practice is a kind of virtual communication platform, which is 

across time and space, free and open. Community members cooperate to realize knowledge 

innovation through information exchange and knowledge collaboration, in the process of 

influencing each other and encouraging each other [1]. The digitalization and non-friction 

attributes of VPC reduces the cost of knowledge management substantially. Virtual 

communities of practice enable enterprise not only to facilitate development and internal 

knowledge sharing, but also to guide employees, customers, suppliers and others involved 

in the problem solving process so as to obtain more heterogeneity of external knowledge. 

External knowledge is beneficial to improve the heterogeneity of enterprise knowledge 

resources which is conducive to innovation, while excessive heterogeneity will adversely 

affect the innovation performance [2]. It has been revealed that the relationship between 

knowledge heterogeneity and innovation performance appears as inverted U curve, and 

there is an optimal" range of knowledge heterogeneity. However, the discussion of optimal 

range has been limited to qualitative inferences; there is no quantitative research on the 

upper and lower bounds or the optimal value of that range. Under this circumstance, it is 
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very essential to pay more attention to measure the relationship between heterogeneity 

degree of enterprise knowledge resource and knowledge collaboration performance 

directly for theory research and enterprise practice (Krishnaveni & Sujatha, 2012). In this 

paper, the two stage reputation model is used to analyze the signal game, to find the lower 

limit of the optimal range of knowledge heterogeneity. 

 

2. The Knowledge Cooperation Game Model in VPC 

The knowledge collaboration process based on heterogeneous knowledge is actually a 

series of complex activities of knowledge search decisions, while each decision making 

depends on the cost and profit tradeoff. Community members' will gain  reputation and 

knowledge spillover effect based on trust and mutual benefit in knowledge search, while 

they need to pay the cost of knowledge transformation, signal recognition and processing, 

individual information loss and so on. When the search cost is too high, the knowledge 

searching process will stop. Therefore, the information searching theory and reputation 

model can be used to study the boundary problem of knowledge searching, that is, what 

degree of the knowledge heterogeneity can bring more effectiveness to push the decision of 

knowledge searching, which is the problem of the lower limit value of the optimal range of 

knowledge heterogeneity. 

 

2.1.The Relationship between Knowledge Heterogeneity and Innovation 

Performance 

Currently, there are many definitions of Knowledge Heterogeneity. For example, in the 

field of marketing, Bonne and Walker [3] consider that customer knowledge heterogeneity 

refers to the differentiation degree of product information obtained by the influential 

customers about the technology, market, strategy and the social effect. In the strategic area, 

Rodan and Galunic [4] define knowledge heterogeneity as the diversity degree of 

knowledge, know-how and skills that are available to the individual. In the field of 

technological innovation, Argyres [5] believes that the heterogeneity of technical 

knowledge is a measure of the narrow or wide range of internal technology development. 

In literatures at home and abroad, there are some concepts which are related with or similar 

to Knowledge Heterogeneity, such as Knowledge Diversity or Knowledge Variability [4], 

Technological Diversity [6], Cognitive Distance and so on. 

The influence of knowledge heterogeneity on the growth and development of 

enterprises is the core issue in this field. Most scholars believe that the degree of 

knowledge heterogeneity will affect the knowledge innovation performance of enterprises, 

the relationship between them can be described as an inverted U-shaped (non-linear 

function) [6-8], which means that, with highly heterogeneous knowledge, enterprises have 

more opportunities to contact with external heterogeneous knowledge which is beneficial 

to knowledge innovation; but when the management cost of coordination and 

communication overcomes the benefit from heterogeneous knowledge, the total 

performance will decrease (as shown in Figure 1). In China, there are also many scholars 

who have studied this relationship, such as Ye [9], Ni [10], Wu [11], Xu [12] and 

Wang[13], etc. 
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Figure 1. Relationship between Knowledge Heterogeneity and Knowledge 
Innovation Performance 

2.2.The Game Analysis of Knowledge Cooperation in Practical Communities 

Although it can be used to facilitate the business VPC to pursuit heterogeneous 

knowledge, Web 2.0 is only a technique. Whether the members in VPC are willing to 

participate in knowledge sharing and collaboration depends on personal consideration of 

knowledge as competitive resource. There are many factors influencing the knowledge 

sharing and collaboration decision, which mainly include personal preferences, group 

identity, and sense of honor, altruism and personal needs [14]. Other factors also include 

community organization environment, relation network establishment, reputation increase 

and expected income [15], etc. According to Rational behavior theory, individuals make 

decisions to maximize their utilities, the decision making process is a kind of game among 

the knowledge subjects. Through the analysis of the static and dynamic game of the tacit 

knowledge sharing in the virtual community, Zhang et. al., [16] proposes enhancing the 

ease of use, fulfilling the commitment, cultivating trust and other strategies can promote 

knowledge sharing. Sun [17] established an evolutionary game model of knowledge 

sharing within Web 2.0 environment, and the analysis shows that the sense of self-efficacy, 

material incentive, knowledge sharing cost, the loss after knowledge sharing, cost of 

searching and matching are factors that influence the strategy selection in knowledge 

sharing. 

Social exchange theory thinks the innovation participants tend to participate in 

knowledge contribution, information providing, program improvement, questions reply for 

members of the community etc., only based on their expectations on non-monetary or 

future earnings [28]. Only when the expected benefits are greater than costs, the knowledge 

contribution behavior is possible. Benefits include self-efficacy, pleasant feeling from 

altruism, organizational reward, reputation and possible reciprocity, while costs include 

compilation and interpretation cost of individual knowledge contribution [18]. Under the 

network environment, the enterprise knowledge innovation is embedded in the complex 

social network, the cooperative innovation and knowledge sharing is a part that cannot be 

neglected. Knowledge spillover effect increases the overall effectiveness of the community, 

which not only affects the cooperating intentions of community members, but also affects 

the knowledge collaboration mode and path selection [19]. 

 

2.3. Reputation Model of Knowledge Cooperation Game 

Based on rational behavior theory and social exchange theory, VPC knowledge 

sharing/collaboration are heterogeneous knowledge exchange game behaviors in which 

reputation plays a significant role. The reputation of the previous stage often affects the 

utilities or profits gained in the next stage and later stage. Better reputation in present stage 

often means more utilities in the future. Therefore, some type of participants may pretend 

to be another type of participants to build reputation and obtain higher utility, and then they 

will take advantage of this reputation at the end of the game. However, it certainly needs 

cost to establish reputation, so it’s a trade-off. Kreps et. al., [20] introduced incomplete 

information theory into repeated game，and established the famous KMRW reputation 

model which solved the paradox of limited repeated game. Since then, the reputation 

model has been used to study the government governance [21-22], market negotiations [23] 

and other areas of the game problem. However, there are two limitations for traditional 

reputation models like KMRW model. Firstly, they are generally used to consider the 

repeated game which is static in a single stage, and don’t consider the incomplete repeated 

game which means the decision (non-posterior inference) will influence the utility function 

of the next stage, but if the participants don’t take positive action in the next stage, this 

effect will disappear. Secondly, they assume that the both sides in a game will act at the 



International Journal of u- and e- Service, Science and Technology 

Vol. 9, No. 12 (2016)   

 

 

100                                                                                                           Copyright ⓒ 2016 SERSC 

same time in a single stage, without considering the dynamic game in a single stage, such 

as signal game situation. While in reality, these two kinds of situations are more common. 

For example, the game of knowledge cooperation in the community has characteristics of 

incomplete repeated game and single stage dynamic game. Xiao & Sheng [24] established 

a two stage reputation model based on KMRW and signaling game (the first stage of 

signaling games), which provides helpful reference to the analysis in this paper. 

 

3. The Cooperation Game Analysis in VPC based on Heterogeneous 

Knowledge Exchange 

Suppose that there are two participants with a certain degree of knowledge 

heterogeneity in a VPC, which can be described as s (seeker) and p (provider). The optimal 

signal for separation equilibrium will be studied through the analysis of two-stage game of 

knowledge cooperation in the community; the optimal signal is the threshold of knowledge 

heterogeneity. Multi stage case can be regarded as the two stage game. 

 

3.1.Basic Assumptions 

The knowledge collaboration in VPC is a proper connection between the problem-

driven knowledge seeker and provider [25], and the knowledge heterogeneity is a 

prerequisite for the collaboration. That is to say, it is a heterogeneous knowledge seeking 

process when the knowledge seeker presents questions to pursue solutions and cooperation. 

When the provider participates in the question solving process according to his 

understanding of the problem and his knowledge resources, a knowledge innovation 

process comes into being. In this process, there are certain degrees of heterogeneity 

between knowledge of the question, the answer to the question and the overall knowledge 

of the whole community, so the interactive question-answering process is just a process of 

knowledge collaboration and value appreciation. 

Based on the theoretical analyses above, this paper proposes the following assumptions: 

1) There are two kinds of participants in the VPC, which are the knowledge seeker and 

provider. There are certain degree of knowledge heterogeneity among each participant, the 

participants and the whole community. Knowledge heterogeneity is private information, 

other people can only predict the knowledge heterogeneity through observation of 

transmission of signals, knowledge collaboration results, and so on. 

2) In a certain range, the higher the knowledge heterogeneity and the higher the cost of 

the problem describing and the knowledge processing, the greater value of knowledge 

innovation gains. 

3) Each participant has a motivation to establish a reputation. Participants with low 

knowledge heterogeneity, due to the limitation of value-added space, have the possibility 

of using the reputation. Participants with high knowledge heterogeneity have lower 

possibility of reputation using. 

4) The knowledge seeker sends the signal of knowledge collaboration, and the 

knowledge provider determines his knowledge heterogeneity, makes a decision to act 

according to the signal. 

5) Sending a signal and  providing the knowledge both need cost and bring negative 

effects, which include not only the direct costs of signal generation, knowledge process and 

others, but also the value decrease of private information disclosure. 

 

3.2.Model Overview 

In the first stage, knowledge seeker designated s has private information, and can be 

divided into two types, ),( HLt  ; L means low degree of knowledge heterogeneity, and H 

means high degree of knowledge heterogeneity. Suppose that knowledge seeker s hasn’t 

established a reputation or is the first time to participate in the practice community in the 
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first stage, so it is uncertain of s is L or H for the community in this time. But to get higher 

heterogeneous knowledge in communities of practice, s usually act first and send 

knowledge collaboration signal which has heterogeneity of 1 ( 01 1   ). Before sending 

signals, s has predicted the action of knowledge provider will take. The knowledge 

provider p will infer the types of s while receiving the signal, and take action 01 q  

depending on the inference. In the first stage, the utility function of s is assumed as [24]: 

11

2

1111111 )(),,(  etbqaqtU                                                                                     (1) 

In which 1a >0, and the first item on the right side denotes the positive utility of 

knowledge seeker s get while knowledge providers p taking action 1q . The bigger 1q  is, 

the bigger positive utility for s will be. 1e >0， )(1 tb >0, the second and third items denote 

the negative utility of s brought by sending signal, namely, the signaling cost. The bigger 

the signal is, the greater the negative utility will be. The negative utility of the transmission 

signal of L type is larger than the negative utility of type H. 

In the first stage, the utility function of knowledge provider p is 

2

111111 )(),,( dqqtcqtV                                                                                                (2) 

Where )()(0 HcLc  , p is more in favor of the H type s, and the first item on the 

right side of the equation denote the positive utility taken from action p . When d >0, the 

second item denote the negative utility of p brought with action 1q , that is, the cost of 

action, the marginal negative utility increment. 

In the second stage, the utility function of s can be set of

122

2

22222212 )(),,,(  eftbqaqtU                                                                 (3) 

Where 2a >0; )(2 tb >0; 0)()( 22  HbLb ; f >0; 2e >0. The last item of the right 

side denotes the positive utility brought by signals sent in the first stage. 

 

3.3.Reputation Model Building 

The knowledge seeker s with type L has motivation to establish a reputation in the first 

stage, and use this reputation in the second stage. (s with type H does not have this 

motivation.) Taking reputation into account, it is essential to calculate the optimal signal 

)(*1 t sent in the first stage by s with type L. At this time, Ht  . In order to calculate the 

optimal signal )(*1 H  , the optimal signal )(*2 t  sent by s at the second stage need to be 

solved firstly. 

First of all, we can know that in the first stage, the knowledge provider p and seeker s

make the signal game, get a result of unique separation equilibrium. The knowledge 

provider p infer the type of s (L or H), and take action in accordance with this belief in the 

second stage in which the information is complete information. The game between p and s 

is the Stackelberg game, the reverse induction method is used to solve this problem. 

To solve the utility function (2) of p on the first-order condition of 2q  with 2i , the optimal 

reaction function will be  

2

1

22 )(
2

1
),(   dtctq                                                                                                        (4) 

To substitute (4) into (3), the first order condition of the 2  is obtained by the partial 

derivatives: 
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0)(2)(
2
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tbfdtca

tqtU                                                                (5) 

The solution of (5) is then the optimal signal of s in the second stage. The solution is 

ftbdtctbat )(
2

1
)()(

4

1
)(*

1

2

11

222


                                                                          (6) 

In the first stage, information is asymmetric and s has information advantage. Because 

the signal size in the first stage will affects the utility in the second stage, the knowledge 

seeker s should has a long-term point of view, paying attention to these effects. Denote  (

10  ) as the stage discount factor, the objective of s in the first stage is to maximize 

his two-stage discounted utility: 

)))(*,(),(*,,(),,(),,( 2221211111 ttqttUqtUqtU                                                                 (7) 

To solve the utility function (2) of p on the first-order condition of 1q  with 1i , the 

optimal reaction function can be get as 

1

1

11 )(
2

1
),(   dtctq                                                                                                         (8) 

Then we can get the Theorem 1: if the utility functions of s and p are determined by the 

formula (7) and (2), the perfect Bayesian Nash equilibrium outcome (ISGPBE) satisfying 

intuitive criterion exists and is unique, which is separating equilibrium. 

To substitute (8) into (7), the first order condition of the 1 is obtained by the partial 

derivatives: 

0)(2)(
2

1)),(,,(
2111

1

1

1

111   eetbdtca
d

tqtdU




                                                                (9) 

Obviously the second order condition is also satisfied. Then the solution of formula (9) 

is the optimal solution. 

])(
2

1
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2

1
)(* 21

1

1

1

11 eedtcatbt   
                                                                       (10) 

On complete information condition, the optimal point of type t is )))(*,(),(*( 111 ttqt  . 

On incomplete information condition, the outcome ISGPBE of s with type L is the 

optimal point )))(*,(),(*( 111 LLqL   on complete information condition. 

)](*)(
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),(*,[])(
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,,[ 1

1

11

1

1 LdLcLLUdHcLU                                                                    (11) 

Solve (11) and get the maximum root: 
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Where )()()(])(
2

1
[

2*

11
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Denote }),(max{)(
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On the incomplete information condition, the outcome ISGPBE of s with type H is 

)]()(
2

1
),([

*

1
1*

1 HdHcH   . 

3.4.The Solution of Reputation Model 

The optimal signal )(
*

1 H  sent by s with type L in the first stage is 

}),(max{)(
*

1

*

1

*

1   HH  

At the first stage, knowledge seeker s sends knowledge collaboration signal which has 

the heterogeneity of )(
*

1 H to establish reputation, and knowledge provider p takes the 

perfect action after thinking about this signal. The prefect action denote as 

)()(
2

1
))(,(

*

1

1*

11 HdHcHHq    

And p mistakes s as the type of H in the second stage. So p takes action as: 

2

1

22 )(
2

1
),(   dHcHq  

Therefore, the utility function of s with type L will be 
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                                                                    (13) 

With same method to solve this equation, the optimal signal can be calculated as 

fLbdHcLbaL )(
2

1
)()(

4

1
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1
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11

22
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                                                                   (14) 

where 0)()(  LcHc .  

Hence, 0)()(
*

2

*

2  LH  , which means that if the knowledge seeker s has 

established reputation in the first stage, the optimal signal sent in the second stage will be 

greater than the optimal signal without reputation consideration. 

For s with type L, the reputation in the last stage can support the higher signal in the 

next stage. If s with type L pretends to be type H in the first stage, and uses the reputation 

in the second stage, then in equilibrium condition, his utility of the first stage will be less 

than or equal to the utility without considering reputation in the first stage in equilibrium. 

That is, the inequality holds as following. 

)))(,(),(,()))(,(),(,(
*

11

*

11

*

11

*

11 LLqLLUHHqHLU    
If the knowledge seeker s with 

type L pretending to be a type of H in the first stage, and using reputation in the second 

stage, then in equilibrium condition, his utility of the second stage will be greater than the 

utility of the second stage without pretending to be a type H in the first stage. 

Thus, if s with type L establishes reputation in the first stage and uses it in the second 

stage, he will lose part of utility in the first stage, but will gain more utility in the second 

stage. If s with type L is rational, he will weigh the pros and cons, and compare the total 

utility of the two stages with reputation and without reputation, in order to determine the 

size of the transmission signal. In this case, the size of heterogeneity sent in the signal for 

knowledge collaboration determines the final utility. According to the assumption (2), in 

the process of knowledge heterogeneity increasing, the practice community is in favor of 

high heterogeneity knowledge, so the optimal signal )(
*

1 H is the trigger point of 
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knowledge collaboration. The knowledge seeker s with type L should send knowledge 

collaboration signal with heterogeneity )(
*

1 H  to make the participation of both sides in 

the game to get a balanced result, that is, knowledge providers have enough driving force 

to participate in collaborative activities. 

 

4. The Significance of Curve Relationship for Enterprise Knowledge 

Management  
 

4.1. Theoretical Significance 

There is an inverted U curve relationship between knowledge heterogeneity and 

knowledge innovation performance, that is, there exists an optimal range of knowledge 

heterogeneity, which makes the innovation performance more significant. Then how to 

determine the lower and upper boundary of the interval is the problem. For the lower 

boundary, it means that when the knowledge heterogeneity is higher than this value, 

knowledge innovation performance will be promoted significantly. It can be regarded as 

the threshold of knowledge heterogeneity to work. In this paper, a reputation model is used 

to solve the optimal solution )(
*

1 H of the heterogeneity of the signal, which is the 

threshold value. When the enterprise knowledge heterogeneity is in the interval 

))(,0(
*

1 H , it means that knowledge homogeneity is high, and the performance of 

enterprise knowledge innovation is low; when knowledge heterogeneity degree is in the 

interval )),(( **

1  H , knowledge heterogeneity will influence the performance of 

enterprise knowledge innovation significantly (as shown in Figure 2), where the value
* is 

the upper bound of knowledge heterogeneity. After the knowledge heterogeneity increases 

to the upper boundary, with the increasing of heterogeneity, the cost of knowledge 

processing and utilization rises rapidly. There are more and more risks in enterprise 

innovation, and the success rate becomes lower. In this case, the innovation profits cannot 

cover the cost of the loss, and the total performance will decrease rapidly. This paper 

mainly discusses the lower limit value. 

 

Figure 2. The Lower Limit of Optimal Range of Knowledge Heterogeneity 

4.2. Practice Significance 

For those enterprises within today's complex social and network relationship, the 

competitive advantage to a large extent depends on the knowledge resources occupancy 

and usage, especially the pursuit of heterogeneous knowledge. This is a significant 

characteristic in the Internet era of the sharing economic model. In this paper, we 

established a reputation model based on game theory, the lower boundary of knowledge 

heterogeneity has been analyzed. Its purpose is to help enterprises to grasp the size of 

knowledge heterogeneity and make use of the knowledge collaboration to increase the 

knowledge innovation performance. The specific guiding significance lies in: 

1) The practice community should maintain knowledge at a “moderate" degree. If a 

community pursues interests and professionalism excessively, the knowledge 
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heterogeneity will stay at a lower level and the innovation performance will be affected. 

Therefore, heterogeneous knowledge sources should be introduced effectively so that the 

whole community's knowledge heterogeneity can span the point )(
*

1 H  and be active in 

the（ )(
*

1 H ， * ）, which can increase the Knowledge Collaboration of the community 

tremendously. 

2) The business VPC is an open system based on Web2.0 technology, in which the 

knowledge seeker and provider cooperate and share knowledge in order to reduce the cost 

of knowledge management. Therefore, we should actively guide the employees, customers, 

suppliers, etc., to participate in the problem-solving process so as to obtain more 

heterogeneous external knowledge. At the same time, we should open up the boundary of 

the enterprise, increase the introduction and development of innovative talents, strengthen 

the supply of human resources, and provide platform support for the production, transfer 

and application of technology and knowledge resources. 

3) The premise of the application of reputation model is that the lack of trust between 

the participants because of incomplete information. In order to improve the performance 

of knowledge innovation, enterprise should actively explore the establishment of trust 

mechanism between employees and enterprises within supply chain network besides the 

fine platform buildup. The important principle is to strengthen cooperation and take 

corresponding risks with sincerity attitude, especially to improve information sharing 

mechanism between suppliers and customers. Only in this way, enterprises can capture 

heterogeneous knowledge, technology innovation inspiration, ideas and opportunities 

more effectively.  
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