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Abstract—It is valuable to study social relation cognition of 
participants about virtual prototyping technology in con-
struction projects to promote its acceptance and application. 
Building information modeling (BIM) is a transformative 
virtual prototyping technology for construction industry. 
The analysis of social relation is closely related to BIM ap-
plication to stakeholders, which involves many cognitive 
indicators, i.e. organizations, spaces and behaviors. Based 
on social network analysis, a cognitive model for actors’ 
social relation to BIM knowledge is proposed�Using survey 
data, this paper explores the cognitive ability between par-
ticipants. Through statistical analysis of indictors in the 
model, it is found that significant difference of virtual pro-
totyping technology in social relation cognition exists. 

Index Terms—Cognitive Model, Social Relation, Building 
Information Modeling, Construction Project, Social Net-
work. 

I. INTRODUCTION 
Virtual prototyping (VP) is a computer-aided design 

process concerned with the construction of digital models 
and realistic graphical simulation [1]. VP technology has 
been extensively applied to the automobile and aerospace 
industries. Several studies have used VP technology to 
develop effective dynamic project design and construc-
tion, such as the Virtual Design and Construction (VDC) 
[2], Virtual Construction Environment (VCE) [3], Virtual 
Facility Prototyping (VFP) [4], and DIVERCITY [5]. 
However, VP technology in construction industry only 
played a limited role until the application of building in-
formation modeling (BIM) was widely accepted by 
stakeholders. 

BIM is regarded as an important technology of the last 
decade in the construction industry (Eastman et al., 2008; 
Jernigan, 2007; Guo et al., 2010). BIM is one of the im-
portant areas in currently Virtual Reality (VR) research 
and is expected to envision efficient collaboration, im-
proved data integrity, distributed access and retrieval of 
building data and high quality project outcome through 
enhanced performance analysis, as well as multidiscipli-
nary planning and coordination [5][6]. It is necessary to 
explore the cognitive model on BIM to understand the 
different cognitive abilities among actors in construction 
projects. 

Recently, the network analysis approach has been re-
ceiving attention within the construction industry, where 
concepts such as communication between project partici-
pants are receiving significant attention (Morton et al. 
2006; Katsanis 2006). Social cognitive theory provides a 
conceptual framework in which the determinants and 

mechanism of such effect can be examined. People’s be-
havior is shaped and controlled by either environmental 
influence or internal dispositions. Social relation cogni-
tive modeling belongs to social computing domain and it 
studies the regular pattern of agents’ social behavior via 
computer technology and solve various problems with 
inter-group communication and collaboration. 

The motivation for this research centers on the social 
relation and indicators in cognitive model on virtual pro-
totyping technology (especially BIM) beyond the tradi-
tional construction perspective on project management. 

II. LITERATURE REVIEW OF SOCIAL RELATION COGNITIVE  
Following the successful implementation of virtual 

prototyping in the manufacturing industry, many studies 
in the construction industry put their efforts on using VP 
to produce an effective dynamic construction project. 
BIM has been the direction of the future development in 
construction industry, but many factors affect the BIM 
cognition model, especially in aspects of the interopera-
bility between software, BIM value and inter-
organizational collaboration�Gilligan et al., 2007; Han, 
Y.et al., 2008; McGraw-Hill, 2011; Guanpei He, 2012; 
Jiayi Pan, 2012; Qinghua He, 2012; Zhiliang Ma, 2010� 

In recent years, some organizations and academics de-
veloped the related research on social cognitive model of 
VP technology. In the surveys to North America, Middle 
East and Europe, McGraw-Hill (2009, 2010) reported that 
users’ cognitive differences were existed in Return on 
Investment (ROI), potential value, internal revenue, ex-
pected value and other cognitive aspects. Social relation 
cognitive model also depends on the environment factors 
[7][8]. AWCI (2009) analyzed BIM application in curtain 
wall industry and found that the agents have disagreement 
with BIM social relation and cognition [9]. Ning GU & 
Kerry London (2010) focused on the VP technology per-
ception, cognition and interest between stakeholders and 
found that the architects and vendors are the most active 
organizations [10]. Shady Attia (2010) made two ques-
tionnaires and analyzed the cognitive experiences and 
behaviors of architects and engineers. There are signifi-
cant differences in the aspects of simulation tools, infor-
mation management, knowledge integration and models 
sharing [11]. J Won, G Lee (2010) studied the success 
factors of BIM application provided by 61 international 
experts [12]. Gilligan and Kunz (2007) and Damian 
(2008) explored the values and barriers of BIM in order to 
examine the understanding of social relations [13][14].  

In an inter-organization network, cognition of VP tech-
nology is exchanged and therefore organizations in the 
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network can learn from each other (Appleyard 1996; 
Mowery et al. 1996; Taylor et al. 2009; Uzzi and Gilles-
pie 2002; Zucker et al. 1996). Social Network Analysis 
(SNA) has been an instrumental tool for researchers fo-
cusing on the interactions of a set of actors (Moreno 
1960; Hu and Rachera 2008; Nooy et al. 2005). Mean-
while, hybrid approaches were also suggested to connect 
social network theory with learning dynamics and BIM in 
projects (Taylor et al. 2009; Taylor and Bernstein 2009). 

I. SOCIAL RELATION COGNITIVE MODEL 
The studies above about cognitive model on VP tech-

nology use questionnaires and more qualitative analysis, 
mainly focused on the level of understanding of VP tech-
nology, value perception and judgment, barriers, influenc-
ing factors, etc. Studies generally agree that the stake-
holders of government, owner, contractor, architect, in-
vestigator and vendors participating subjects on VP tech-
nology were in different positions, and less quantitative 
analysis methods were used. 
A. Social relation 

According to Wasserman and Faust (1997), a social 
network is a social structure made of actors (nodes) that 
are connected by one or more specific type of relations 
(ties), such as friendship, firm alliance, or international 
trade. The study utilizes UCINET software to explore the 
network diagrams, the individual networks and cohesion 
subgroups. 

Density and centrality are the most common indicators 
of a network’s connectivity. They represent the extent of 
how densely and cohesively nodes in a network are inter-
connected (Pryke 2004), as shown in the following equa-
tion: 

a. !"#$%&' ! !
!!!! ! !! !!

!!!!!!!                          (1) 

where l = number of existent lines and n = number of 
existent nodes. 
b. !"#$""!!"#$%&'($) ! !!!" ! !!"!! !!!!!

!!!
!
!!!

!
!!!                                       

(2) 
where !!" ! number of degree that a node i receives 

from a node j and n= number of existent nodes.  

c. !"#$""%%"&&!!"#$%&'($) ! !!!!!!!
!!!!!!!!!!!!!!!       (3) 

where !! !! ! ! number of shortest paths from node s 
to node t that pass through node i. 
d. !"#$%&%$$!!"#$%&'($) ! !!!

!!!!!!!"#
                     (4) 

 where n=number of nodes; N=total nodes; k=k th node 
in the network; and d (i, k) =the length of the shortest path 
between node i and k. 
B. Identify indicators  

Kerzner (1998) selected indicators for a project organi-
zational structure; Won et al. (2009) summarized the 19 
critical success factors for cognitive analysis comparing 
the data of South Korea and other countries; Ahadzie et 
al. (2007) and E. Adinyira et al. (2010) provided 13 criti-
cal success criteria to VP in public housing building pro-
jects; Helen &Thomas (2010) identified factors of SIOM, 
Pollaphat Nitithamyong (2006) confirmed 42 indicators 
that can potentially affect performance of WPMSs based-
on VP and IT. 

 

C. Evaluation method and mathematical model 
Principal Component Analysis (PCA) is a mathemati-

cal procedure that uses an orthogonal transformation to 
convert a set of observations of possibly correlated varia-
bles into a set of values of linearly uncorrelated variables 
called principal components.PCA may get the largest 
contribution of variance to datasets by keeping low level 
principal components and ignoring high level ones.  
a. Data collection and standardization of original in-

dicators: According to the data demand, the paper 
establishes the sample matrix and standardizes 
transformation as following. 

!!" !
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where Random vector ! ! !!!! !!! ! ! !!!!,n sam-
ples!! ! !!!"! !!"! ! ! !!"!!. 
b. Correlation matrix: 

! ! !!" !!! !
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                                         (6) 

Where    !!" !
!!"!!!!
!!!

. 
c. Solution of eigenvector equation: 

! ! !!! ! !! !!!" ! !!!                              (7) 

where cumulative contribution rate  ! !
!!!

!!!

!!
!
!!!

!

!! !". 
d. Transform indicator variables into principal com-

ponents: 
!!" ! !!!!!!                                                      (8) 

where !!named m th principal component, and !!! 
is the unit eigenvectors for each !!!! ! !! !! !!!!. 
e. Comprehensive evaluation to m principal compo-

nents: We can get the overall score to each principal 
component weighted. 
! ! !!!!!!

!!!       
!! ! !!"!!"!!!!

!!!                                         (9) 
where !! ! !"#$%!!"!!"#!!"!#$%!! !!" !correla-

tion coefficient of  j th factor to indicator; !!" !contribu-
tion rate of j th factor; ! !sum of factors. 

III. CASE ANALYSIS ON SOCIAL RELATION COGNITIVE 
MODEL 

A. Background of the project 
The Shanghai Center is the tallest building under con-

struction in Shanghai, China, which was started in Nov 
2008. It will be 632 meters in height and have a total of 
121 stories. The investment will reach 14.8 billion Yuan. 
The project tries to follow sustainable development con-
cepts in its full life cycle of construction and achieve high 
efficiency of material consumption. As a result, many VP 
technologies, especial BIM, are widely used in order to 
ensure the targets of the project are successfully achieved. 
B. Outline of the Survey 

By interview with certain VP experts, we determine the 
survey to explore the social relations of VP technology 
(this paper taking BIM as an example) based on the above 
researches. The questionnaire consists of  three  parts,  as  
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follows: firstly, with whom you interact the BIM cogni-
tion in your position; secondly, the richness of the amount 
of knowledge you offered (divided into the level of low, 
medium and high); thirdly, your opinion of the indicators 
in BIM communication (Table I), using mensuration of 
Liker scale 5 levels to indicate the degree of satisfaction 
to interactive knowledge of VP technology.  

In this project, 42 people were involved in VP tech-
nology including the owner, contractors, designers, op-
erators and some others (Table II). All actors responded 
and 100% of the questionnaires were valid. 

 

C. Social relation network 
For this study, UCINET 6 is provided for mathematical 

measurements. As illustrated in Fig.1, structural concerns 
within the project network are identified. Except the two 
isolated nodes of S5 and S6, most nodes have significant 
relations in VP technology communication with others. 
The node O6 (BIM manager) is in the core of the network, 
which exchanges VP technology cognition with many 
nodes in the network and promotes the two-way flow of 
knowledge. The nodes of D1 and C5 also occupy im-
portant positions. 

Using degree centrality of SNA, we can make quantita-
tive analysis of the inputs or outputs of each agent's cog-
nition and find out the key network members in organiza-
tional cognition. The density of the network is 0.387(N of 
Ties is 144 and Avg Degree is 3.93), and network Cen-
tralization is 25.85%. This shows that the link between 
agents of the network is not very close. Some nodes rely 
on only a few ones (C5, O6, D1), which means cognitive 
transformation and exchange are less frequent.  

As shown in Fig 2, Betweenness Centrality represents 
the control degree to knowledge transfer channels of a 
node. The actor of BIM manager (O6) has the highest 
Betweenness, about 46.377%, and the nodes of D1, C5, 
D8, O1 and C1 also reach more than 10%. It indicates 
that these members in the network occupy the positions of 
structural holes in the exchange of knowledge within the 
organization and play important roles as bridges in deliv-
ery processes. They control the flow of knowledge effec-
tively to others.

 

TABLE I.   
INDICATORS TO VP TECHNOLOGY SOCIAL RELATIONS 

Code Indicators Code Indicators 

X1 Interoperability of vari-
ous software X15 Industry promotion  

X2 Software defects X16 Construction industry pro-
duced extensive 

X3 Domestic software sup-
porting X17 The complexity of construction 

industry management mode 
X4 Software costs X18 National planning and strategic 

guidance 
X5 Hardware costs X19 Education and promotion 
X6 Standards and specifica-

tions X20 International exchange  

X7 
Information security and 
intellectual property 
rights 

X21 Incentive mechanism within 
the enterprise 

X8 Value measurability X22 Firm support 
X9 Necessary guidance 

convenience X23 Owners dominant 

X10 Ability of staff to adapt 
knowledge X24 

Difficulties in Organizational 
communication and coordina-
tion 

X11 Engineer talent shortage X25
Responsibilities of participants 
are clear 

X12 Standard of contract 
language X26 Model of design and construc-

tion disjointed 
X13 Contract for the respon-

sibilities and privileges X27 Traditional business process 

X14 Distribution of risks and 
benefits   

TABLE II.   
ACTORS TO VP TECHNOLOGY COMMUNICATION 

Organization Actors VP technology 

Owner(O1�O9) 
Project manager, Design manager, Site management 
manager, Commerce manager, BIM manager, BIM 
structural engineer, MEP Engineer, Architectural engi-
neer. 

General Contrac-
tor 

(C1�C9) 

Project manager, Chief engineer, Accountant, Contract-
manager,BIM Engineering manager,BIM Engi-
neer1,BIM Engineer2, Structure subcontractor, Curtain 
wall subcontractor, Mechanical and electrical installa-
tion subcontractor, Equipment suppliers, Material sup-
pliers, prefabrication Subcontractor. 

Designer(D1�D12) 

Project manager, Architectural design manager, archi-
tect, Structural design manager, Structural engineer, 
Electrical design manager, Electrical engineer, Detailed 
design manager, engineer1, engineer 2, engineer 3, 
engineer 4. 

Others(S1�S8) 
Investment supervisor, Construction supervisor,BIM 
technology consultants, Operator, Facilities engineer, 
Property division, Government departments, Third Party 

 

 
Figure 1.  Project network of VP technology communication in Shanghai Center 
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Figure 2.  Actors’ Betweenness Centrality (list of top 10  

 
Figure 3.  Cohesive subgroup analysis in the network 

 
Figure 4.  Actors’ tree diagram of cliques 

Outcomes of cohesive subgroup analysis are shown in 
Figure 3 and Figure 4. The organization's network can be 
divided into three major subgroups, which is consistent 
with the project's organizational structure based on VP 
technology. Some key nodes play "bridge" roles. 

 

D. Variables and Model calculations 
Using Matlab software on influencing factors of the 

Principal Component Analysis, the extraction principle is 
the principal component which has eigenvalues greater 
than 1, cumulative contribution rate! !"#. The cumula-
tive contribution rate of the first eight principal compo-
nents is! ! !"!!" ! !"#. Therefore, these eight new 
variables could evaluate the social relation cognizance 
instead of the original 27 variables, and total score models 
obtained are as follows: 
Y=0.234X1+0.156X2-0.075X3+0.013X4-0.189X5+0.068X6 
-0.063X7+0.115X8+0.174X9+0.136X10+0.129X11+0.049X12 
+0.184X13+0.212X14+0.203X15-0.093X16+0.102X17+ 
0.236X18+0.2X19+0.207X20+0.131X21+0.221X22+0.211X23 
+0.207X24+0.189X25+0.175X26+0.198X27                          (10)                                                             

In the above equation, weighting factors of each varia-
ble reflect the degree of importance between indicators. 
Negative values indicate the degree less than the average 
level while positive values mean above average. 
E. Model Analysis and Evaluation 

We make the average value of each indicator (satis-
faction, table III) as the horizontal axis and the weight of 
each indicator (Significance, Eq(10)) as the vertical axis, 
then draw the Quadrant Map in Figure 5. The key indica-
tors of the BIM cognition of the project and the perfor-
mance status of each indicator are clearly shown. 

TABLE III.  SAMPLE DATA DESCRIPTION 

Variables Mean standard 
deviation Variables Mean standard 

deviation 
X1 2.01 .746 X15 3.87 .963 
X2 2.75 1.048 X16 3.91 .848
X3 3.25 .980 X17 4.13 3.385 
X4 3.96 .999 X18 2.52 1.033 
X5 4.26 .897 X19 3.70 .858 
X6 3.1 .979 X20 4.15 .930 
X7 2.93 .927 X21 3.09 1.017 
X8 3.18 .948 X22 3.96 1.076 
X9 3.17 .940 X23 4.08 .877 
X10 3.11 .924 X24 2.63 1.142 
X11 2.93 .934 X25 3.11 0.831 
X12 3.78 1.102 X26 2.05 0.987 
X13 3.03 1.010 X27 3.97 0.884 
X14 3.71 .912    

 
Figure 5.  Quadrant Map of cognitive indicators 
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a. Quadrant I (Highly Concerned Area) 
There are 7 indicators, including X14, X15, X19, X20, X22, 
X23, X27. It shows that the level of BIM cognition is dif-
ferent between nations, industry and enterprise. Interna-
tional commutation has greatly spur the diffusion to BIM. 
Larger construction companies are more interested in 
BIM and owner gradually play the primary role. It is to 
say that those indicators are moderate in stakeholders’ 
satisfaction and recognition. 
b. Quadrant II (Priority Area) 

The indicators of X8,X9,X10, X11,X13,X21 and X25 are 
also important to cognitive model. Most agents think we 
should take more concerns to understand the values, con-
tracts, skill of engineers, responsibilities, incentive 
mechanism and organizational structure. Those factors 
must be improved to maximize the efficiency of VP 
technology in construction projects.   
c. Quadrant III (insignificant Area) 

Just only three indicators of X3,X6 and X7 belong to the 
insignificant ones with which agents of the Shanghai 
Center Project have less interest and less satisfaction in 
the currently stage. The limitation of their cognition indi-
cates that “myopia insights” is still the most harmful ob-
stacles to BIM implementation in China. The context of 
civil software, standards and norms, information security 
and property rights affect the national application in con-
struction industry. 
d. Quadrant IV (Maintain Area) 

The indicators of X4, X5, X12,X16, and X17 are not very 
important to some stakeholders in the project. With the 
huge investment and ROI expected, they care more about 
the cost of hardware than that of software. Because BIM 
maturity of VP technology is still at a low level, using 
information technology is still under the complex charac-
ters in China. It is a long way for the government to es-
tablish laws and standards to control the development of 
VP technology successfully. 

IV. CONCLUSION 
The knowledge and cognition of VP technology in 

construction projects need participants to work together in 
a team. It depends on the social relation in the organiza-
tional network. This study analyses the social relation 
cognitive model of different actors in Shanghai Center in 
China. As the most popular VP technology in construc-
tion industry, Building Information Modeling is gaining 
attention gradually by most stakeholders. In the social 
network of the project, social relation, density, centrality 
and cohesive subgroup are explored to find the crucial 
actors, such as BIM manager of owner, BIM engineer of 
contractor and BIM designer. The analysis of cognitive 
indicators show that different agents have significant dif-
ferent cognition in the evaluation of important and satis-
faction. There is still a long way to improve the perfor-
mance of indictors and it also needs guidance to be estab-
lished at the level of the national strategy for BIM. 
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