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A B S T R A C T   

Purpose: Contractors utilizing building information modeling (BIM) outsourcing must firstly make reliable BIM 
outsourcing decisions. However, BIM outsourcing decisions are so complicated that need taking multiple eco-
nomic, strategic, technical, and social factors into considerations. Traditional experience-based decision making 
may only take part of those critical elements (e.g., economic ones) into consideration while lacking a holistic 
analysis view. Thus, the decision results depending on the experience alone will obtain the local optimum rather 
than the global optimum. Therefore, this study intends to construct a conceptual model assisting contractors’ 
BIM outsourcing decisions. 
Approach: Founded on the Balanced Scorecard (BSC) concept, 15 criteria for BIM outsourcing decisions were 
summarized through 43 semi-structured interviews and a questionnaire survey. Then, the Analytic network 
process (ANP) dealt with the interrelationships among diversified criteria and computed the relative importance 
of these criteria. Finally, based on the criteria and related weights, the conceptual model for BIM outsourcing 
decisions was established and validated by ten contractors. 
Findings: The results indicated the customer perspective and internal operations perspective were the two most 
important perspectives for making BIM outsourcing decisions. Meanwhile, five criteria within the customer 
perspective and internal operation perspective were more critical for BIM outsourcing decisions, namely 
“Customer satisfaction,” “Core focus,” “Timely BIM delivery,” “Availability of BIM service,” and “Flexibility to 
market needs.” 
Originality/value: The study deals with the absence of a structured model for BIM outsourcing decision and 
functions as a point of departure for investigating BIM outsourcing problems. Along with making BIM 
outsourcing decisions from experience, contractors can also conclude a reference solution from the conceptual 
model and finally reach an optimal decision.   

1. Introduction 

Building Information modeling (BIM) is an innovative and effective 
solution to transform the Architecture, Engineering, and Construction 
(AEC) sector (Chen et al., 2021; Jin et al., 2019). Owners from the public 
sectors in many countries (e.g., UK, Singapore) now increasingly 
mandate BIM use in their projects (Jiang et al., 2021), while private 
owners are also exploiting BIM use for excess returns. These pressures 
lead to widespread BIM use and impose new requirements for contrac-
tors. BIM gradually becomes the indispensable qualification criterion for 

contractor selection, and contractors have no choice but to implement 
BIM (Mahamadu et al., 2017; Shojaei et al., 2022). Even for those small 
subcontractors, BIM implementation is the determining factor for their 
survival in the competitive market (Saka and Chan 2021). Therefore, 
contractors should select the optimal way to implement BIM efficiently 
and effectively. 

Contractors are those specialized enterprises with specific identities 
and core focus, for which they may allocate limited resources to main-
tain the in-house capabilities to conduct all BIM functions (Fountain and 
Langar 2018; Shojaei et al., 2022). Meanwhile, those significant 
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investments for establishing advanced BIM infrastructures and the 
continuous efforts for training BIM professionals prevent in-house BIM 
use (Jin et al., 2017; Saka and Chan 2021). Hence, increasing demands 
for BIM outsourcing are prevalent among contractors. BIM outsourcing 
refers to “the contracting out creation and/or use of a BIM model by an 
organization for a project to a third-party that specializes in the BIM 
process” (Fountain and Langar 2018:108). Fountain and Langar (2018) 
indicated the major benefits of BIM outsourcing that it could help avoid 
excessive BIM investments and relieve the in-house BIM use burdens by 
taking advantage of the BIM outsourcing providers’ resources and ca-
pabilities. They also reported in their survey that merely half of the 
general contractors in the US ever conducted BIM outsourcing. BIM 
outsourcing has become popular for BIM implementation, and con-
tractors will encounter BIM outsourcing decisions regularly. 

BIM outsourcing decisions in this study only refer to selecting the 
optimal BIM outsourcing strategy. Contractors have three main optional 
strategies when making the BIM outsourcing decisions (Fountain and 
Langar 2018), namely “Selective outsourcing,” “Total insourcing,” and 
“Total outsourcing”. Drawn on the IT outsourcing strategy definitions 
(Gulla and Gupta 2011; Lacity and Willcocks 2000), “Total insourcing” 
represents that the contractors conduct most of the BIM operations (e.g., 
BIM model creation, BIM use) internally, which occupies more than 80% 
of the BIM budget. “Total outsourcing” reflects contractors transfer most 
BIM operations responsibilities to an external provider, which costs 
more than 80% of the BIM budget. Finally, “Selective outsourcing” de-
picts contractors may select BIM operations from the external provider, 
which takes up the BIM budget between 20% and 80%. However, 
making BIM outsourcing decisions effectively is difficult. Like many 
other outsourcing decisions (e.g., mining outsourcing, information sys-
tem outsourcing) (Modak et al., 2019; Tjader et al., 2014), BIM 
outsourcing is a complicated and strategic option for contractors to 
implement BIM. For example, when making BIM outsourcing decisions, 
contractors should explore whether BIM outsourcing can bring about 
immediate financial benefits as well long-term competitive advantages 
(e.g., commercial exploitation). Meanwhile, they need to evaluate in-
ternal BIM use experience and estimate the requirement for BIM pro-
fessionals from BIM outsourcing. They also need to compare the BIM use 
risks in-house with outsourcing. Therefore, multiple factors should be 
considered during the decision process. These factors cover not only the 
economic aspects but the strategic, technical, and social ones, for which 
even if an experienced contractor can hardly take all of them into 
consideration. If lacking a structured model allowing for those necessary 
factors, the decision outcomes will suffer from subjective experience, 
leading to unreliability. 

Therefore, this study intends to summarize those critical decision 
criteria and construct a conceptual model supporting contractors mak-
ing reliable BIM outsourcing decisions. Specifically, this study utilized 
the Balanced Scorecard (BSC) to summarize the decision criteria into 
four perspectives, including financial, customer, internal operation, and 
company learning and growth. Meanwhile, the Analytic Network Pro-
cess (ANP) method was used to describe the inter-relationships among 
these criteria and assign weights to each criterion. Then, the conceptual 
model was established and validated by ten contractors. 

2. Theoretical background 

2.1. Outsourcing and BIM outsourcing decision 

Outsourcing refers to a business strategy or activity reflecting the 
acquisition of the services from the external service providers to 
accomplish in-house tasks (Grover et al., 1994). It is widely utilized in 
many industries, such as manufacturing, construction, mining, logistic, 
and IT (Fountain and Langar 2018; Modak et al., 2019; Tjader et al., 
2014). In the construction industry, outsourcing exists along with the 
project execution, and different partners will make outsourcing de-
cisions. For example, owners may outsource architecture and 

construction tasks to specialized designers and contractors. Meanwhile, 
as construction are too sophisticated to be handled by individual con-
tractors, they also tend to outsource parts of their tasks to multiple 
professional subcontractors, which is called subcontracting (Tarziján 
and Brahm 2014). Therefore, as for contractors, outsourcing puts more 
emphasis on the strategic level (i.e., dealing with their in-house inca-
pability) while subcontracting is a tactical choice (i.e., utilizing multiple 
contractor’ resources to supplement their capability). Nowadays, sub-
contracting is the most common form of outsourcing in the construction 
industry (Ranasinghe et al., 2022). 

Multiple theories offer the basis of the outsourcing decision, among 
which the transaction cost theory (TCT) and resource-based view (RBV) 
are the two leading ones (Tjader et al., 2014). From the perspective of 
TCT, organizations seek cost savings and financial benefits from 
outsourcing. The rationale is that specialized firms can conduct those 
outsourced tasks more effectively due to their economies of scale (Yang 
and Huang 2000), which reduces the cost. Apart from the economic 
benefits, outsourcing will also bring those strategic returns. From the 
perspective of RBV, organizations can achieve competitive advantages 
for commercial exploitations through outsourcing since they can inte-
grate the resources and technologies from the service companies (Modak 
et al., 2019). Meanwhile, when partnering with the outsourcing com-
panies through outsourcing, organizations may share the risks and 
reduce the uncertainties of those sophisticated tasks (e.g., information 
system establishment) (Tjader et al., 2014). The two theories help un-
derstand BIM outsourcing in the construction industry. 

As aforementioned in the introduction section, BIM outsourcing has 
become a popular way for BIM implementation among contractors. 
From the perspectives of TCT and RBV, contractors may utilize BIM 
outsourcing for various reasons and objectives. First, BIM outsourcing 
can help contractors reduce the upfront cost for the preparations of BIM 
implementation (e.g., buying the BIM hardware and software, training 
the BIM talents) (Fountain and Langar 2018). This advantage dominates 
the preference of small and medium contractors for BIM outsourcing as 
the significant BIM investments are still the major obstacles for them to 
implement BIM (Saka and Chan 2021). Moreover, as outsourcing pro-
viders are equipped with those latest BIM use tools and capabilities, they 
can extend the contractor’s BIM use capability by offering more BIM use 
cases, particularly through combined with advanced information tech-
nologies (e.g., VR, RFID, GIS) (Meng et al., 2020). As a result, BIM 
outsourcing can help contractors acquire more chances and competitive 
advantages in the market. In addition, through BIM outsourcing, con-
tractors can share those potential risks for BIM implementation with the 
outsourcing providers, such as the poor return of BIM investment, lack of 
interoperability of BIM products, and low BIM use productivity (Sun 
et al., 2020). Therefore, contractors should consider these objectives 
when making BIM outsourcing decisions. However, as BIM outsourcing 
is a developmental field with limited research (Fountain and Langar 
2018), a structured model is lacking that allows for multiple BIM 
outsourcing objectives and supports the optimal BIM outsourcing de-
cisions, which remains the knowledge gap to fill in. 

2.2. BSC and ANP 

The Balanced Scorecard (BSC) was utilized to systematically sum-
marize the criteria for BIM outsourcing decisions. BSC was proposed by 
Kaplan and Norton (1992) as a strategic performance measurement tool. 
It can translate the organization’s strategy into performance measure-
ments, which form a framework for the strategy evaluation (Kaplan 
1996). An outstanding advantage of BSC is that it retains the financial 
category when summarizing the measurements while introducing other 
three categories (perspectives), including customer, internal operation, 
and company learning and growth. BSC helps balance the measurements 
between financial and non-financial, internal and external, tangible and 
intangible factors (Eom et al., 2008). The multi-dimensional BSC per-
spectives consider diverse outsourcing objectives, which qualifies its 
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appropriateness for concluding the criteria for various outsourcing de-
cisions, such as mining outsourcing (Modak et al., 2019), and informa-
tion system outsourcing (Tjader et al., 2014). Therefore, this study 
summarized the criteria for BIM outsourcing decisions based on four 
BSC perspectives. However, to properly implement BSC, it is necessary 
to allow for the interrelationships of the four BSC perspectives and 
related interactions among different measurements. Existing studies 
indicated that the interactions would influence the strength of each 
measurement, which, if not considered, might cause the inaccuracy of 
the BSC framework (Tjader et al., 2014). Therefore, the BSC framework 
is usually combined with the analytic network process (ANP) method to 
address the interaction concerns and determine their relative 
importance. 

As a multicriteria decision-making (MCDM) method, ANP is deduced 
from the analytic hierarchy process (AHP) (Saaty 2004). However, AHP 
mainly adopts a unidirectional hierarchical structure to describe the 
decision criteria. Instead, ANP uses networks to model the criteria in-
terrelationships (Zhao et al., 2017). Therefore, ANP takes those in-
teractions among different decision criteria into consideration, which is 
aligned with the requirements of using the BSC framework. In combi-
nation with the BSC framework, ANP helps establish a comprehensive 
network structure considering the criteria interactions within each BSC 
perspective and between the BSC perspectives (Erdem and Ozorhon 
2015), leading to the accurate weights assigned to each criterion. A few 
studies have validated the usefulness of the integrated BSC-ANP model 
for outsourcing decision-making problems. For example, Tjader et al. 
(2014) adopted the BSC-ANP model to support the IT outsourcing de-
cision of a general contractor in the USA and concluded “Selective 
outsourcing” as the best outsourcing strategy. Similarly, Modak et al. 
(2019) utilized the BSC-ANP model and helped a coal mining organi-
zation in India choose “Selective outsourcing” as the best outsourcing 
strategy for mining operational activities. The basic principle of the 
BSC-ANP model utilized in these studies was that the BSC framework 
determined the decision criteria while ANP calculated these decision 
criteria’s weights. This idea was also adopted in current research to 
develop the conceptual model for BIM outsourcing decisions. 

3. Research methods 

The study followed four main steps to establish and validate the 
conceptual model for BIM outsourcing decisions (Fig. 1). Based on the 
four BSC perspectives, Step 1 summarized the decision criteria through 
semi-structured interviews and determined those necessary ones 
through a questionnaire survey. Then, the ANP network that described 
the interrelationships of the criteria within and between four BSC per-
spectives was established in Step 2. Meanwhile, Step 3 dealt with the 
relative importance of the criteria through pairwise comparisons and 
supermatrix calculations and concluded the criteria weights. Then, a 
conceptual model for BIM outsourcing was formed based on the iden-
tified criteria and related weights. Finally, Step 4 mainly tested the 
applicability of the conceptual model in ten BIM outsourcing decision 
cases. 

3.1. BSC framework 

Step 1: Criteria determination for four BSC perspectives. The deci-
sion criteria were determined through the following two sub-steps. 

First, this study mainly adopted semi-structured interviews to iden-
tify the decision criteria since few studies directly investigated BIM 
outsourcing (Fountain and Langar 2018). Semi-structured interviews 
were suitable to explore the interviewee’s perceptions regarding a 
particular and practical phenomenon (e.g., BIM outsourcing decisions) 
(Wengraf 2001). Meanwhile, they could motivate interviewees to offer 
more BIM outsourcing experiences from their past projects. Due to the 
lack of BIM outsourcing database in China, using the snowball sampling 
method to approach interviewees is inapplicable. Instead, this study 
chose convenience sampling method, which is widely utilized in the 
construction and BIM literature (Chen et al., 2022a; b). Data was 
collected through two channels. One was approaching managers in 
corporations with distinguished BIM use experience (e.g., top ENR 
contractors in China). The other was contacting contractor managers 
with BIM awards, mainly granted from the provincial or city level 
administrative department in China. A total of 43 semi-structured in-
terviews (sixteen from the first channel and twenty-seven from the 
second channel) were conducted iteratively until no new criteria 

Fig. 1. Research framework.  
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emerged. These interviewees were either project managers or BIM 
managers (Appendix I). Most of them have worked in the construction 
industry for more than twenty years and held BIM use experience for 
over ten years. Moreover, they managed different project types, such as 
infrastructure, real estate, and industrial. Most importantly, they have 
been responsible for over thirty BIM outsourcing cases. Therefore, these 
interviewees are experienced and competent in determining the criteria 
for BIM outsourcing decisions. 

Each interviewee was introduced with the research purpose. Mean-
while, the researchers also briefly described the four BSC perspectives. 
Then, each interviewee was asked to answer the underlying question of 
each BSC perspective for BIM outsourcing decisions. For the financial 
perspective, the question was, “What financial success do we expect to 
achieve from the BIM outsourcing.” For the customer perspective, the 
question was, “What do we expect our customers to see us through BIM 
outsourcing.” For the internal operation perspective, the question was, 
“What business process do we expect to excel at through BIM 
outsourcing.” For the company learning and growth perspective, the 
question was, “What long-term improvements or value do we expect 
from BIM outsourcing.” Each interviewee would propose those critical 
criteria from their views and backgrounds by answering these questions. 
This study conducted the criteria saturation test by examining whether 
new interviews could supplement the existing criteria sets. If new 
criteria still emerged, iterative interviews were needed. In this study, the 
identified criteria saturated when the 36th interview exhibited repeated 
criteria. Moreover, the following seven interviews further corroborated 
the saturation level as no more new criteria were detected. Finally, 20 
criteria were identified (Appendix I). 

Second, to screen out those most necessary criteria for BIM 
outsourcing decisions, further necessity judgments was conducted 
through a questionnaire survey. 43 interviewees from semi-structured 
interviews were presented with the initial 20 criteria and required to 
judge each criterion’s necessity using a five-point Likert scale (1 = not 
important, 2 = slightly important, 3 = moderately important, 4 = very 
important, 5 = extremely important). Then, the mean value of their 
ratings for each criterion was for necessity analysis. As mean values 
could be any decimals and integers between 1 and 5, an interval scale (i. 
e., “0.0–1.5”, “1.51–2.5”, “2.51–3.5”, “3.51–4.5”, “4.51–5.0”) was uti-
lized to describe them. Each interval was treated as “Not necessary,” 
“Slightly necessary,” “Moderately necessary,” “Very necessary,” and 
“Extremely necessary,” respectively. For example, if the mean value fell 
into “0.0–1.5”, it could be interpreted as “Not necessary.” Meanwhile, 
the interrater agreement (IRA) method was adopted to assess the 
strength of agreement for each criterion’s necessity at the group level 
(Brown and Hauenstein 2005). IRA used the index of awg(1) (see the 
following equation) to show the proportion of observed agreement to 
the maximum possible disagreement. Like the mean value, awg(1) could 
be any decimals and integer between 0 and 1. Therefore, an interval 
scale (i.e., “0.00–0.30”, “0.31–0.50”, “0.51–0.70”, “0.71–0.90”, 
“0.91–1.00”) was utilized to describe them, and each range could be 
treated as “lack of agreement,” “weak agreement,” “moderate agree-
ment,” “strong agreement,” and “very strong agreement” respectively. 
For example, if awg(1) fell into “0.00–0.30”, it could be interpreted as 
“lack of agreement.” 

awg(1) = 1 −
2*SD2

{
(H + L)*M − M2 − H*L

}
* n

n− 1 

For each criterion, SD was the standard deviation; H was the 
maximum scale value, and L was the minimum scale value; M was the 
mean value; n was the number of respondents. 

Criteria, which were considered “Very necessary” or “Extremely 
necessary” and acquired a “moderate agreement” level or above, were 
kept (Appendix II). Finally, a BSC framework with 4 perspectives and 15 
criteria was established for BIM outsourcing decisions (See Table 1 in the 
results section for details). 

3.2. ANP model 

Step 2: ANP network establishment. To establish the ANP network, it 
is necessary to build up the relations among criteria within and be-
tween each BSC perspective. Therefore, based on the 15 criteria 
identified, a 15*15 interrelation matrix was presented to the 43 in-
terviewees to mark the potential relations among different criteria. 
The interrelation matrix was determined by keeping those relations 
established by at least 22 interviewees (over the half). The ANP 
network can be established with arrows based on the final interre-
lation matrix. 
Step 3: Criteria weights determination. Two following sub-steps were 
utilized to determine the criteria weights.  
(1) Pairwise comparison and local weights. According to the criteria 

influencing paths in the ANP network, multiple pairwise com-
parison matrices were formed to calculate each criterion’s local 
weights with respect to their influencing criteria. Pairwise 
comparison adopted the 9-point priority scale from Saaty 
(1996), where a point of “1” indicates two criteria are equally 
important, and a point of “3” shows a criterion is moderately 
important than the other, and a point of “5” reflects a criterion is 
strongly important than the other, and a point of “7” means a 
criterion is very strongly important than the other, and a point of 
“9” demonstrates a criterion is extremely important than the 
other. Each of 43 interviewees conducted the pairwise compar-
isons, and the median value (i.e., the most frequent value) was 
selected to form the final pairwise comparison matrices. Mean-
while, for each pairwise comparison matrix, the consistency test 
of the judgments was evaluated by calculating the consistency 
ratio (CR), with CR less than 0.1 indicating satisfactory consis-
tency. Then, the principal eigenvectors of these pairwise com-
parison matrices were computed to deduce the local weights of 
each criterion with respect to their influencing criteria.  

(2) Supermatrix and global weights. To determine the global 
weights of each criterion, a supermatrix M was firstly established 

Table 1 
BSC framework for BIM outsourcing decisions.  

BSC perspectives Criterion Descriptions 

Financial (F) (F1) Cost saving BIM use cost reduction 
(F2) Cash flows Enriched cash flows for more projects 
(F3) Revenue and 
profitability 

Increased revenue and profitability 

Customer (C) (C1) Availability of 
BIM service 

BIM products and use cases available 
to customers 

(C2) Timely BIM 
delivery 

The delivery time of BIM products 
meeting the customers’ demands 

(C3) Customer 
satisfaction 

Customers’ whole evaluation and 
satisfaction with BIM 
implementation 

Internal operations 
(IO) 

(IO1) Flexibility to 
market needs 

Contractors’ agile ability to meet the 
market BIM use requirements 

(IO2) Core focus Contractors more excelling at their 
core business 

(IO3) BIM use 
productivity 

Elevated efficiency (e.g., shorter 
time) of contractors’ daily BIM 
implementation 

(IO4) BIM product 
quality 

Improved quality (e.g., fewer errors 
and reworks) of BIM delivery product 

Company learning 
and growth 
(CLG) 

(CLG1) BIM 
management 
expertise 

Enhanced BIM management expertise 
(e.g., knowledge and experience) for 
contractors 

(CLG2) Employee 
BIM competency 

Stronger BIM use competency of the 
contractors’ inner employees 

(CLG3) BIM R&D Excellence on the BIM R&D 
(CLG4) Employee 
satisfaction 

Increased employee satisfaction of 
the contractor 

(CLG5) Employee 
turnover 

Fewer employee turnover of the 
contractor  
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as follows by integrating the local criteria weights concluded 
above. 

P1 P2 … PN
c11 … c1n1 c21 … c2n2 … cN1 … cNnN  

M =

c11
P1 ⋮

c1n1

c21
P2 ⋮

c2n2

⋮ ⋮
cN1

PN ⋮
cNnN

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

W11 W12 … W1N

W21 W22 ⋯ W2N

⋮ ⋮ ⋱ ⋮

WN1 WN2 ⋯ WNN

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Where, Pi depicts specific BSC perspective i. cin reflects those criteria 
belonging to Pi. Wij is the local criteria weights reflecting the importance 
of criteria in Pi with respect to criteria in Pj. Then, a weighted super-
matrix was formed by multiplying local criteria weights by their corre-
sponding weight matrix of the four BSC perspectives. Finally, the 
limiting supermatrix was deduced by increasing the weighted super-
matrix to powers. Values in the limiting supermatrix were the global 
criteria weights. This study utilized the Super Decisions software as the 
calculation tool to deal with the above computation process. Super 
Decisions is a decision support software based on the Analytic Hierarchy 
Process (AHP) and Analytic Network Process (ANP) (Mu and 
Pereyra-Rojas 2018). It has been widely utilized for ANP computation in 
the construction literature (See examples in Erdem and Ozorhon, 2015; 
Tjader et al., 2014). Based on the above criteria and related weights, the 
conceptual model for BIM outsourcing decision was established (see 
Fig. 4 the results section for details). 

3.3. Applicability validation of the conceptual model 

Step 4: case study. 

The proposed model was utilized in ten BIM outsourcing cases for 
model applicability validation. Managers of these ten cases have made 
related BIM outsourcing decisions according to their experience. 
Therefore, by comparing the decision results deduced from the con-
ceptual model with those existing ones (Erdem and Ozorhon 2015), the 
reliability of the conceptual model can also be judged. 

Appendix III shows the profile of ten contractors and their served 
projects. Contractor1 to Contractor 4 were comprehensive contractors 
with their main business covering infrastructure, industrial, and real 
estate projects, while Contractor5 to Contractor7 mainly focused on 
public projects, such as hospitals and schools. Contrator8 to 
Contractor10 primarily served real estate projects. In comparison, the 
scales of Contractor1 to Contractor4 were large for their annual profits 
and ever completed BIM projects, followed by Contractor5 to 
Contractor7 and Contrator8 to Contractor10. Meanwhile, these con-
tractors conducted BIM outsourcing decisions for different types of 
projects, and their final decisions were provided. Different kinds of 
contractors with BIM outsourcing demands for diversified projects will 
enhance the applicability of the proposed conceptual model. 

Each contractor has three BIM outsourcing alternative strategies (i. 
e., Strategy-1 of “Selective outsourcing,” Strategy-2 of “Total insourc-
ing,” and Strategy-3 “Total outsourcing”). When utilizing the conceptual 
model to determine the optimal BIM outsourcing strategy, managers of 
each contractor first rated the extent of the criteria that could be ach-
ieved under each strategy through a scale of 0–10. The higher scores 
indicated better performance of one strategy on the criteria. Afterward, 
the ratings were multiplied by the criteria weights and summarized into 
a global score for each strategy, which represents strategy’s advantage 
degree to the decision. Strategy achieving the highest global score was 

considered the final strategy. The followings were the calculation 
equations for selecting the strategy. 

Sj =
∑15

i=1
Cij*Wi, S*

j = Max
{

Sj
}
, (j= 1, 2, 3)

Where, Cij depicts the score of criterion i to the strategy j, Wi is the global 
weight of criterion i, Sj reflects the global score of strategy j, S*

j repre-
sents the final strategy j that achieves the highest global score. 

4. Results 

4.1. Criteria of the BSC framework 

According to research step1, this study reached the final BSC 
framework to support BIM outsourcing decisions (Table 1), including 
four perspectives and fifteen criteria. The financial perspective includes 
three criteria, namely Cost saving, Cash flows, and Revenue and prof-
itability. Three criteria are selected within the customer perspective, 
namely Availability of BIM service, Timely BIM delivery, and Customer 
satisfaction. The internal operations perspective contains four criteria, 
namely Flexibility to market needs, Core focus, BIM use productivity, 
and BIM product quality. The final company learning and growth 
perspective includes five criteria, namely BIM management expertise, 
Employee BIM competency, BIM R&D, Employee satisfaction, and 
Employee turnover. 

4.2. ANP network 

Fig. 2 shows the ANP network depicting the relationships among 
criteria within and between four BSC perspectives. One-way arrows and 
two-way arrows were utilized to describe the interactions among 
different criteria. The one-way arrows indicated one criterion influenced 
the other, while the two-way arrows reflected the inter-dependences 
between two criteria. For example, within the customer perspective, 
changes of “Timely BIM delivery” affected “Customer satisfaction.” 
Therefore, a one-way arrow was placed between the two criteria. Within 
the company learning and growth perspective, a two-way arrow was 
arranged between “BIM management expertise” and “employee satis-
faction” since the two criteria were interdependent. 

4.3. Local weights and global weights of the criteria 

A total number of 28 pairwise comparison matrices were established 
and computed. Table 2 and Table 3 are examples of these final pairwise 
comparison matrices. Table 2 shows the pairwise comparison of criteria 
under the customer perspective with respect to the “Revenue and prof-
itability” criterion under the financial perspective, while Table 3 depicts 
the pairwise comparison of criteria under the internal operations 
perspective with respect to the “Cost saving” criterion under the finan-
cial perspective. Apart from the example matrices, CR values for all 
other pairwise comparison matrices were less than 0.1, signifying 
acceptable judgment consistencies. 

Through integrating the local weights into the supermatrix (Appen-
dix IV-1), then the weighted supermatrix (Appendix IV-2), and the final 
limiting supermatrix (Appendix IV-3), The global weights of 4 per-
spectives and 15 criteria were concluded in Table 4 and Table 5. Fig. 3 
depicts the ANP model in the Super Decisions software. 

4.4. Conceptual model for BIM outsourcing decision 

The conceptual model for BIM outsourcing decision was established 
based on the above criteria and their weights (Fig. 4). 
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4.5. Model validation 

According to the formula in step4, the global scores of three alter-
native outsourcing strategies for the ten contractors were calculated and 
depicted in Table 6. 

According to Table 6, contractor1, contractor2, contractor4, and 
contractor5 could adopt “Selective outsourcing” as the outsourcing 

strategy. Contractor3, contractor7, contractor8, contractor9, and 
contractor10 might utilize “Total outsourcing,” while contractor6 
should use “Total insourcing” as the best outsourcing strategy. Mean-
while, Table 6 depicts the consistency comparisons between those 
concluded strategies from the conceptual model with that of contractors 
practically selected. Eight of the concluded strategies match the prac-
tical ones, demonstrating a consistency level of 80%. An ideal situation 
is that all the calculated results matched the practical cases, reaching a 
100% consistency level. However, it should admit that the conceptual 
model is not the one-for-all BIM outsourcing decisions but a reference 
model. Therefore, as a preliminary and supporting conceptual model, an 
over 50% consistency level was satisfying (Erdem and Ozorhon 2015). 

Fig. 2. ANP network.  

Table 2 
Pairwise comparison of criteria under the customer perspective with respect to 
the criterion of Revenue and profitability.   

Availability of 
BIM service 

Timely BIM 
delivery 

Customer 
satisfaction 

CR 

Availability of 
BIM service 

1 2 3 0.00885 

Timely BIM 
delivery 

1/2 1 2 

Customer 
satisfaction 

1/3 1/2 1 

Local weights 0.16176 0.30882 0.52942  

Table 3 
Pairwise comparison of criteria under internal operations perspective with respect to the criterion of Cost saving.   

Flexibility to market needs Core focus BIM use productivity BIM product quality CR 

Flexibility to market needs 1 2 1/2 1 0.01716 
Core focus 1/2 1 1/3 1/2 
BIM use productivity 2 3 1 1 
BIM product quality 1 2 1 1 
Local weights 0.23124 0.42579 0.14843 0.19455  

Table 4 
Global perspective weights.  

BSC perspectives Weights Rankings 

Financial 0.12677 3 
Customer 0.38957 1 
Internal operations 0.38650 2 
Company learning and growth 0.09716 4  
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Therefore, it can be supposed that the conceptual model can acquire 
satisfied applicability and reliability in different scenarios of BIM 
outsourcing decisions. 

Meanwhile, regarding the inconsistencies, further interviews were 
used to explore the reasons behind. Both contractor3 and contractor4 
raised concerns about the data security of outsourcing. Although 
contractor3 established partnerships with top BIM service providers 
worldwide (e.g., Autodesk), they still preferred selective outsourcing to 
manipulate the data ownership and security. Contractor4 showed more 
substantial data security concerns as their business mainly focused on 
the high-tech factories under strict supervision of the government. 
Therefore, they mainly conduct BIM use in house. These findings pro-
vide insights to improve the conceptual model by adding data security as 
the criteria and extend the four BSC perspectives. 

5. Discussion 

5.1. The necessity of identified criteria for BIM outsourcing decisions 

Financial perspective. As BIM implementation demands a large 

volume of investments for BIM infrastructures and BIM operation and 
maintenance (Fountain and Langar 2018), a primary concern behind the 
BIM outsourcing decisions is to achieve a financial advantage by 
reducing the BIM costs. Usually, BIM outsourcing providers can help 
reduce BIM costs due to their economies of scale. Meanwhile, compared 
with the client organizations, BIM outsourcing providers possess more 
advanced BIM tools and professional BIM workforces, for which they can 
deliver cost-effective BIM solutions easily. In addition, cash flow is 
considered a critical influencing factor for BIM outsourcing decisions. 
With abundant cash flows, constructions organizations, particularly the 
contractors, may have more financial flexibility to invest in more pro-
jects and expand the market share (Tripathi and Jha 2018). Through 
BIM outsourcing, fixed BIM assets can be transferred into variable and 
fewer costs, significantly reducing capital expenditures in terms of cash 
flows. Finally, achieving higher revenue and profits is the utmost goal of 
construction organizations for BIM implementation (Yang and Chou 
2019), which also determines the BIM outsourcing decisions. When 
effective BIM outsourcing brings cost savings and an expanded market, a 
considerable return of high revenue and profits is expected. 

Customer perspective. As customers (owners) are now posing 
increasing demands for high digitalization of the building process and 
superior quality of the final building products (Barbosa et al., 2017), 
they tend to exploit the BIM value by urging sophisticated BIM use cases. 
Therefore, ensuring the availability of diversified BIM use services to the 
customers is an essential consideration for BIM outsourcing decisions. 
Advanced BIM use cases, such as digital twin, supply chain manage-
ment, and value engineering, require professional knowledge and 
specialized equipment. BIM outsourcing providers can be more 
competent to accomplish these complex tasks. Meanwhile, BIM delivery 
lead time is another factor influencing BIM outsourcing decisions. As for 
information systems, a shorter delivery time means earlier returns on IT 
investments (Büyüközkan et al., 2017), which is also applicable to BIM 
delivery. The timely delivery of BIM products will guarantee the 
acquisition of BIM benefits as soon as possible for the customers. Finally, 
firms should also allow for customer satisfaction for BIM outsourcing 
decisions. Customer satisfaction is the affirmation of the organization’s 
capability, and it helps win the organization’s reputation. Obtaining a 

Table 5 
Global criteria weights.  

Criterion Weights Rankings 

Cost saving 0.05511 9 
Cash flows 0.00830 14 
Revenue and profitability 0.06336 7 
Availability of BIM service 0.10084 4 
Timely BIM delivery 0.12799 3 
Customer satisfaction 0.16074 1 
Flexibility to market needs 0.09445 5 
Core focus 0.15089 2 
BIM use productivity 0.05541 8 
BIM product quality 0.08575 6 
BIM management expertise 0.03300 10 
Employee BIM competency 0.02226 11 
BIM R&D 0.00778 15 
Employee satisfaction 0.01515 13 
Employee turnover 0.01897 12  

Fig. 3. ANP model in Super Decisions software.  
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high level of customer satisfaction is the prerequisite for more project 
opportunities in the future (Tripathi and Jha 2018), especially from 
regular customers. Usually, an excellent BIM outsourcing provider can 
help increase the satisfaction and trust of the customers due to their 
better BIM products and services (e.g., timely BIM delivery). 

Internal operation perspective. With many competitors, the AEC sector 
is characterized by fierce competition and high bankruptcy (Tripathi 
and Jha 2018). Construction organizations should react promptly to the 
ever-changing business environments to survive in the market. As a 
result, flexibility to the market needs is a critical concern for BIM 
outsourcing decisions. Especially when BIM was brought as a competi-
tive tool, firms should propose innovative BIM solutions, particularly 
those combined with other advanced information technologies (e.g., 
RFID, Cloud, GIS, Robotics) (Meng et al., 2020), for competitive 
advantage. BIM outsourcing providers may provide the client organi-
zation with more flexibility and agility since they can offer those extra 
new technologies and products whenever needed. Meanwhile, excelling 
at the core business is another consideration for BIM outsourcing de-
cisions. As the organization’s core business is the leading source of 
competitive advantage, more resources should be dedicated to those 

core business activities. BIM outsourcing may free up those resources for 
non-core businesses. For example, the prefabricated component manu-
facturer may outsource multiple BIM applications and focus on 
advancing the manufacturing technology of different building materials. 
In addition, increasing BIM use productivity and BIM product quality are 
the main focus of the daily BIM management of construction organiza-
tions, which also influence their BIM outsourcing decisions. Partnering 
with superior BIM outsourcing providers with high skilled BIM work-
force and advanced BIM technology may reduce any potential BIM use 
errors, which in turn help accelerate the BIM use process and elevate the 
quality of BIM deliverables. 

Company learning and growth perspective. As BIM management 
expertise and employee BIM competency represent the maturity of an 
organization’s BIM management (Giel and Issa 2016), increasing them 
are two critical concerns for BIM outsourcing decisions. Leading BIM 
outsourcing providers may bring those cutting-edge BIM use knowledge 
and technology that will enhance the client organizations’ BIM man-
agement expertise. Meanwhile, through working with those experienced 
BIM outsourcing providers, direct BIM learning mechanisms can be 
formed for the employees, which may elevate their BIM competency. In 
addition, BIM R&D is fundamental for construction organizations to win 
BIM competitive advantage (Mahamadu et al., 2017), for which it 
should also be considered when making BIM outsourcing decisions. On 
the one hand, BIM outsourcing providers can help innovate the content 
of BIM R&D by introducing new concepts and ideas. On the other hand, 
since BIM outsourcing releases the resources for BIM implementation, 
more investments can be devoted to BIM R&D. Finally, as employees are 
the dominating resources for company growth (Tripathi and Jha 2018), 
both employee satisfaction and employee turnover should be allowed 
for during BIM outsourcing decisions. When effective BIM outsourcing 
can elevate the aforementioned employee competency and management 
expertise, high productivity of BIM implementation can be acquired, 
which may enhance employee satisfaction and reduce employee turn-
over. However, it also should be noted that employee dissatisfaction and 
a high frequency of employee turnover can happen if employees’ posi-
tions are threatened by the intervention of BIM outsourcing providers 
(Liu et al., 2017). 

Fig. 4. Conceptual model for BIM outsourcing decision.  

Table 6 
Global scores of each strategy for ten contractors from the conceptual model.   

Selective 
outsourcing 

Total 
insourcing 

Total 
outsourcing 

Comparison with 
the selected 
strategy 

Contractor1 7.27 4.95 7.04 Consistent 
Contractor2 7.69 5.17 7.49 Consistent 
Contractor3 6.63 4.58 7.45 Inconsistent 
Contractor4 7.50 5.14 7.42 Inconsistent 
Contractor5 7.14 4.64 6.99 Consistent 
Contractor6 6.38 6.59 5.85 Consistent 
Contractor7 6.97 5.01 7.37 Consistent 
Contractor8 6.71 5.28 7.53 Consistent 
Contractor9 6.70 5.38 6.98 Consistent 
Contractor10 6.67 5.11 7.10 Consistent 

Note: Bolded numbers are global scores for the best outsourcing strategy. 
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5.2. Relative importance of the criteria for BIM outsourcing decisions 

According to Table 4, the customer perspective and internal opera-
tions perspective occupied over 70% of the total weight, for which they 
were the two most important perspectives within the BSC framework for 
making BIM outsourcing decisions. Specifically, the top-five ranked 
criteria belonged to these two perspectives (Table 5). “Customer satis-
faction” (ranked 1st), “Timely BIM delivery” (ranked 3rd), and “Avail-
ability of BIM service” (ranked 4th) belonged to the customer 
perspective. The rankings of these three criteria jointly reflected that 
satisfying the customer’s requirements and needs is foremost for BIM 
outsourcing decisions. Especially when owners increasingly require so-
phisticated BIM use cases in their projects, BIM outsourcing may offer 
contractors a flexible and immediate way to approach them. This finding 
was consistent with prior studies regarding contractors’ main BIM 
outsourcing motives (i.e., seeking the availability of BIM service) 
(Fountain and Langar 2018). Meanwhile, “Core focus” (ranked 2ed) and 
“Flexibility to market needs” (ranked 5th) belonged to the internal 
operation perspective. The rankings of the two criteria jointly demon-
strated that achieving a competitive advantage is a vital objective 
behind the BIM outsourcing decisions. BIM outsourcing can increase the 
flexibility of contractors to propose innovative BIM solutions and at the 
same time strengthen the resources for the “core focus,” which elevates 
contractors’ competitive advantage in the market of fierce competition. 
Although criteria within both financial perspective and company 
learning and growth perspective were considered as necessary elements 
for BIM outsourcing decisions, they were less critical. It was surprisingly 
found that criteria for financial perspective ranked relatively low. One 
interviewee offered the reason that “Even if BIM outsourcing might 
bring some financial benefits, it would also incur additional cost (e.g., 
BIM outsourcing provider management cost) that offset these financial 
benefits.” Therefore, obtaining the financial benefits may not be the 
primary concern for BIM outsourcing decisions. Finally, criteria within 
the company learning and growth perspective ranked lower than other 
criteria. In comparison with other criteria, criteria within the company 
learning and growth perspective are more indirect concerns for BIM 
outsourcing decisions, for which they were assigned little importance. 

6. Implications 

This study offers some significant implications for both research and 
practice. Theoretically, the study is one of the first to extend the use of 
BSC to the BIM outsourcing domain. More importantly, through estab-
lishing the customized model for BIM outsourcing decisions, this study 
deals with the insufficiency of current BIM-related frameworks, most of 
which concentrated on BIM use capability and maturity evaluation (Wu 
et al., 2017). In addition, this conceptual model can work as a point of 
departure for investigating BIM outsourcing problems. Future research 
can draw on the conclusions and conduct further complements (e.g., 
adding sustainability and data security to extend the four BSC per-
spectives) and refinements of the model content, especially in different 
country contexts. 

Practically, contractor managers can benefit a lot from the research. 
Particularly for those small and medium contractors, utilizing the con-
ceptual model to make BIM outsourcing decisions is more effective and 
scientific than relying upon their insufficient experience. Meanwhile, for 
those experienced and large contractors, solutions concluded from the 
conceptual model can offer references and comparisons for the optimal 
decisions. Moreover, when making BIM outsourcing decisions, it is 

recommended that the contractor managers should pay more attention 
to those critical criteria (i.e., customer satisfaction, core focus, timely 
BIM delivery, availability of BIM service, and flexibility to market 
needs). Finally, even if contractors are the direct beneficiaries of the 
study, it is supposed that other construction stakeholders (e.g., designer, 
owner) can also get inspired from the research to develop their 
personalized models for BIM outsourcing decisions. 

7. Conclusion 

This study intends to propose a conceptual model to support con-
tractors’ BIM outsourcing decisions and help them select the optimal 
BIM outsourcing strategies (i.e., Selective outsourcing, Total BIM 
insourcing, or Total BIM outsourcing). Through semi-structured in-
terviews and a questionnaire survey, a BSC framework with 4 perspec-
tives and 15 criteria was formed for BIM outsourcing decisions. Then, 
interrelationships among different perspectives and criteria were con-
structed into the ANP network. Based on the network, multiple pairwise 
comparison matrices were established. A series of supermatrices 
(including supermatrix, weighted supermatrix, and limiting super-
matrix) were calculated to deduce the final weights of these perspectives 
and criteria, during which the Super Decisions software was utilized as 
the main computation tool. The results showed that “Customer satis-
faction,” “Core focus,” “Timely BIM delivery,” “Availability of BIM 
service,” and “Flexibility to market needs” were the top-five ranked 
criteria belonging to the two most important customer perspective and 
internal operation perspective. However, criteria in the financial 
perspective and company learning and growth perspective were 
assigned less importance. Based on the criteria and weights, the con-
ceptual model for BIM outsourcing decisions was established and vali-
dated by ten different contractors to select their best BIM outsourcing 
strategies in various types of construction projects. The results 
confirmed the reliability and applicability of the conceptual model for 
BIM outsourcing decisions. 

However, several limitations should also be considered. First, due to 
the sample interviews limiting to Chinese contractors, some criteria may 
be omitted. Therefore, it is suggested that future research can supple-
ment the criteria from interviewees of different countries. Meanwhile, as 
the model validation results demonstrated potential criteria (e.g., data 
security) beyond four BSC perspectives, new perspectives are also 
welcomed to extend the BSC framework for BIM outsourcing decisions. 
Finally, since the conceptual model was only tested by ten contractors, 
more cases can be used to validate its applicability further. 
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Appendixes  

Appendix I 
Profile of the interviewees for the semi-structured interviews and their proposed criteria for BIM outsourcing decision  

Interviewee Positions Working experiences 
(years) 

BIM experiences 
(years) 

Main expertise Responsible BIM outsourcing cases 
(ever) 

Initial criteria 

1* BM 17 12 Infrastructure 30–40  F0B2 Cash flows 
2* BM 25 11 Infrastructure 50–60  F0B2 Cost saving 
3* PM 22 13 Real estate 30–40  F0B2 Availability of BIM service 
4* PM 25 12 Industrial 30–40 
5* PM 16 15 Real estate 40–50 
6* PM&BM 23 12 Real estate 40–50  F0B2 Employee BIM competency 
7* PM 20 13 Real estate 30–40 
8* PM&BM 20 11 Real estate 50–60 
9* PM 30 14 Real estate 40–50  F0B2 Customer satisfaction 
10* PM 25 14 Industrial 40–50 
11* PM 23 16 Real estate 30–40  F0B2 Core focus 
12* PM 22 11 Real estate 40–50  F0B2 Timely BIM delivery 
13* BM 20 7 Real estate 40–50 
14* BM 18 12 Infrastructure 30–40  F0B2 BIM certifications 
15* BM 20 11 Infrastructure 30–40 
16* BM 17 10 Industrial 30–40  F0B2 Revenue and profitability 
17# PM 22 11 Infrastructure 30–40 
18# BM 25 11 Industrial 30–40  F0B2 Employee turnover 
19# PM 22 12 Industrial 40–50 
20# PM 20 12 Real estate 40–50  F0B2 BIM product quality 
21# PM 18 12 Real estate 40–50 
22# PM 18 14 Real estate 40–50  F0B2 BIM management expertise 
23# BM 23 12 Real estate 40–50 
24# BM 27 9 Real estate 40–50 
25# BM 33 11 Real estate 50–60  F0B2 Employee satisfaction 
26# BM 25 14 Industrial 60–70 
27# PM&BM 22 15 Real estate 40–50  F0B2 Asset management 
28# PM 20 11 Real estate 40–50 
29# PM 26 8 Real estate 40–50  F0B2 BIM training 
30# PM 25 11 Real estate 40–50  F0B2 Flexibility to market needs 
31# PM 25 11 Infrastructure 40–50 
32# PM 16 8 Real estate 30–40 
33# PM&BM 20 13 Real estate 30–40  F0B2 BIM use productivity 
34# PM 22 12 Real estate 40–50 
35# PM 22 12 Real estate 40–50  F0B2 Industry BIM leadership 
37# PM 18 11 Infrastructure 40–50 
38# PM 19 8 Infrastructure 40–50 
39# BM 22 11 Real estate 40–50  F0B2 BIM R&D 
40# BM 22 11 Real estate 50–60  F0B2 Satisfying BIM statutory 

norms 41# PM 18 7 Real estate 40–50 
42# PM 20 11 Real estate 40–50 
43# PM 22 11 Infrastructure 60–70 

Note: PM=Project manager; BM=BIM Manager; “*” depicts the interviewee was approached from the first channel; “#” depicts the interviewee was approached from 
the second channel.  

Appendix II 
Necessity analysis and interrater agreement analysis  

Criteria ME NL AWG1 AL 

Cash flows 4.47 Very 0.73 Strong 
Customer satisfaction 4.84 Extremely 0.56 Moderate 
Cost saving 4.67 Extremely 0.63 Moderate 
BIM R&D 4.37 Very 0.78 Strong 
Availability of BIM service 4.79 Extremely 0.58 Moderate 
Employee BIM competency 4.40 Very 0.77 Strong 
Revenue and profitability 4.63 Extremely 0.65 Moderate 
Employee turnover 4.44 Very 0.74 Strong 
BIM product quality 4.67 Extremely 0.63 Moderate 
BIM management expertise 4.56 Extremely 0.63 Moderate 
Employee satisfaction 4.47 Extremely 0.73 Strong 
Flexibility to market needs 4.67 Extremely 0.63 Moderate 
BIM use productivity 4.70 Extremely 0.62 Moderate 
Core focus 4.74 Extremely 0.51 Moderate 
Timely BIM delivery 4.79 Extremely 0.58 Moderate  

Note: ME = mean; NL = necessity level interpreted from ME; AWG1 = interrater agreement index; AL = agreement level interpreted from AWGI; 
Extremely = Extremely necessary; Very = Very necessary; Moderate = moderate agreement; Strong = strong agreement;  
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Appendix III 
Profile of contractors and their served projects  

Company Main Business scope Annual profit (million 
yuan) 

BIM Projects (ever 
completed) 

Project type Project size (million 
yuan) 

Outsourcing strategy 
utilized 

Contractor1 Infrastructure, industrial, real 
estate 

785 270 City tunneling 450 Selective outsourcing 

Contractor2 Infrastructure, real estate 455 156 Railway station 135 Selective outsourcing 
Contractor3 Infrastructure real estate 320 215 Highway 350 Selective outsourcing 
Contractor4 Industrial, real estate 338 126 Semiconductor 

Factory 
235 Total insourcing 

Contractor5 Hospital, school 172 34 Hospital 56 Selective outsourcing 
Contractor6 School 155 22 Library 88 Total insourcing 
Contractor7 School 187 28 Dormitory 35 Total outsourcing 
Contractor8 Real estate 115 25 Apartment house 25 Total outsourcing 
Contractor9 Real estate 122 18 Apartment house 43 Total outsourcing 
Contractor10 Real estate 115 24 Commercial 

square 
83 Total outsourcing   

Appendix IV-1 
The supermatrix   

F1 F2 F3 C1 C2 C3 IO1 IO2 IO3 IO4 CLG1 CLG2 CLG3 CLG4 CLG5 

F1 0.000 0.000 0.889 0.000 0.833 0.833 0.100 0.000 0.000 0.000 0.000 0.143 0.143 0.000 0.000 
F2 0.100 0.000 0.111 0.000 0.167 0.167 0.900 1.000 0.875 0.000 0.000 0.000 0.000 0.000 0.000 
F3 0.900 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.125 1.000 1.000 0.857 0.857 0.000 0.000 
C1 0.750 0.667 0.000 0.000 1.000 1.000 0.333 0.000 1.000 0.000 1.000 1.000 0.250 1.000 0.000 
C2 0.250 0.333 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.750 0.000 0.000 
C3 0.000 0.000 0.000 0.000 0.000 0.000 0.667 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 
IO1 0.231 0.320 0.000 0.000 0.239 0.000 0.000 0.500 1.000 0.000 0.000 0.000 0.000 0.000 0.000 
IO2 0.426 0.558 0.558 0.000 0.434 0.750 0.750 0.000 0.000 1.000 0.667 0.000 0.000 0.000 0.000 
IO3 0.148 0.122 0.122 1.000 0.089 0.000 0.250 0.000 0.000 0.000 0.333 0.000 0.000 0.000 0.000 
IO4 0.195 0.000 0.320 0.000 0.239 0.250 0.000 0.500 0.000 0.000 0.000 1.000 1.000 0.000 0.000 
CLG1 0.900 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.582 0.667 0.571 0.875 
CLG2 0.000 0.000 0.295 0.000 0.000 0.000 0.000 0.368 0.000 0.000 0.358 0.000 0.333 0.286 0.000 
CLG3 0.100 0.000 0.086 0.000 0.000 0.000 0.000 0.082 0.000 0.000 0.110 0.109 0.000 0.000 0.125 
CLG4 0.000 0.000 0.246 0.000 0.000 0.000 0.000 0.242 0.000 0.000 0.230 0.309 0.000 0.000 0.000 
CLG5 0.000 0.000 0.373 0.000 0.000 0.000 0.000 0.308 0.000 0.000 0.302 0.000 0.000 0.143 0.000   

Appendix IV-2 
The weighted supermatrix   

F1 F2 F3 C1 C2 C3 IO1 IO2 IO3 IO4 CLG1 CLG2 CLG3 CLG4 CLG5 

F1 0.000 0.000 0.104 0.000 0.000 0.125 0.011 0.000 0.000 0.000 0.000 0.016 0.016 0.000 0.000 
F2 0.012 0.000 0.013 0.000 0.000 0.025 0.100 0.111 0.097 0.000 0.000 0.000 0.000 0.000 0.000 
F3 0.105 0.117 0.000 0.000 0.000 0.000 0.000 0.000 0.014 0.111 0.111 0.095 0.095 0.000 0.000 
C1 0.432 0.384 0.000 0.000 0.420 0.000 0.192 0.000 0.577 0.000 0.577 0.577 0.144 0.577 0.000 
C2 0.144 0.192 0.000 0.000 0.000 0.630 0.000 0.000 0.000 0.000 0.000 0.000 0.432 0.000 0.000 
C3 0.000 0.000 0.000 0.000 0.210 0.000 0.384 0.000 0.000 0.577 0.000 0.000 0.000 0.000 0.000 
IO1 0.042 0.057 0.000 0.000 0.053 0.000 0.000 0.090 0.179 0.000 0.000 0.000 0.000 0.000 0.000 
IO2 0.076 0.100 0.100 0.000 0.096 0.165 0.135 0.000 0.000 0.179 0.120 0.000 0.000 0.000 0.000 
IO3 0.027 0.022 0.022 0.220 0.020 0.000 0.045 0.000 0.000 0.000 0.060 0.000 0.000 0.000 0.000 
IO4 0.035 0.000 0.057 0.000 0.053 0.055 0.000 0.090 0.000 0.000 0.000 0.179 0.179 0.000 0.000 
CLG1 0.115 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.133 0.000 0.077 0.089 0.076 0.116 
CLG2 0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.049 0.000 0.000 0.048 0.000 0.044 0.038 0.000 
CLG3 0.013 0.000 0.011 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.015 0.015 0.000 0.000 0.017 
CLG4 0.000 0.000 0.032 0.000 0.000 0.000 0.000 0.032 0.000 0.000 0.031 0.041 0.000 0.000 0.000 
CLG5 0.000 0.000 0.048 0.000 0.000 0.000 0.000 0.041 0.000 0.000 0.040 0.000 0.000 0.019 0.000   

Appendix IV-3 
The limiting supermatrix   

F1 F2 F3 C1 C2 C3 IO1 IO2 IO3 IO4 CLG1 CLG2 CLG3 CLG4 CLG5 

F1 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 
F2 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 
F3 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 
C1 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 0.101 
C2 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 0.128 

(continued on next page) 
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Appendix IV-3 (continued )  

F1 F2 F3 C1 C2 C3 IO1 IO2 IO3 IO4 CLG1 CLG2 CLG3 CLG4 CLG5 

C3 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 0.161 
IO1 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 0.094 
IO2 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 0.151 
IO3 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 0.055 
IO4 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 
CLG1 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 
CLG2 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 
CLG3 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 
CLG4 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
CLG5 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019  
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