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Abstract: In response to frequent complex project delays, organization synchronization, a set of
interactions, is a dynamic behavior that helps to restore the stability of complex projects after delays.
However, few studies have figured out how organizations synchronize effectively in order to deal with
delay issues. To solve this problem, this study first provides a preliminary list of CDFs and indices of
organization interactions are also given. A total of 15 key CDFs and 10 interaction ways were refined
according to a questionnaire survey. In addition, the complex network synchronization (CNS) theory
was adopted to analyze the synchronizability and importance of nodes by comprehensively using
multiple parameters. A complex metro project with 51 project organizations was used as a case study
and we found that specific signal organizations synchronized through three effective interaction
ways (meetings, discussion and study, and the Internet) to cope with six CDFs (safety accidents,
prominent problems of land expropriation, unreasonable timelines by clients, improper construction
designs, delayed payments, and high financial risks). This study contributes to defining organization
synchronization, providing a feasible research framework for assessing network synchronizability
and identifying signal organizations in complex projects, and guiding practitioners to effectively cope
with delays by interactions between signal organizations.

Keywords: organizational synchronization; interactions; construction delay factors; complex network
synchronization theory; complex projects

1. Introduction

Complex projects are a focus of research in project management to meet social de-
mands. For instance, infrastructure projects are being pursued at a breakneck pace in
developing countries in water and sewagge, electricity, and transportation and communica-
tions, while developed countries are improving infrastructure systems to solve outstanding
problems [1]. Complex projects refer to construction projects that are large in scale and
involve large investments, multiple stakeholders, complex interactions, and a dynamic
environment. They thus feature a high level of uncertainty, unknown dependencies, and
unpredictability [2]. Uncertainty in complex projects leads to unexpected events, such as
incorrect on-site exploration and accidents, while organizations handling such projects
need to be flexible because of the unknown dependencies [2]. Unexpected situations often
lead to construction delays [3,4]. Therefore, project success is closely related to project
complexity, such as the scale and technical difficulty [5,6].

Breaking down project complexity is useful to help practitioners identify complex
projects more accurately. It is recognized that project complexity has organizational and
technical types [7]. Given the long project life cycle and uncertain final project scope, the
dynamic and growth-related traits of projects helped researchers define project complexity
from the perspectives of time and space [8]. The composition of project complexity also
includes information and targets [9], communication [10], interface management [11], cost
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performance [12], and a dynamic environment [13]. Hence, it is important to summarize
existing interaction ways among complex project organizations [14].

Organizations dynamically interact with each other in complex projects and form the
behavior of organization synchronization once an accident, such as a delay, occurs [15,16].
Organization interactions are generally made up of different types, such as written, oral,
and technical interactions [17,18]. However, it remains unclear in which interaction ways
organizations synchronize effectively and which organizations have strong synchronization
capabilities. Therefore, this study aimed to resolve the organization synchronization issue
by (1) finding the most key construction delay factors (CDFs); (2) establishing an index
system of organization interactions; and (3) determining the synchronizability of important
organizations and effective interaction ways. The complex network synchronization (CNS)
theory was adopted to analyze the process of organization synchronization and a case
study was used to validate the application of the CNS theory. Thus, this study contributes
to the theory and practice of organizational synchronization and provides a comprehensive
way to evaluate synchronizability and the importance of nodes.

2. Literature Review
2.1. Construction Delay Factors

Construction delays in complex projects refer to time extensions that result from
multiple causes related to different stakeholders at different project phases. The causes
of delays are mainly related to project partners, such as clients, contractors, designers,
suppliers, investors, laborers, supervisors, and governments [19-23]. Other researchers
indicated that some external factors have a large influence on project performance, such
as dangerous environments and terrible weather [21,24], rising prices [20,25,26], and cul-
tural influences [27]. As shown in Table 1, we summarized a total of 27 CDFs gleaned
from the literature review and deconstructed the causes of delays from the perspective of
stakeholders, including financial institutions, clients, contractors, designers, supervisors,
governments, and external factors.

Previous studies indicated that the responsibility for delays should be attributed to
contractors and their direct stakeholders, such as suppliers and clients [20,26]. For these
organizations, the causes of delays include construction mistakes, site management, de-
layed payments and other problems with materials, personnel, and equipment [3,20,28].
The coordination of service providers related to project sites and project works was par-
ticularly weak [29], and poor communication or coordination problems may lead to re-
work [3,24,27,30,31]. Therefore, smooth coordination is required in order to successfully
remain on schedule to prevent variations in critical activities [26]. However, few previous
studies have explained how delay issues are solved by organization synchronization in the
context of complex projects, which involve large numbers of organizations and complex
organization interactions.
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Table 1. Summary of construction delay factors.

Sources

Factors

[3]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[31]

[31]

[32]

[331]

[34]

[35]

Clients

Prominent problems of land
expropriation

v

Slow decisions by clients

Design alterations by clients

Unreasonable timelines by
clients

Delayed payments
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SN G

v
v
v
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Deferred transmission of the
construction site

Supply problems from clients
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<

Improper financing

<<
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Contractors

Safety accidents

AU

Improper organizational
construction design

<

Limited capability of project
managers

Lack of labor or unqualified
labor

Machinery breakdowns

D S S U
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D N S N S AN

Disharmony with neighbors

Designers

Lack of communication
between designers and
contractors

Incorrect design basis

Supervisors

Incompetent supervision
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Factors

[3]

[20] [21]
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[24]

[25]
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[31]
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Conflicts with designers

v

v

v

v

v

v

v

v

v

Financial
institutions

High financial risk

v

Governments

Unreasonable government
intervention

Variations in law and
regulations
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External
factors

Dangerous environment and
terrible weather

<

Excavation of relics

International transportation of
materials, machines, and labor

Rising prices

Cultural influences
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2.2. Organizational Synchronization in Complex Projects

Synchronization is a ubiquitous process emerging from many dynamically interact-
ing units in many different areas, such as biological ecology, electronic circuits, social
relationships, and economic management [36,37]. Examples include numerous fireflies
suddenly flashing at the same time and clocks swinging at the same frequency after some
imperceptible movements. Importantly, synchronization not only involves multiple inter-
acting units but also the interaction of several signal units that transmit synchronization
signals to the other units [38]. Once a complex system has been disturbed by an external or
internal accident, the synchronization phenomenon first occurs in the local community that
is formed by the signal units and then spreads to the whole system. When achieving a state
of synchrony, all units show a high degree of coordination and the complex system reaches
a high level of stability.

In other words, the synchronization process helps to rebalance and restore a disturbed
complex system. In complex project systems, organizations are the actors who interact to
positively solve delay issues and achieve a state of synchrony. Thus, analysis of organi-
zation synchronization can contribute to our understanding of delays in complex project
management. Similar to the definition of synchronization, we assume that ‘organization
synchronization” means a dynamic process in which project organizations interact with
each other to effectively respond to project accidents and restore the stability of complex
project systems. After organizations have been synchronized, it is possible to achieve effec-
tive cooperation between organizations and faster information transmission in complex
systems [39-41].

Moreover, to better understand organization synchronization, studies need to focus
on organization interactions and the early interaction behaviors of signal organizations in
complex projects. Generally, organization interactions can be generated in many ways, such
as by tasks, documents (e.g., contracts), commitments or trust, information technologies,
communications, information sharing, knowledge exchanges, and management proce-
dures [42-48]. However, few studies have established an index system of interaction ways
and evaluated the frequency of each interaction way in project organizations. As shown in
Table 2, we summarized these interactions and classified them into written interactions,
oral interactions, technical interactions, and meetings.

Table 2. Organization interactions in complex projects.

Interactions Content

Investigation data, survey data, design drawings and instructions,
engineering calculations, contracts, rules and regulations,
organizational construction designs, situation reports, original
records, statistics charts, reports, and letters [49].

Written interactions

Oral task assignments, instructions, oral reports, inspections of
Oral interactions work, introductions, negotiations, suggestions, criticism,
discussions, and studies [50,51].

Internet, telephone, telegraph, computer, TV, video recording,

Technical interactions sound recording, and radio [52].

Meetings Site meetings, supervision meetings, and expert meetings [53].

Organization interactions and related communication issues have been widely studied
by using the Social Network Analysis (SN'A) theory in the construction field [43,54-57].
For example, Li adopted SNA to study the influence of Building Information Modeling
on project organizations and the communication patterns [58]. Admittedly, SNA is a
useful method for solving organization interaction problems. However, further theoretical
development would be needed if SNA is to be used to deal with synchronization issues.

In contrast, the complex network synchronization (CNS) theory, which was derived
from the complex network theory, has specifically been developed to explore the synchro-
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nization process. Watts and Strogatz (1998) first introduced the network theory to analyze
the synchronization of cricket chirps [59]. According to Li, previous studies on the CNS
theory can be divided into four types: synchronization of a chaotic system, synchronization
within a network, synchronization between different networks, and synchronization of a
multi-layer network [60]. Organization synchronization studies belong to the second type,
which refers to the synchronization behavior of internal network nodes. In addition, most
of the research concentrates on cumbersome mathematical calculations and theoretical
modeling in different areas. Few studies have applied the CNS theory to figure out the
organization synchronization process, particularly in complex projects.

Network synchronizability is greatly affected by the structural properties [61,62],
which rely on the characteristics of nodes and links in a complex network. In addition, the
structural properties of a network are generally evaluated by diverse parameters, many
of which have been found to have numeric relationships with network synchronizability.
For instance, degree, average path length, heterogeneity in the degree distribution, and
node betweenness centrality vary inversely with network synchronizability [63,64], and
modularity, which measures the density between different communities, is positively
proportional to network synchronizability [38]. However, these studies assessed network
synchronizability based on one single parameter. It is important to provide a sound analysis
by combining the relationships between network synchronizabilty and as many parameters
as possible.

As mentioned above, organization synchronization emerges from a local synchroniza-
tion initiated by several signal organizations. Some investigations have shown that flows
of large amounts of information or intensive interactions between the signal organizations
contribute to a faster synchronization process [38,65]. Hence, signal nodes in complex
networks have two general traits: (1) a high degree of connection with the other nodes;
and (2) initial nodes that perceive disturbance factors in complex networks and transmit
synchronization signals. Correspondingly, in complex projects, the first organization to
perceive delay factors and its closely related stakeholders may be signal nodes if they can
be proved to be highly linked with the other organizations. To find signal organizations,
it is critical to evaluate the importance of nodes from the network’s perspective. Node
importance is generally assessed by two parameters: (1) node degree [66,67]; and (2) node
centrality, including degree centrality, closeness centrality, betweenness centrality, and
eigenvector centrality [68]. Nevertheless, conflicting results frequently occur because node
importance usually ranks differently between the analysis of the five parameters. Hence,
we ranked network nodes and found signal organizations by unifying the above-mentioned
five node parameters.

3. Methodology
3.1. Research Framework

As shown in Figure 1, a research framework involving five steps was developed to
explore organization synchronization in terms of complex networks. First, a literature
review was conducted to identify 27 construction delay factors (Table 1) and four kinds of
organization interaction ways (Table 2). Then, an expert interview was conducted to discuss
the reasonableness of the 27 CDFs, determine the types of organizations, and determine the
possible organization interactions in complex projects. Second, a questionnaire survey was
used to assess the influence of the 27 CDFs on the project schedule and evaluate four kinds
of relationships among different units (inter-organization (10), organizations and CDFs
(OCDFs), organizations and interaction ways (OIWs) before the delay, and organizations
and interaction ways after the delay). Third, the software NetMiner 4.0 was utilized to
visualize the four corresponding complex networks (the IO network, the OCDF network,
the OIW network before the delay, and the OIW network after the delay). Subsequently,
several parameters were analyzed to compare the network synchronizability, find the key
CDFs, and determine the signal organizations in the early stage of local synchronization.
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During the above processes, statistical analysis (Step 2) and network analysis (Step 4) were
used to refine the key CDFs.

Process

Identifying network
nodes

v

Evaluating CDFs
and network links

Visualizing complex
networks

.

Analyzing parameters ——

——Questionnaire survey—

Literature review
Expert interview

Construction delay factors (CDFs)
Project organizations
Organization interaction ways

Key CDFs by statistical analysis

Four kinds of relationship matrices

¢ Inter-organization

¢ Organization and CDFs

¢ Organization and interaction ways before delay
¢ Organization and interaction ways after delay

'

NetMiner 4.0——»

Four corresponding complex networks

Complex network

Network synchronizability analysis

— Key CDFs by network analysis

synchronization theory Signal organizations
S

Validation

Comparison between:
———Case study—{ (1) key theoretical CDFs and actual CDFs
(2) signal organizations and responsible organizations

Figure 1. Research framework for studying organization synchronization.

Finally, to validate the effectiveness of the CNS theory’s application, a typical complex
project in Hangzhou, China was adopted as a case project and studied by implementing the
above steps. The complex metro project in the case study was assumed to be a project under
construction and we also assumed that no delay had occurred. Thus, the key CDFs and
the signal organizations could be generated from the theoretical research. If the theoretical
results are highly commensurate with the actual reasons for the delay and the responsible
organizations, then the feasibility of the CNS theory’s application can be proved.

Therefore, by applying the research framework, researchers can predict key causes
of delays and the responsible parties in complex projects where project delays have not
happened, determine the network synchronizability of the IO network, the OCDF network,
and the OIW network before the delay, and adjust organization interactions to achieve
better synchronizability in response to project delays.

3.2. Data Collection

The preliminary literature review yielded a list of CDFs and interaction ways. To
improve data accuracy, a further expert interview was conducted with three experienced
project managers from contractor and client organizations. All experts had either more
than 15 years of experience in construction projects or participated in complex projects.
They were required to assess the results of the literature review, summarize 10 types
of common organizations in complex projects, and initially discuss general interaction
ways between these organizations. According to the interview results, complex project
organizations include financial institutions (F), governments (G), including government-
funded representatives and departments approving and supervising construction projects,
clients (B), contractors (C), supervisors (S), designers (D), operation units (O), the public (P),
investors (I), and academic researchers. In addition, some interactions existing only between
particular stakeholders and relevant contract relationships were removed according to the
suggestions from the expert team. Thus, the 10 refined common interactions were oral
task assignments, instructions, oral reports, inspections of work, discussions and studies,
meetings, letters, networks, telephone communications, and telegraph communications.
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Focusing on the 10 types of organizations, a questionnaire survey was designed to
judge the effect of the 27 CDFs on the project period and the four types of relationships
mentioned above. The questionnaire consisted of four main sections. The first section
was used to obtain a profile of each respondent and collected information such as work
experience, geological distribution, and organization types. The second section assessed
the influence of the 27 CDFs on complex projects by a five-point Likert scale (1 = very
low, 2 =low, 3 = medium, 4 = high, 5 = very high). The third section quantified the
above-mentioned four kinds of relationships (inter-organization, organizations and CDFs,
organizations and interaction ways before the delay, and organizations and interaction
ways after the delay). The last section was used to obtain text solutions to construction
delay problems from these experienced respondents.

The specific participants were first selected via the stratified sampling strategy [69].
Then, a total of 175 questionnaires were sent out via paper or electronic files and 173
questionnaires were returned. There were 169 valid questionnaires, meaning a valid
response rate of 96.57%. The rate was relatively high compared with other studies and
acceptable rates, including 20.13% in [28], 11.1% in [69], 13.02% in [70], and 70% in [71].
The sample size of 169 was adequate for the data analysis and well above the minimum
requirement of 30 according to the central limit theorem [35]. Around 59.76% of the
respondents had at least 5 years of experience in working with complex projects. A total of
38.46% of the respondents were academic staff from universities, and the other respondents
had an even distribution in terms of organizations and geography.

3.3. Statistical Analysis

Cronbach’s alpha (x) is widely adopted to prove the inter-reliability of survey data
and its value ranges from 0 to 1 [72,73]. As stated in many studies [74-76], an acceptable o
score is generally larger than 0.70. As tested by SPSS 25.0, the « of 0.933 within the entire
survey sample indicated that the questionnaire survey had a high degree of reliability
and the fact that the « of each CDF was below 0.933 proved the strong inner consistency
of all scales. As shown in Table 3, the mean scores of the CDFs range from 3.06 to 4.06.
To select the critical CDFs, the normalized values of the mean scores were calculated, as
recommended by Xu et al. and Zhao et al. [77,78]. A total of 15 CDFs with normalized
values above 0.50 were regarded as critical factors.

Figure 2 shows the proportion of organization interaction ways before and after delays.
Whether delays occur or not, the most frequent means of interaction was meetings. After
project delays, the ratio of utilization of oral task assignments, networks, and instructions
decreased by 41.38%, 33.14%, and 28.17%, respectively. This indicates that inefficiencies
in organizational cooperation became evident in cases of accidents, leading to a further
loss of control and poor outcomes. Attention needs to be paid to effective interaction ways,
such as meetings and discussions, in order to enhance the efficiency of collaboration and
information sharing.

3.4. Network Parameters

According to the literature review, network synchronizability is related to two types
of parameters: (1) global network parameters, including average length path, modularity,
and clustering coefficient; and (2) node parameters, including degree and betweenness
centrality. The latter type is indirectly related to network synchrony by illustrating signal
nodes. Hence, we explain network synchronizability in terms of global network parameters
and explore signal organizations and key CDFs in light of node parameters. As shown in
Table 4, all involved parameters are explained. Both key CDFs and signal organizations are
explained by multiple parameters; thus, conflicting results are prone to occur. Therefore, we
summed the rank value of the corresponding parameters to obtain a comprehensive rank.
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Table 3. Ranking of CDFs.

CDFs Rank Mean Nv1 CDFs Rank Mean NV
Prominent problems of land 1 4.06 1.00 Incorrect design basis 15 3.56 0.50
expropriation
Safety accidents 2 3.93 0g7  Lackoflabor or unqualified 16 353 0.47
labor
Slow decisions by clients 3 3.92 0.86 Bad weather 17 3.5 0.44
Design alterations by clients 4 3.89 0.83 Excavation of relics 18 3.47 0.41
Unreasonab.le timelines by 5 385 0.79 Variations 1n‘1aws and 19 346 0.40
clients regulations
Improper or.gamza’.clonal 6 3.77 0.71 Incompetent supervision 20 3.42 0.36
construction design
International transportation of
Delayed payments 7 3.75 0.69 materials, machines, and 21 3.4 0.34
labor
Unreasonable government - .
. . 8 3.75 0.69 Rising prices 22 3.35 0.29
intervention
High financial risk 9 3.71 0.65 Machinery breakdowns 23 3.34 0.28
Deferred transmission of the 37 0.64 Conflicts with designers 24 3.5 0.19
construction site
Limited capability of project 1, 3.69 063  Disharmony with neighbors 25 3.19 0.13
managers
Supply problems from clients 12 3.66 0.60 Lack of supervisory strength 26 317 0.11
Lack of communication
between designers and 13 3.6 0.54 Cultural influences 27 3.06 0.00
contractors
Improper financing 14 3.58 0.52

I Normalized value (NV) = (mean — minimum mean)/(maximum mean — minimum mean).

e Before delay After delay

Oral task assignment

0.80
Telegraph i Giving instructions
0.60
Telephone Oral report
Internet Inspection of work
Discussion and
Letters

study
Meetings

Figure 2. Comparison between organization interaction ways before and after delays.
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Table 4. Parameters of complex networks.

Parameters of Complex Network Explanation
Network overview Density Measures the network’s cohesiveness.
Average path length The average distance between all node pairs.

Gauges the aggregation of networks. The larger it is, the more

1 i ffici .
Clustering coefficient connected the network is.

Modularity Measures the density between communities.

Node parameters

Regards nodes around nodes with a high degree of eigenvector

Figenvector centrality centrality as key nodes.

Betweenness centrality Measures the extent to which a vertex plays a bridging role [79].

Measures each node’s position in the network and means the

1 li . . .
Closeness centrality inverse of the average distance to others in some cases [79].

Degree centrality Counts the total number of connections linked to a node [79].

Degree The weighted sum of edges for a node [80].

4. Case Study

Phase I of the Hangzhou Metro Line 4 project was selected as a case study for the
following reasons. First, it is a typical complex project considering the interacting project
complexities due to the organizational structure, technologies, etc. Second, seven delays
indeed occurred in the case project and led to a huge final cost of as much as 14.35 billion
RMB. It was supposed to be operational on 29 December 2017, but the operational trial
was postponed by six months to 6 June 2018. The actual causes of the delay reported by
the news included a huge financial risk, prominent problems of land expropriation, an
unreasonable timeline for clients, an improper organizational construction design, safety
accidents, disharmony with neighbors, and the excavation of aerial bombs. Third, as a
completed complex project, ample data could be collected to determine the project organi-
zations. Three official websites (Zhejiang Provincial Development and Reform Commission,
Hangzhou City Development and Reform Commission, and Hangzhou Metro) were the
major sources of data on project organizations and publish project information such as
progress and participants. By a full-text search and the use of Web crawlers on the websites
in chronological order, a total of 357 texts were obtained and split into substantial quantities
of words. By selecting words with the organization property, more than one hundred
organizations were found to have participated in the completion of this project.

4.1. Network Nodes and Links

According to the research framework, there are three types of network nodes in a
theoretical complex project system, including 15 CDFs (Table 3), 10 types of project organi-
zations, and 10 common organization interaction ways. Before the evaluation of network
links, a focus group was formed to discuss the suitability of the theoretical nodes in the
case study. Seven experts participated in this project and came from various organizations,
including the client, two construction units, two supervision units, one material supplier,
and the investor. They consistently agreed that the initial selection of 15 CDFs and 10
interaction ways could be applied to the case study. Importantly, the expert team selected
51 major project organizations according to their experience in the case study. As shown
in Table 5, the project organizations in the case study consisted of the financial institution,
the client, 14 contractors, 10 supervision units, 3 design units, 13 material suppliers, the
government, the investor, the operation unit, and 7 public units. The rule used when coding
the nodes was that the first number represents the organizational type and the second
number represents the numerical reference method.
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Table 5. Node coding.

Organizations Coding CDFs Coding Interactions Coding
. F1r}an(?1al F Prominent prob.ler.ns of Delay 1 Oral task assignment Infl
institutions land expropriation

Clients B Safety accidents Delay 2 Giving instructions Inf2

Contractors C(1~14) Slow degsmns by Delay 3 Oral reports Inf3
clients

Designers D (1~3) Design al'teratlons by Delay 4 Inspections of work Inf4
clients

. Unreasonable Discussions and
Supervisors 5(1-10) timelines by clients Delay 5 studies Inf5
. . Improper construction .

Material suppliers M (1~13) organizational designs Delay 6 Meetings Inf6

Governments G Delayed payments Delay 7 Letters Inf7

Unreasonable
Operation units (@) government Delay 8 The Internet Inf8
intervention
Investors I(G) Huge financial risk Delay 9 Telephone Inf9
. Deferred transmission
Public P (1~7) of the construction site Delay 10 Telegraph Inf10
L1m1t.ed capability of Delay 11
project managers
Supply prpblems from Delay 12
clients
Lack of
communication
between designers and Delay 13
contractors
Improper financing Delay 14
Incorrect design basis Delay 15

Network links refer to the four kinds of relationships between the 15 CDFs, the

51 project organizations, and the 10 interaction ways. The weights of network links
were assessed by a questionnaire survey similar to the one described in Section 3.2 (Data
Collection), and four corresponding matrices were formed for network visualization. As
shown in Table 6, a sample matrix consists of i row nodes (N;; ~ N,;) and j column nodes
(Ne1 ~ Ngj). The weight of the link between N,; and N,; is defined as w;;. Note that
diagonal values such as wy; are 0 in complex network analysis. For example, the 51 project
organizations are both row and column nodes in the IO matrix, and 782 links were found
and weighted by the questionnaire survey; in the OCDF matrix, the 51 project organizations
are row nodes, the 15 CDFs are column nodes, and 66 links exist between these nodes.

Table 6. Sample matrix of complex networks.

Nodes N1 N Ny
w11 wy;j
wo1 w22 Wy
Wi Wip wij
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The tools available for analyzing complex networks include GEPHI, MATLAB [67],
NETWORKX, IGRAPH, Python, UCINET [81], NetMiner, and Pajek [82,83]. Among these
tools, NetMiner is user-friendly and provides a sufficient parameter analysis. Therefore, the
four matrices were input into NetMiner 4.0 and nodes were styled using different colors and
types. For instance, Figure 3 shows the inter-organization network visualized by NetMiner
4.0, where nodes are styled as follows: public, red heart; investors/the government, yellow
crisscross; operation units, orange star; financial institution, pink pentagon; the client, blue
triangles; other construction organizations, rectangles in different degrees of blue. CDFs
and interaction ways are styled in purple diamonds and green circles, respectively, in other
networks.

@ Public O O
Mé M7
A Client o
M5 O
03 Investor/Government = u Mi1
MO M10
. Contractor
L m
. Material supplier 36 v
. . . . P3
. Supervision units (] 51
S7 O ©
|:| Design units ] 59. g P'G o B :
Mgy M g
72( Operation units ci Aoy S10
B ]
® T My B Bon ci1
Financial institution a @ \pe
G2
0
M m
m M
Voo
. - N2 ¥ i
TRORS e N i
63 ; E O .%G P7
: B c
D1 = 9
= o cs P2
ms2 g Bl p'l
S5 C10 C9
] ]
S8 C8

le
Figure 3. Inter-organization network.

4.2. Parameter Analysis
4.2.1. Network Synchronizability Analysis

Table 7 summarizes the global features of complex networks based on the four param-
eters. Network synchronizability is reflected from two perspectives: average path length
and modularity. Apart from the IO network, the OCDF network and the OIW network
before and after the delay have the same average path length of 1. Thus, the relative
synchronizability of the three networks depends on their modularity values. The higher
the modularity value is, the better synchronizability the complex network has. As can be
seen in Table 6, OCDF ranks first in terms of modularity. Compared with the IO network,
the OCDF network has a shorter average path length, showing greater synchronizability.
In addition, the organizations interacted more frequently and effectively after the delay
because the modularity increased by 47.9%.
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Table 7. Global features of complex networks.

Clustering Average Path

Network Model Coefficient Density Length Modularity
10 network 0.566 0.307 1.693 0.164
OCDF network 0 0.045 1 0.284
OIW network before the delay 0 0.128 1 0.071
OIW network after the delay 0 0.123 1 0.105

The IO network has the highest density and clustering coefficient. However, the
network performs the best when the values of both parameters are close to 1. This indicates
that, in the case study project, organizational relationships were supposed to be enhanced
for rapid information flow and effective cooperation.

4.2.2. Key Construction Delay Factors

Table 8 presents a comprehensive ranking of the 15 CDFs based on the analysis of the
five parameters. Delay 2 (safety accidents) was recognized as the most influential factor in
the case study project. This result is highly consistent with the case study because a total
of seven safety accidents occurred from April 2014 to July 2016 and resulted in a project
delay as well as four deaths and one injury. The second-ranked CDF is Delay 1 (Prominent
problems of land expropriation). It also postponed the project because neighbors around the
construction site (Lianzhuang Station) were afraid of damage to the environment. Another
four key CDFs include Delay 5 (Unreasonable timelines by clients), Delay 6 (Improper
construction design), Delay 7 (Delayed payments), and Delay 9 (High financial risk). After
comparing the theoretical key CDFs and the actual reasons for delays, we found five
‘overlapping’ factors among the seven actual causes of delay, proving the applicability of
the CNS theory to complex projects.

Table 8. Node parameters of construction delay factors.

Betweenness Closeness Degree Eigenvector
CDFs Rank Centrality Centrality Cent?‘ality Cegntrality Degree
Delay?2 1 0.175 0.714 0.51 0.464 26
Delay1 2 0.082 0.604 0.373 0.365 19
Delay5 3 0.036 0.567 0.353 0.399 18
Delay6 4 0.076 0.579 0.333 0.321 13
Delay7 5 0.075 0.534 0.294 0.309 17
Delay9 6 0.035 0.556 0.294 0.309 4
Delay12 6 0.015 0.514 0.255 0.321 13
Delay13 8 0.015 0.514 0.255 0.309 13
Delay11 9 0.005 0 0.078 0.321 15
Delay14 10 0 0.426 0.294 0.303 15
Delay10 11 0.003 0.426 0.078 0.044 4
Delay3 12 0 0 0 0 0
Delay4 12 0 0 0 0 0
Delay8 12 0 0 0 0 0
Delay15 12 0 0 0 0 0

4.2.3. Signal Organizations in Synchronization

Signal organizations are closely connected to other units and are usually the first ones
to identify delays. In this study, five parameters (degree, degree centrality, betweenness
centrality, closeness centrality, and eigenvector centrality) were analyzed to find critical
organizations in the IO network. Figure 4a, Figure 4b, and Figure 4c represent the de-
gree, degree centrality, and betweenness centrality in the IO network, respectively. The
other two-parameter analysis yielded consistent results and had similar graphs to those
shown in Figure 4. As shown in Figure 4, the signal organizations consist of the client,
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investors/governments, the operation unit, two design units (D1 and D3), one public unit
(P7), one supervision unit (S1), and one contractor (C12).
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Figure 4. IO network: (a) degree; (b) degree centrality; (c) betweenness centrality.

Figure 5 presents the visualization of the OCDF network, revealing the relationships

between organizations and CDFs. One can easily observe that those signal organizations
are close to the seven key CDFs. S1 and C12 are the supervisors and contractors, respec-
tively, in the southern project section who were the parties responsible for safety accidents
that occurred in this section. P7 represents the community protesting the construction of
Lianzhuang Station; the construction design supplied by D1 and D3 had several mistakes
and led to rework. In addition, the government and the client failed to solve the problems
of land expropriation and proposed an unreasonable project period due to an underesti-
mation of the construction project’s difficulty. The consistency of signal organizations and
responsible units also proves the feasibility of the CNS theory’s application. Thus, it is
possible to predict the specific organizations responsible for delays in complex projects.
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4.2.4. Effective Interactions in Organization Synchronization

The above-described research results show that the network synchronizability after
the delay increased, and seven key CDFs and related signal organizations were accurately
identified. In other words, when faced with the key CDPFs, signal organizations interacted
with each other to achieve better cooperation. Hence, we determined the variations in orga-
nization interaction ways. Figure 6 illustrates the degree distribution of the OIW network
before and after the delay. As can be intuitively seen in Figure 6, the values for Inf 6 (Meet-
ings), Inf 3 (Oral reports), Inf 5 (Discussions and studies), and Inf 2 (Giving instructions)
are large; thus, they possibly play leading roles in organization synchronization.

Further comprehensive studies were conducted to determine the importance of
interaction ways in organizations and make a comparison before and after the delay.
Tables 9 and 10 present the parameter values and rankings of the 10 interaction ways. We
found that discussions and studies, meetings, and the Internet were used more frequently
after the delay, indicating the effectiveness of these three interaction ways in organization
synchronization.
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Figure 6. Degree distribution: (a) OIW network before the delay; (b) OIW network after the delay.

Table 9. Ranking of interaction ways before the delay.

Betweenness Closeness Degree Eigenvector
Nodes Rank Degree Centrality Centrality Centgrality Cgentrality
Infl 4 32.12 0.086 1 1 0.332
Inf2 5 30 0.086 1 1 0.322
Inf3 1 36.41 0.086 1 1 0.392
Inf4 8 29.34 0.044 0.726 0.745 0.336
Inf5 6 28.81 0.086 1 1 0.309
Inf6 3 34.75 0.086 1 1 0.358
Inf7 7 23.92 0.086 1 1 0.271
Inf8 9 28.76 0.082 0.972 0.980 0.294
Inf9 2 35.41 0.086 1 1 0.367
Inf10 10 3.26 0.017 0.570 0.490 0.035
Table 10. Ranking of interaction ways after the delay.
Eigenvector Betweenness Degree Closeness
Nodes Rank Degree Cgentrality Centrality Centgrality Centrality

Infl 7 17.15 0.211 0.049 0.784 0.758
Inf2 4 26.97 0.334 0.1 1.0 1.0
Inf3 2 36.17 0.447 0.1 1.0 1.0
Inf4 9 13.89 0.167 0.049 0.784 0.758
Inf5 3 32.36 0.402 0.1 1.0 1.0
Inf6 1 4421 0.549 0.1 1.0 1.0
Inf7 8 15.19 0.187 0.049 0.784 0.758
Inf8 6 18.39 0.226 0.096 0.980 0.972
Inf9 5 20.99 0.255 0.1 1.0 1.0
Inf10 10 3.73 0.046 0.016 0471 0.561

5. Discussion

The application of the CNS theory lends credence to the study of organization syn-
chronization in complex projects. To achieve our research objectives, this study involved
network synchronizability analysis, six key CDFs, specific signal organizations, and effec-
tive interaction ways in the synchronization process.

Network synchronizability was tested in four kinds of networks by two global parame-
ters (average path length and modularity). Results show that the network synchronizability
was improved because the modularity increased by 47.9%, while the average path length
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remained the same after the project delay. However, it is not clear whether the synchroniz-
ability after the delay reached a level that is sufficient for complex projects since there is
little similar research. Thus, to discuss the reasonableness of the results, a further review
of the literature was used to check whether the case study project had met the boundary
conditions. This study was based on a rule that states that network synchronizability is in-
versely proportional to average path length and positively proportional to modularity [38].
However, studies have proved that the rule related to average path length is useful when
the number of all nodes and new nodes remains the same during the project period [84].
The case study involved a static network analysis focusing on the entire project life cycle,
meaning that there was no variation in the number of nodes.

Six key CDFs were identified by statistical and network analysis (Delay 2 (Safety
accidents), Delay 1 (Prominent problems of land expropriation), Delay 5 (Unreasonable
timelines by clients), Delay 6 (Improper construction designs), Delay 7 (Delayed payments),
and Delay 9 (High financial risk)). Previous studies also recognized the effect of these
factors, and they generally pointed out that delays are most related to clients, contractors,
and designers [20,25,32,85,86]. In green buildings, the delivery of materials by suppliers
was found to play an important role in the construction process [35]. In contrast, we
developed an OCDF network to identify the critical organizations that perceived delays
the earliest and transmitted signals the fastest.

Specific signal organizations were found in the case study, including the client, in-
vestors/governments, the operation unit, two design units (D1 and D3), one public unit
(P7), one supervision unit (S51), and one contractor (C12). Compared with previous studies,
we achieved a relatively accurate identification of organizations who are responsible for
coping with project delays. It is worth noting that supervisors could play a mediating role
in complex projects and contribute to the safety of workers [87,88]. Regarding the frequent
safety accidents in complex projects, both contractors and supervisors should be cared for,
particularly in terms of psychological needs [89].

Researchers also suggest that organizations are supposed to enhance communication
and cooperation, but few have proposed specific strategies. As reviewed above, organiza-
tion interactions had a positive influence on project performance [90]. Therefore, in the case
study, effective interactions, such as discussions and studies, meetings, and the Internet,
were recognized as ways to enhance organization synchronization after a delay. In addition
to the interaction ways presented in Table 2, invisible ways such as organizational culture
and national culture affect decision-making performance and the quality of organization
interactions [91,92]. Therefore, it is necessary to perfect the index system of interactions,
advance methods for measuring the indices, and understand the mechanisms underlying
organization interactions and organization synchronization.

Regarding future research, we recommend that further pilot studies be conducted
on diverse complex projects, such as road and bridge construction projects and hydraulic
projects. Cross-sectional analysis of these typical projects would contribute to perfecting
the index system of interactions and determining the range of good synchronizability levels.
In addition, the dimensions of interactions can be broadened to social effects such as com-
munication skills and the degree of truth between two organizations. With a combination
of information transmission and social effects, a more comprehensive understanding of
organization synchronization can be obtained and implemented to cope with delays or
other accidents in complex projects.

6. Conclusions

Organization synchronization is the dynamic process of recovering a complex project
system from a disturbed state to an efficient state and can be used to deal with delays in
complex projects. In this study, we adopted the CNS theory to break down the synchro-
nization process by assessing network synchronizability, identifying key CDFs, and finding
signal organizations and productive interactions after delays. To address these points, we
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established a research framework involving multiple methods and validated the feasibility
of applying the CNS theory through a case study.

Our research results can be summarized as follows. First, the network synchronizabil-
ity was enhanced after the delay in the case study. Second, the six key CDFs in complex
projects are Delay 2 (Safety accidents), Delay 1 (Prominent problems of land expropriation),
Delay 5 (Unreasonable timelines by clients), Delay 6 (Improper construction designs), Delay
7 (Delayed payments), and Delay 9 (High financial risk). The theoretical CDFs were also
found to be commensurate with the actual causes of delay in the case study project. Third,
a broad range of signal organizations were accurately identified in the complex project
and effective interaction ways (meetings, discussions and studies, and the Internet) can
contribute to organization synchronization.

Therefore, this study contributes to both the theory and practice of organization syn-
chronization in complex projects. First, it provides an innovative application of the CNS
theory to the field of complex project management. Second, this study offers a comprehen-
sive way to assess network synchronziability and node importance by considering multiple
parameters simultaneously. Third, the case study based on a complex project may help
researchers implement the research framework and provide useful strategies and practical
guidance.

This study has some limitations. There was only one case project in China that was
suitable for use in the application of the CNS theory. This brought about the limitation on
generalization, which is a common problem when a case study method is used. Nonetheless,
Yin argues that the aim of multiple case studies is analytical generalization using the
theoretical framework of a study to establish a logic that might apply to other situations
rather than statistical generalization as in surveys [93].
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