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Introduction

Construction projects delivery was
characterized by Ochieng and Price
(2009), as a complex process taking
place in a turbulent environment with un-
predictable work patterns, especial
work and temporarily organized teams.
In addition, the construction industry is
characterized by limited resources and
a high level of competition. Limited re-
sources and a competitive environment
determine knowledge and information
as a particularly important resource for
the development of the construction
industry.

After the concept of knowledge ma-
nagement was first applied in construc-
tion projects, scientists began a discus-
sion on how to manage knowledge and

information in specific projects, taking
into account the problems associated
with the specifics of the construction in-
dustry. A significant part of the work was
aimed at the analysis of knowledge man-
agement in one organization, in which
knowledge is considered as a valuable re-
source or intellectual asset (Pryke, 2005;
Ochieng & Price, 2009; Trach, Pawluk
& Lendo-Siwicka, 2020). A study of
knowledge management between pro-
ject participants will provide research-
ers with an improved understanding of
the processes and will further improve the
construction projects efficiency. Recen-
tly, the integration of the general knowl-
edge of participants in a construction
project has been gaining importance.
The integration of knowledge is a
process in which people who have previ-
ously gained experience in specialized
fields of knowledge share it in order to
achieve a common result. The know-
ledge integration brings together project
participants and can mitigate the short-
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comings that arise due to the fragment-
ation of the construction project stages.
The knowledge integration between or-
ganizations involved in the construction
project delivery has already attracted
researcher’s attention. Baiden, Price
and Dainty (2006) supposed that a joint
project team can be very effective, as
team members from different organiza-
tions create a pool of different skills and
knowledge. Nicolini, Holti and Smalley
(2001) indicated that when managing a
construction project, not only material
resources and information should be in-
tegrated, but also the knowledge and par-
ticipants experience. Briscoe and Dainty
(2005) also studied topical issues con-
struction project integration and came
to the conclusion that the knowledge
in the project is as important as the is-
sues of communication and information
exchange.

A communication network is one
of the elements of a knowledge mana-
gement system in projects and serves
to organize and maintain information
links between project participants. Pryke
(2012) defined the construction project
as a network of organizations connected
by information flows and relationship
communication networks. Successful
project management very often depends
on the effectiveness of relationships
between project team members (PMI,
2001; Trach & Lendo-Siwicka, 2018).
The communication of project teams
includes individuals, information flows
(knowledge, information), tools for pro-
cessing information flows and barriers
that arise in the way of information.

Scientists often use social network
analysis (SNA) to identify key elements
in social, biological, physical, commu-

nication, transport and other networks
(Marsden & Lin, 1982). Recently, net-
work analysis has been used in studies
directly related to construction, in parti-
cular for the analysis of projects struc-
ture. One of the first articles was de-
voted to communication problems
between the project main participants:
client, project manager, architect and
contractor (Loosemore, 1998). Madani,
Daim and Weng (2017) used network
analysis to study intelligent buildings,
to find the most effective technologies
and new innovative opportunities. Abb-
saian-Hosseini, Liu and Hsiang (2017)
analysed the relationship between the
degree centrality and effectiveness in the
implementation of joint work by con-
struction teams. Chinowsky and Son-
ger (2011) diagnosed the networks that
arise in construction projects, and noticed
that there are social and informational
connections between the project parti-
cipants. They argue that successful teams
demonstrate a high level of communic-
ation between team members and a high
cooperation degree. Pryke, Badi, Almad-
hoob, Soundararaj and Addyman (2018)
analysed the self-organizing networks
that emerged from the infrastructure pro-
ject delivery. The data obtained show
that these networks exhibit a high de-
gree of sparseness, short paths and high
clustering in dense communities around
participants with many links. Among re-
cent studies, two articles should be poin-
ted out in which the authors analyse the
relationship among participants in self-
-organizing networks of construction
project. Using SNA allowed them to un-
derstand and identify some problems and
shortcomings of projects (Sladowski,
Radziszewska-Zielina & Kania, 2019).
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Later, they discovered an anomaly in
communication between the participants
and proposed an optimization method
to increase the effectiveness of using
network communication (Radziszew-
ska-Zielina, Sladowski, Kania, Sroka &

Szewczyk, 2019).

Social network analysis tools allow
you to explore various indicators of net-
works that can be classified depending
on the direction of analysis:

1. Indicators for analysing the network
(graph) characteristics: density, aver-
age degree of the network, average
path length, clustering coefficient,
which shows how fully all project
teams participants are involved in
the communication structure.

2. Indicators for the analysis of network
participants (nodes and edges): centra-
lity measures, indicating the disconti-
nuity degree of the project participants
and the relationships between them.

3. Indicators for the analysis of commu-
nities in the network, which indicate
the degree to which the nodes in the
graph tend to group into communi-
ties (clusters).

The purpose of this work is the cal-
culation and analysis centrality measures
for participants in the construction proje-
ct delivery. Centrality measures can an-
swer the following questions:

— whether the node is influential or
central to the network,

— whether the node is critical for the
flow of information in the network.

Material and methods

Social network analysis has based
on methods and tools of graph theory.
Mathematically, the links network in the

project can be represented in the form of
an undirected graph G = (V, E), where
V' is non-empty set of nodes, and E is
the set of pairs of the form e = (u, v), u,
v € V, which are called edges, and the
nodes u and v are the ends of the edges.
If we consider the project as a graph,
then its participants will be represented
by nodes of the graph, and the connec-
tions between them are the edges of the
graph.

In this study, a graph is undirected
weighted type of graph whose nodes
(network participants) are connected
by edges. The link strength between
network participants is  displayed
using the measure “weight of edge”.
The edge sets in this case consists
of unordered pairs of nodes (u, v) =
= (v, u) (Bornholdt & Schuster, 2003).

To investigate the communication
network between the project partici-
pants, centrality measures of nodes were
analysed: degree centrality, betweenness
centrality, eigenvector centrality and
measure of importance PageRank. For
an undirected graph, degree centrality
of nodes can be written as the adjacency
matrix (Freeman, 1978). The adjacency
matrix of the graph G = (V, E) with the
number of nodes # is a square matrix A
of size n in which the value of @;; is equal
to the number of edges from node i to
node j. Thus, degree centrality of node i
can be calculated by the formula:

2’;:1 %j

Cd(i) ==~

(1

The logical continuation in the evo-
lution of degree centrality is eigenvec-
tor centrality. The significant difference
between these two metrics is that when
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calculating of degree centrality, only the
number of neighbouring nodes is used,
without taking the level of their influence
in network. Obviously, not all neighbour
nodes are equal. In many cases, the im-
portance of a node increases due to the
presence of links with nodes that have a
high level of influence in network. This
means that nodes with a few very im-
portant neighbours in their influence can
surpass nodes with many links connect-
ing them to unimportant nodes.
Eigenvector centrality of node i is
proportional to the sum of the centrality
neighbouring nodes i can be calculated
by the formula (Bonacich, 1987)
Ce(i) = k! Z, a;x; )
where:
k; — eigenvalues of adjacency matrix 4,
k; — the largest of them,
a;; — adjacency matrix element,
x; — eigenvector centrality of node ;.

The measure eigenvector central-
ity of node 7, which was obtained due to
the high level of prestige of node j, can
distort the real influence of node 7 in
network.

This problem was taken into account
when calculating the measure of cen-
trality PageRank (Page, Brin, Motwa-
ni & Winograd, 1999). The measure of
node PageRank is calculated using the
formula

X

Cpriyy :azja’jkTL’—F'B 3)
J

where:

a, p — constants,

a;; — adjacency matrix element,

x; — eigenvector centrality of node j,

k" — number of edges out coming from
node ;.

If the node j does not have out com-
ing edges, then kjo’” is equated to one in
order to avoid division by zero.

Measure betweeness centrality shows
how paths connecting other participants
pass through a network member. In
other words, this measure indicates how
much this participant acts as a broker
for connections between other network
participants. A network participant can
influence its other participants, support-
ing, delaying or disrupting the process of
transmitting knowledge and information.
In any case, it has the potential to carry
out such actions.

Measure betweeness centrality is cal-
culated as the ratio of the shortest paths
running through a given node to the total
number of all shortest (Freeman, 1977)

Ch(i)=>

LA @ )

8kj

where:

gij(i) — number of shortest paths from
node k to node j that pass through i,

g — number of shortest paths from
node k to node ;.

Results and discussion

We have analysed the communication
network between project participants for
residential building construction located
in Rivne, Ukraine. Construction began
in February 2019, and its completion
is scheduled for September 2021. The
study was conducted from June to July
2019, at the stage design completion and

Analysis communication network of construction project participants

391



beginning of construction work. Since
communication is considered the cen-
tral mechanism of iterative interaction
(Mahmud, 2009), the initial stage of the
study was identification of relationships
between participants in construction
project delivery. Each of its participants
needed to determine persons with whom
he communicated. Communication in
the project takes place by phone, email
or verbal form.

At the second stage of the study,
communication strength between the
network participants was calculated,
that is, each graph edges were assigned
a weight. Communication strength was
calculated based on the method presen-
ted in Pryke et al. (2018) as a function of
two variables: frequency and quality of
communication. The frequency and qua-
lity of communications were calculated
based on data collected from 17 project
participants. An analysis of communica-
tion frequency was carried out using a
five-point rating (less than once a week,
once a week, several times a week, once
a day, more than once a day, with an esti-
mate of 1 to 5 points, respectively). To
analyse communication quality, we used
a three-point rating scale (low, medium,
high) and three indicators — importance,
accuracy and timeliness.

Then wvalue of communication
strength between nodes i and j can be de-
termined by the formula

Ey=Fy Oy

where:

F;; — communication frequency, which is
calculated as f;; / 5,

O; — communication quality, which is
calculated as g;; /9.

)

The node weight is calculated as
the sum of the weights of all the edges
(communication strength) related with
this node. An adjacency matrix of size
17 x 17 was formed based on value of
communication strength between all the
participants (edge weight).

The data from the matrix were used
to calculate centrality measures (the tab-
le) and visualize communication network
(Figs. 1-3).

Centrality measures calculation and
visualization were implemented using
NetworkX library in Python program-
ming language. The positioning of graph
nodes was implemented using Fruchter-
man—Reingold force algorithm (Spring-
Layout). In Figures 1-3, the abbreviation
was used to Installation Design Office,
IDO.

The analysis degree centrality of
nodes (Fig. 1) observed a high value mea-
sure in network participants: “Project
manager”, “Architect” and “Construc-
tion site manager”, which directly cor-
relates with number of connections with
other network participants.

The calculation of PageRank algo-
rithm showed the same results of nodes
importance in network as calculation de-
gree centrality.

The analysis eigenvector centrali-
ty showed the highest values of mea-
sure were among participants “Project
manager”, “Design office” and “Con-
struction site manager” (Fig. 2). At the
same time, nodes “Project manager” and
“Construction site manager” received a
high value due to that they have many
neighbouring nodes with a low level of
impact in network. Node “Design office”
got a high value due to that it had few
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TABLE. The centrality measures of the participants in construction project network

Specification Sfiinks | cenpatty | centraity | conraty | Po£SRank
General construction supervision 7 89.26 0 0.264 0.061
Project manager 16 180.47 0.392 0.42 0.119
Construction site manager 11 124.65 0.025 0.303 0.085
Construction works manager 99.39 0 0.257 0.069
Construction engineer 5 54.98 0 0.17 0.041
Architect 12 131.05 0.142 0.301 0.091
Chief engineer 7 87.73 0.008 0.271 0.06
Design office 9 106.15 0.083 0.308 0.071
Chief mechanical engineer 6 68.82 0 0.193 0.05
Surveyor department 3 36.54 0 0.122 0.03
Safety engineer 5 44.20 0 0.134 0.035
Delivery manager 5 67.95 0 0.204 0.049
Estimate department 3 28.61 0.025 0.091 0.026
Construction engineer 5 64.24 0.025 0.177 0.048
Electrical installation design office 6 82.21 0.008 0.236 0.057
Plumbing installation design office 5 70.91 0 0.211 0.05
Gas installation design office 6 84.52 0 0.238 0.059

FIGURE 1. Degree centrality of nodes
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ality and measure PageRank of nodes

FIGURE 2. Eigenvector centr:

ality of nodes

FIGURE 3. Betweeness centr:
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neighbours, but with a high level of in-
fluence in network.

The analysis betweeness centrality
indicated the highest values of the mea-
sure were among the participants ‘“Pro-
ject manager”, “Architect” and “Design
office”, which indicates them as the main
brokers for knowledge and information
sharing in this network (Fig. 3).

Conclusions

Project managers often want to un-
derstand how the interaction in the pro-
ject occurs, how strong are the connec-
tions between team members, who is the
key person, which information is trans-
mitted efficiently and which is not. Use
of SNA and calculation of centrality me-
asures of network participants can help
in solving these problems. Having analy-
sed the centrality measures that were cal-
culated for construction project network,
we can conclude:

— high ratings of participants “Project
manager”, “Design office”, “Archi-
tect” and “Construction site mana-
ger” can be assessed as normal for
this project stage, since during the
study of network there was a trans-
ition from design stage to start of
construction works;

— the highest rating among all network
participants for the calculated centra-
lity measures had “Project manager”.
This is a positive fact since its main
task is to coordinate and integrate
project participants;

— the high impact of participant “De-
sign office” in terms of eigenvector
centrality and betweeness centrality
indicates his importance for network

communication, as he acts as broker

and itself has connections with im-

portant project participants.

Further research will focus on conti-
nuing to analyse the project’s communi-
cations network in the next stages of its
delivery.
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Summary

Analysis of communication network
of the construction project participants.
The construction industry is characterized by
limited resources and a high level of com-
petition. Limited resources and a competi-
tive environment determine knowledge and
information as a particularly important re-
source for the development of the constru-
ction industry. A communication network
is one of the elements of a knowledge man-
agement system in projects and serves to
organize and maintain information links
between project participants. We have ana-
lysed the communication network between
project participants for residential building
construction using social network analysis
(SNA). The purpose of this work is the cal-
culation and analysis centrality measures for
participants in the construction project deliv-
ery. Centrality measures can answer the fol-
lowing questions whether the node is influ-
ential or central to the network and whether
the node is critical for the flow of inform-
ation in the network.
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