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Abstract: Communication and information flow during construction project execution is often discussed
in the literature. Numerous scholars note the presence of problems with communication and information
flow and highlight that these problems also affect construction project completion time and cost. The
vast majority of studies on the impact of communication on construction project completion time and
cost takes on a qualitative character and there is a lack of quantitative analyses of this subject. To address
these deficiencies, the authors of this paper propose a quantitative approach to assessing communication
between construction project participants in the aspect of its impact on said project’s completion time
and cost. The authors used meta-network theory to model and analyse the problem, as it can fully depict
the problem’s complexity. The method proposed allows for dynamic identification of key information
flow paths between project participants, which determine its performance in an essential way. The
proposed approach can support decision-makers in effective management of communication between
a construction project’s participants, which has a positive carryover to achieving planned project goals.
The method was tested on a real-world development project that featured the construction of a housing
complex in Katowice, Poland.
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1. Introduction

Along with the development of the construction industry, construction processes be-
come an increasingly dynamic and complex form of activity and there is rising awareness
of the need for better project management in this sector [1]. This partially stems from
rising client demands concerning technology, performance, savings, the pace of design and
construction [2]. Oftentimes, design and construction are done in parallel to speed up the
project [3,4]. These changes make construction design and execution process management,
i.e. the coordination of multiple teams, a serious challenge. Communication systems enable
hundreds of people to perform numerous tasks and coordinate their efforts and abilities
towards achieving a shared goal [5]. This is especially true in the construction sector [6].
Studies by Knoop, Breemen, Vergeest and Wiegers [7] and Thomas, Tucker and Kelly [8]
confirmed the significance of communication in design and clearly indicated a positive link
between success in communication and success in design in construction.

Communication and information flow in construction was discussed in numerous stud-
ies and reports [9—12]. Communication is typically based on information transfer, a term
that encompasses notions like knowledge, processed data, skills and technologies [13].
In construction, information is exceptionally varied considering the immense number of
parties involved in construction work. Construction is, by its very nature, a team task that is
characterized by multiple participants but also requires division and coordination of work.
Project participants have needs in terms of the information they require and communica-
tion. Identifying the information needs of interested parties and determining the proper
means of satisfying these needs are important project success factors. We should therefore
identify project participants, their needs and expectations, and then manage them.

In a cycle of publications, Radziszewska-Zielina and Szewczyk [14, 15] analysed com-
munication as a fundamental factor in partnering relations. Construction project success
parameters can be improved by, among others, improving relations and communications
between parties within a construction project [16, 17]. Deficiencies in sufficient communi-
cation between project participants were identified by Radziszewska-Zielina and Kania [18]
as a major cause of problems during the execution of projects in central areas of urban
agglomerations. In [19], the authors once again noted difficulties in information and doc-
umentation flow as a problem that is present in the construction of buildings in urban
agglomeration downtown areas.

Dainty, Moore and Murray [20] answered the question as to why it is worth studying
various aspects of communication in construction and to improve its effectiveness. They
noted the network-like character of construction projects. Every person involved in a project
plays a role in a complex communication network. The perception of the environment of
a construction project as an interlinked network is justified as all such projects, regardless
of how well-defined they may be, cannot be successfully executed without interactions and
transactions between people and organisations. The analysis of construction project organ-
isation from a network standpoint has been under intense development for two decades.
Social Network Analysis (SNA) was successfully used as a tool to analyse communication
and information flow between project participants [21]. For instance, Ruan, Ochieng, Price
and Egbu [22] used SNA to investigate the dependency of integrated knowledge transfer
on the structure of links within a network. The authors of [23, 24] documented means
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of communication and its frequency, along with the impact of the link structure on said
communication’s effectiveness within specialist construction crews in the context of occu-
pational health and safety (OHS). Sheikh and Pryke [25] presented how SNA can be used to
identify gaps in communication networks. In [26], they observed that SNA application can
structure information flow management during construction project execution. The contract
is not a structure that supplies all information details or mediates in relations. When build-
ing network models using SNA, they noted that a more complex pattern may emerge that
illustrates how information can flow or potentially not flow through a network. The authors
of [27] investigated a self-organising communication network in a construction project and
detected dysfunctions that appeared in it. Radziszewska-Zielina, Sladowski, Kania, Sroka
and Szewczyk [28] presented an original optimisation model based on SNA along with
an algorithm of its analysis, which can support construction project managers in control-
ling and monitoring communication between construction projects participants. Trach and
Bushuyev [29] observed that communication networks are elements of knowledge manage-
ment systems in projects and are used to organise and maintain information links between
project participants. They analysed a network of communication between the participants
of a housing development projects using Social Network Analysis (SNA), calculating and
analysing centrality measures for construction project execution participants.

Despite all this, the application of SNA in the analysis of communication between
project participants does not allow one to identify the direct causes that determine it,
such as the impact of a project’s formal organisation structure, construction work schedule
and identification of knowledge assets required to complete tasks. In [30], the authors of
this paper used the potential of meta-networks and data concerning: a project’s formal
organizational structure, task execution schedule and the participants assigned to their
performance, information on the knowledge in possession of the participants, which is
necessary to carry out each task, proposed an optimisation approach to planning and
monitoring the necessary communication between construction project participants. This
paper is a continuation of earlier studies on managing communication and information
flow between construction project participants. It was observed that a clear majority of
studies [31-33] on the impact of communication on construction project completion time
and cost took on a qualitative character, while there was a lack of quantitative analyses.
To address this deficiency, the authors of this paper proposed a quantitative approach to
assessing communication between construction project participants in the aspect of its
impact on project completion time and cost.

2. Application of the proposed approach to planning and
monitoring necessary communication in terms of its
impact on construction project completion time and cost

To build the dependency structure between participants, knowledge and tasks within
the project under analysis, the authors used meta-networks [34].

A network set is determined, wherein every network is based on a directed graph, which
consists of a set of two elements, U and V, and a set of relations: E C U X V. Each pair
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of elements (i, j) € E fori € U and j € V, denotes a relation between i and j. The set of
networks that represent such relations are called meta-networks [35-37].

The network set within a meta-network can be represented by a set of matrices, whose
graphical interpretation for three sample node classes: agents (interpreted as individuals or
organisations), knowledge and tasks, has been presented in Table 1.

Table 1. Meta-matrix including matrices that represent six types of networks within three node classes

v A K T
U (Agent) (Knowledge) (Task)
A (AA) (AK) (AT)
Who communicates with |  What knowledge does | Which tasks does a given
(Agent) .
whom? a given agent have? agent perform?
(KK) (KT)
K " What is the dependency Which tasks can be
(Knowledge) between pieces of completed with a given
information? piece of knowledge
r (T1)
* * What is the dependence
(Task) between tasks?

Numerous structural measures that provide different forms of information about de-
pendencies within networks have been formulated in the literature [38, 39]. These mea-
sures were presented in an earlier publication by the authors [30] n the context of neces-
sary communication analysis in a construction project, alongside a proposed optimisation
model.

The proposed mathematical model of optimizing necessary communication as a part
of linear discrete binary programming was discussed at length in [30]. Its continuation,
which enables the location of key communication links between participants, whose lack
affects a given project’s completion time and cost, shall be presented below.

2.1. Necessary communication optimisation model: module
for analysing impact on construction project completion
time and cost

To obtain information on which tasks featured in the work schedule could not be
completed due to lack of communication and information flow between construction project
participants and the consequences this would have on project completion time and cost, an
analysis of the impact of the removal of successive links between each participant in an
optimal communication network (presented in [30]) was performed.

Below is a presentation of the course of action in this analysis:
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1. An optimal necessary communication matrix Q was used, as obtained in [30] by per-
forming a successive series of m iterations whose number equals that of ones in matrix Q.
a. Matrix Om was assumed, in which one link is successively removed (a matrix in
which successive m-th ones shall be replaced with zeroes).
2. For each iteration of matrix Q the following steps that allow detection of task perfor-
mance delays should be followed:
2.1. Communication due to knowledge necessary to complete tasks:
a. Determination of matrix Z (knowledge necessary to complete tasks) analogously to
the first part of the model, using the formula below:

1, if [AT’-AK —KT'], (t,k) <0

2.1 Z(tk) =
@D (k) 0, otherwise

b. Successive p iterations are performed, equal in number to that of ones in matrix Z.
— Identifiers of tasks that shall be included in successive iterations are marked (e.g.:
iteration for task #; due to knowledge k| (Np(t1ky)).
— Matrix Zp that consists solely of a p-th one from matrix Z is assumed.
— Matrix Np (communication necessary due to knowledge required to complete
a task) is calculated from the following formula:

2.2) Np = AT - Zp - AK’

— K —set of numbers of Np matrix rows that include non-zero values (set of agents
who communicate with others as per matrix Np),

— L — set of column numbers of Np matrix that include non-zero values (set of
agents who communicate with agents defined as set K).

¢. Matrix QOm is compared with every successive N p matrix obtained during successive
iterations:
— If an element of a matrix (an arch that was removed from the optimal matrix in
a given iteration) gm;; = 0 in matrix Om and element np,; = 0 in matrix Np,
then move to the next iteration stage.
— If element qm;; = 0 in matrix Qm, and element np;; = 1 in matrix Np, then
compare the remaining elements of matrix Np with elements of matrix Qm:

« If there is at least one pair of elements for matrix Om and matrix Np i.e.
element gm;; = 1 and element np;; = 1 then move to the next iteration stage.

¢ Otherwise, indicate this element in final matrix Qn and recall and save the
task with its corresponding knowledge that was used in the iteration indicated
for the creation of matrix Np giving it a delay value corresponding to this
task as per a previously prepared 7K matrix (time and cost).

2.2. Communication due to cooperation within a task:

a. Matrix C (communication due to cooperation within tasks) is defined using the
following formula
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(2.3) C = AT - AT’

b. We perform r successive iterations, with a number equal to the number of columns
(tasks) in matrix AT,
— We point to identifiers of tasks that will be included in successive iterations, for
instance: iteration for task #1 (Cr(t1)),
— We define matrix Cr (communication due to cooperation within tasks) using the
following formula:

2.4 Cr = ATr - ATr'

where: AT'r is a matrix that consists of a column that corresponds to the task analysed.
c. Matrix Om is compared with every successive N p matrix obtained during successive

iterations:

— If an element of a matrix (an arch that was removed from the optimal matrix in
a given iteration) gm;; = 0 in matrix Om and element np,; = 0 in matrix Np,
then move to the next iteration stage.

— If element gm;; = 0 in matrix QOm, and element np;; = 1 in matrix Np, then
compare the remaining elements of matrix Np with elements of matrix Qm:

* If there is at least one pair of elements for matrix Om and matrix Np i.e.
element gm,; = 1 and element np,; = 1 then move to the next iteration stage,

¢ Otherwise, indicate this element in final matrix Q¢ and recall and save the
task with its corresponding knowledge that was used in the iteration indicated
for the creation of matrix Cr giving it a delay value equal to one.

2.3. Communication due to task sequences:
a. A total of s successive iterations are performed, whose number is equal to that of

ones in matrix 77"

— We point to identifiers of tasks that will be included in successive iterations, for
instance (for instance: iteration for task #; (Hs(t1)),

— We define matrix 77's that consists solely of the successive r-th one of matrix 7T

— We define matrix Hs (communication due to task sequences) from the following
formula:

(2.5) Hs = AT -TTs - AT’

U — set of row numbers from matrix H's that include non-zero values (set of agents
who communicate with others as per matrix Hs),
V — set of column numbers from matrix Hs that include non-zero values (set of
agents who communicate with agents included in set U).
b. Matrix QOm is compared with every successive matrix Hs obtained in successive

iterations:

— If an element of a matrix (an arch that was removed from the optimal matrix in
a given iteration) gm;; = 0 in matrix Om and element £s;; = 0 in matrix Hs, then
move to the next iteration stage.
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— If element gm; j = 0 in matrix Om, and element hs;; = 1 in matrix Hs, then
compare other elements in matrix Hs with elements in matrix Qm:

o If there is at least one pair of elements for matrix Om and matrix Hs i.e.
element gmy; = 1 and element Asy; = 1 then move to the next iteration stage.

¢ Otherwise, indicate this element in final matrix Qg and recall and save the
task with its corresponding knowledge that was used in the iteration indicated
for the creation of matrix Hs giving it a delay value of one.

3. Matrices Qn, Oc, QO are compared (after every set of iterations for a given removed
arch—-communication link):
— If gn;; = 1 or gc;j = 1 or gh;; = 1 then assume maximum delay time as per the
previously assumed value

4. Using the critical path method (CPM) performance duration in a given period is calcu-
lated while accounting for delays in tasks indicated in a given iteration of matrix Q.

5. The cost of a lack of communication is calculated:

— If the task is extended then the value of time extension should be multiplied by the
cost of performance of a given task per day.

3. Case study

The case study concerns the construction of a multi-family housing complex (four six-
storey buildings with underground car parks with a total usable floor area of 12,000 m?) in
Katowice, Poland. The project was constructed in the years 2016-2019, and its budget was
around PLN 40 million. Up to September 2018, the project was being carried out using
a general contractor system. Due to deteriorating conditions on the construction market,
the General Contractor filed for bankruptcy, which resulted in the Developer hiring a man-
agerial cadre and signing contracts directly with contractor companies that specialised in
the various types of construction work. A new formal organisation structure was estab-
lished for the project, and a new informal (self-organising) relationship structure between
construction project participants emerged. In a previous study [27], the authors collected
(via a survey) information from all project participants concerning communication and in-
formation flow between them throughout the first four weeks after the project’s resumption.
This communication was presented using a relation network of a self-organising communi-
cation structure. The authors also detected irregularities that appeared in the self-organising
network [27,28].

The stage of the proposed approach to planning and monitoring necessary communi-
cation within a construction project while accounting for the impact of a lack of commu-
nication on project completion time and cost includes four main stages:

1. The use of an optimal network of inter-participant communication generated using
the previously proposed model [30], with the optimality denoting minimization of
cost of necessary communication for a given project period (Fig. 1).
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Table 2. Meta-network node description — participants (agents)

Symbol Description
Al Developer supervision coordinator
A2 Electrical supervision coordinator
A3 Sanitary supervision coordinator
A4 Project Manager
A5 Site manager
A6 Works manager
A7 Site engineer
A8 Architect
A9 Coordinator in charge of client amendments
Al10 Design office
All Electrical services design office
Al12 Sanitary services design office
Al3 Company responsible for applying plaster
Al4 Company responsible for applying plaster finishes and drywalls
AlS Electrical company
Al6 Subcontractor of the electrical company
Al7 Flooring company
Al8 Garage door supply and assembly company
Al9 Window supplier
A20 Company building the roof and terraces
A21] Door supplier
A22 Central heating and plumbing services company
A23 HVAC company
A24 Facade and finish and balcony tiles company
A25 Railing supply and assembly company
A26 Masonry company erecting partition walls
A27 External building services company
A28 Landscaping company
A29 Painting company
A30 Passenger lift supply and assembly company
A3l Ceramic tile company
A32 Garage ceiling thermal insulation company
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. A18

Fig. 1. Network AA — optimal (December), accounting for actual communication network for Novem-
ber. Network density 0.197. Highest degree centrality 0.875 (A5 Site manager)

2. Verification of the most essential communication links between participants in terms
of their impact on project completion time, using the presented time-cost analysis
algorithm (Fig. 2, Fig. 3).
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.A18

Most essential links in terms
of completion cost

Fig. 3. Communication network AA — optimal (December), accounting for communication links
whose lack would extend work completion time during the project period under analysis

3. Verification of the most essential communication links between participants in terms
of their impact on project completion cost, utilizing the presented time-cost analysis
algorithm (Fig. 4, Fig. 5).
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whose lack would increase work completion cost during the project period under analysis
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4. Introducing a plan of optimal necessary communication for the closest project execu-
tion period, with a particular emphasis on maintaining key links that affect time and
cost increases. Afterwards, it is necessary to monitor communication and introduce
corrective measures in cases where the planned necessary communication network
is not adhered to.

The most popular method of implementing changes, indicated both in the literature [40]
and by practitioners, is to present and discuss proposed changes during formal meetings
between all project participants, i.e. project board meetings. When implementing the results,
one should focus on the necessary communication paths and maintaining more key linkages
(whose lack will cause an increase in cost and completion time), and thus unnecessary
communication channels will be reduced to a minimum. One alternative to transferring
information concerning optimal communication paths during project board meetings is
using a multimedia application where such paths would be presented. The application
should be personalised and include information on whom a given participant should contact
on a given subject so as to obtain requisite information. It could include contact information
within a participant’s own micro-network of communication and should be updated as
a project progresses.

4. Conclusions

As a result of their analysis, the authors demonstrated that the presence of problems
with communication and information flow in a network of construction project participants
during said project’s execution phase affects the completion time and cost of the project. Itis
therefore crucial for the project manager to indicate optimal communication paths between
participants within a given period, along with a comprehensive inclusion of the knowledge
possessed and tasks worked on by said participants, together with a quantitative approach
to assessing communication between construction project participants in the aspect of its
impact on the time and cost of project completion and monitoring the communication
network throughout the entire project cycle. Meta-network theory, which the authors used
to model and analyse the problem, allowed them to properly address the complexity of this
issue. The proposed method enables dynamic identification of key information flow paths
between project participants, which significantly determine its performance. The effects of
the analysis confirmed the application potential of the method.

The optimisation model developed, together with the module for analysing the impact
of communication between participants on the time and cost of carrying out a construction
project, can support decision-makers in more effectively managing communication between
project participants, and thus provide more effective management of all tasks.
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Analiza wplywu komunikacji pomi¢dzy uczestnikami przedsi¢wzi¢cia
budowlanego na czas i koszt jego realizacji

Stowa kluczowe: Meta-Network Analysis (MNA), zarzadzanie w budownictwie, optymalizacja,
przeptyw informacji

Streszczenie:

Wraz z rozwojem przemystu budowlanego procesy budowlane staja si¢ coraz bardziej dyna-
miczna, zlozong dziatalnoscia i zwieksza si¢ Swiadomos¢ potrzeby lepszego zarzadzania przedsie-
wzieciami w przemysle budowlanym [1]. Wynika to czg¢Sciowo ze stawiania przez klientéw coraz
wyzszych wymagan pod wzgledem technologii, wydajnosci, oszczednosci i szybkosci projektowania
oraz realizacji. Zmiany te sprawiaja, ze zarzadzanie procesami projektowania budowlanego i wy-
konawstwa czyli koordynacja zaangazowania wielu zespoléw stanowi powazne wyzwanie. Systemy
komunikacji umozliwiajg setkom ludzi realizowanie wielu zadafi oraz koordynowanie ich wysil-
kéw i umiejetnosci w kierunku osiaggniecia wspdlnego celu [5]. Tematyka komunikacji i przeptywu
informacji w budownictwie jest poruszana w wielu badaniach [9-12]. Zjawisko komunikacji za-
zwyczaj polega na przekazywaniu informacji, jest to termin obejmujacy takie znaczenia jak wiedza,
przetworzone dane, umiejetnosci i technologia [13]. W budownictwie informacja jest wyjatkowo
zréznicowana, biorac pod uwage ogromna liczbe stron zaangazowanych w prace budowlane. Uczest-
nicy przedsiewzigcia majg potrzeby w zakresie wymaganych informacji i komunikacji. Okreslenie
potrzeb informacyjnych zainteresowanych stron i okreslenie odpowiedniego sposobu zaspokojenia
tych potrzeb sq waznymi czynnikami wplywajacymi na sukces przedsigwzigcia. Nalezy zatem zi-
dentyfikowa¢ uczestnikéw przedsigwziecia, okresli¢ ich potrzeby i oczekiwania, a nastgpnie nimi
zarzadzac.

W badaniach nad zarzadzaniem w budownictwie intensywnie rozwijana jest od dwéch dekad
analiza organizacji przedsiewzi¢¢ budowlanych z perspektywy sieci. Aby analizowa¢ komunikacje
i przeptyw informacji, ktére sa uznawana za podstawg wspdlnej pracy, a nastgpnie ogdlnej po-
prawy wydajnosci, jako skuteczne narzedzie wykorzystywano analizg sieci spofecznych SNA (Social
Network Analysis). Mimo to zastosowanie SNA do analizy komunikacji pomigdzy uczestnikami
przedsiewzigcia nie umozliwia identyfikacji bezposrednich czynnikéw, ktére ja determinuja, ta-
kich jak wplyw formalnej struktury organizacyjnej przedsiewzigcia, harmonogram realizacji rob6t
oraz identyfikacja zasobow potrzebnej wiedzy do realizacji zadani. Autorzy niniejszego artykulu w
publikacji [30] uzywajac potencjat metasieci, wykorzystujac dane dotyczace: formalnej struktury or-
ganizacyjnej przedsiewzi¢cia, harmonogramu realizacji zadari wraz z przypisanym do ich realizacji
uczestnikami, informacja dotyczaca posiadanej wiedzy przez uczestnikéw, ktdra jest niezbgdna przy
realizacji poszczegdlnych zadari zaproponowali optymalizacyjne podejscie do planowania i moni-
torowania wymaganej komunikacji pomiedzy uczestnikami realizowanego przedsi¢wzigcia budow-
lanego. Niniejszy artykul jest kontynuacjg wczesniejszych badan nad zarzadzaniem komunikacja
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iprzeptywem informacji pomi¢dzy uczestnikami przedsigwzigcia budowlanego. Zauwazono bowiem,
ze zdecydowana wigkszos$¢ badan [31-33] dotyczacych wptywu komunikacji na czas i koszt realiza-
cji przedsigwzi¢¢ budowlanych przyjmuje jakoSciowy charakter, brakuje analiz w ujeciu iloSciowym
omawianego tematu. Aby sprosta¢ tym ograniczeniom autorzy niniejszego artykutu zaproponowali
iloSciowe podejScie do oceny komunikacji pomiedzy uczestnikami przedsiewzigcia budowlanego
w aspekcie jej wplywu na czas i koszt jego realizacji.

Celem artykutu jest przedstawienie opracowanego autorskiego algorytmu postgpowania pozwala-
jacego wyznaczy¢ wptyw braku komunikacji na czas i koszt przedsigwzigcia budowlanego. W celu
uzyskania informacji jakie zadania w harmonogramie rob6t nie moga zostac zrealizowane ze wzgledu
na brak komunikacji i przeptywu informacji pomiedzy uczestnikami przedsiewzigcia budowlanego,
1 jakie beda tego skutki w kontekscie czasu i kosztu przedsigwzi¢cia dokonano analizy wplywu
usuni¢cia kolejnych taczy pomiedzy poszczegdlnymi uczestnikami w wyznaczonej optymalne;j sieci
komunikacji. Model zostal przedstawiony na przykladzie rzeczywistej realizacji osiedla mieszkanio-
wego.

W wyniku przeprowadzonej analizy, pokazano ze wystgpowanie probleméw z komunikacja
i przeplywem informacji w sieci uczestnikéw fazy realizacji przedsiewzigcia budowlanego wptywa
na czas i koszty ich realizacji. Istotne jest wigc wskazywanie przez zarzadzajacego przedsigwzie-
ciem Sciezek optymalnej komunikacji pomiedzy uczestnikami w danym okresie z kompleksowym
uwzgled-nieniem posiadanej przez uczestnikéw wiedzy i realizowanych zadan wraz z ilo§ciowym
podejsciem do oceny komunikacji pomigdzy uczestnikami przedsigwziecia budowlanego w aspekcie
jej wptywu na czas i koszt jego realizacji oraz monitorowanie sieci komunikacji przez caty cykl reali-
zacji tego przedsiewzigcia. Wykorzystana przez autoréw do modelowania i analizy problemu teoria
metasieci pozwolita na uchwycenie zfozonosci tego zagadnienia. Zaproponowana metoda umozliwia
dynamiczng identyfikacje kluczowych Sciezek przeplywu informacji pomigdzy uczestnikami przed-
sigwziecia, ktore w istotny sposob determinuja jego wydajnosé. Efekty analizy potwierdzily potencjat
aplikacyjny przedstawionej metody.

Opracowany model optymalizacyjny wraz z modulem analizy wptywu komunikacji pomiedzy
uczestnikami na czas i koszt realizacji przedsigwziecia budowlanego, moze wspomaga¢ decydenta
w bardziej efektywnym zarzadzaniu komunikacja pomi¢dzy uczestnikami przedsiewzigcia budowla-
nego, a co za tym idzie bardziej efektywnym zarzadzaniem wszystkimi realizowanymi zadaniami.
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