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Abstract

Currently, significant development of methods supporting decision making under
uncertainty conditions is observed. One of such methods includes Bayesian networks
used in many fields of economy and science. The paper presents the use of the Bayesian
network method in civil engineering problems with particular emphasis on construction
engineering projects. In addition to the existing examples of the use of the method cited,
the authors’ method for the risk estimation of additional works is presented.
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1. INTRODUCTION

Undertakings in the construction engineering projects increasingly require the
use of advanced tools and methods. The influence of new technologies is visible
in contemporary works, including the implementation of BIM standards in the
construction investment process [27], or the use of information from the "Big
Data" [6]. The authors of many papers describe the implementation of the
results of their research to the construction industry [9, 18, 19, 24], cost of
construction works [13, 17, 21, 25], risk in construction [15, 16, 23].

One example combining the practical aspect and high research potential are the
Bayesian Networks. This method, which is used for an effective inference in
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conditions of uncertainty, is successfully used in areas where researchers use
large amounts of data or attempt to support the processes of making various
decisions (such as medicine and legal sciences). There are also works that
confirm the applicability of the Bayes network method to problems of technical
sciences [26].

In this review paper, the authors will present a brief theoretical outline of the
Bayesian network, the process of creating individual network elements (vertices,
relations), as well as network structures. Examples of the Bayes network
application in engineering of construction projects will be presented, as well as
proprietary proposal of their use to analyze the problem of occurrence of
additional works in infrastructure construction.

2. THEORETICAL FOUNDATIONS OF BAYESIAN
NETWORKS

Bayesian networks are a tool that combines statistical mechanisms with the use
of the graph theory. In mathematical terms, Bayesian networks are characterized
as directed acyclic graphs, where the vertices contain information about events,
while the arches describe the causal relationships between the vertices [14]. An
example of the BN is shown in Fig. 1.

X1

X3

Fig. 1. An example of a Bayesian network. Source: own study based on [14]

The basic relationship used in the construction of the Bayesian network is the
Thomas Bayes theorem, binding the conditional probabilities of two events
conditioning each other. Bayes' theorem is presented in formula 2.1, while the
conditional probability theorem is presented in formula 2.2 [3].
P(B|A&)xPA)

P(AB) ===

(2.1)

where:
A and B are events and P(B) > 0;



APPLICATION OF THE BAYESIAN NETWORKS 223
IN CONSTRUCTION ENGINEERING

P(A|B) — probability of event A to occur if event B occurs;
P(B|A) — probability of event B to occur if event A occurs.
PlANE]

P(AIB) ===

(2.2)

where:

A and B are events and P(B) > 0;

P(A|B) — probability of event A to occur if event B occurs;
P(BNA) — the probability of the joint part of events A and B.

By defining network nodes, it is necessary to understand the creation of an event
describing certain circumstances (scenarios), which will be analyzed using the
BN being built. Events are coded with the help of discrete values by assigning
an appropriate level of probability of possible scenario variants. Depending on
the adopted method of network modeling, events can be presented with two
opposite variants or several optional scenarios that are a consequence of the
described event. The development of scenarios in nodes results from the level of
accuracy of the phenomena studied and the available input data. Examples of
events with different ways of describing the consequences are presented in
Table 1.

Table 1. Examples of events in Bayesian network nodes with a way of describing the
consequences (discrete values). Source: own study based on [14]

Opposite events Multi-variant events (optional events)
Possible . .
Event Name . Event Name Possible variants
variants
Head Without
. The consequence consequences
Toss a coin .
Tail of the accident at Temporary
the construction disability
The presence of a Yes site Permanent
pathogen in the disability
patient's body No Exceeding the up to 3 months
Design Oceur duration of from3to 6
documentation construction months
errors Do not occur works Over 6 months

The decisions taken may lead to further network nodes resulting from the
occurrence of the appropriate scenario. Graph arches are used to give
appropriate relationships between nodes. According to the assumption of an
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acyclic graph, several arches may emerge from one node. Similarly, many
arches can lead to one node. The arrangement of nodes together with the
relations (consequences) given by means of graph arcs is called the structure of
the Bayesian network. Examples of different BN structures are shown in Figure

O RCICICIO RO
OIOICOR O NS

Fig. 2. Examples of various BBN structures. Source: own study based on [14]

Performing the decision-making process (analysis) using the BN mechanism
requires that the user models events in the nodes. This is done by entering
information on all possible combinations of events to the nodes and assigning
probabilities to them. For each scenario, the level of probability must be
determined, according to the general principles of the probability theory, the so-
called "a priori" probabilities ("initial"). To this end, each network node must
have an appropriate conditional probability table. An approach is also taken
where events are described using a probability distribution [8], however in this
article this type of event description will be omitted. An example of conditional
probability table for one node with opposing events (node X2 of the network
from Fig. 1) is presented in Table 2.

Table 2. Examples of conditional probability table of the X2 node of the Bayesian
network presented in Fig. 1. Source: own study based on [14]

X2 P (X1]X2) 1- P (X1]X2)
True 0,8 0,2
False 0,6 0,4

After modeling, the resulting system of dependencies, nodes and graph arcs
along with the given probabilities of events and consequences is a Bayesian
network. In order to obtain conditional probability levels of related events,
calculations should be made based on the adopted dependence tables. The
introduced probabilities are treated as "a posterori" and allow to start working
with the created BN.

One of the main ways of using Bayesian networks is the decision-making
process and examination of related elements, including criteria or alternatives of
modeled scenarios [14]. The way of making decisions consists in the analysis of
research hypotheses, which in the case of BN can be determined in several
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ways, depending on the user's preferences and needs. The most useful ones

include the following:

* Determining the sequence of events and examining its probability;

* Computing the probability level of certain events and observation of other
nodes (for example, one event has a probability of 100%);

* Observation of the probabilities of the entire network without interfering
with individual nodes.

Regardless of the adopted method of hypothesis analysis, the results obtained

should be related to the previously determined comparative level.

The combination of results and criteria allows the Bayesian network user to

make or not make the planned decision, thus completing the decision-making

process.

Creating a Bayesian network is a process consisting of several successive stages.

The most important phases include [14, 22]:

* Defining variables (nodes);

» Establishing connections between nodes;

* Determination of conditional probabilities;

e Introduction of data to the network;

*  Computing of conditional probabilities.

The process of creating a network should be repeated as often as possible, taking

into account new information, updating events and checking the relationships

created. The literature claims that the BN modeling is a closed cycle. The

quality of the created decision tool depends on its frequency [20].

The basic source of obtaining information necessary for the construction of the

Bayesian network are historical sources (such as an analysis of medical cases, an

analysis of post-accident proceedings at the construction site, a statistical

analysis of selected events or a review of archival documentation), or expert

opinions (namely, expert interviews and form studies). Both methods allow

modeling of nodes, dependencies and conditional probabilities of events. Using

this approach, it should be remembered that each method has its drawbacks. In

the case of BBN, the main questionable element is the lack of certainty as to the

repeatability of the processes studied, as well as the large effort and time

required to create the network, especially an extended one, regarding cases

where the number of network nodes is more than 20 [14].

In order to optimize the process of creating Bayesian networks, research is

carried out to minimize potential errors resulting from the nature of knowledge

sources while facilitating network modeling. Currently, there are many

modifications or approaches that allow more effective use of the method

described [20].
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Designing a Bayesian network involves frequent updating. It was noticed that
this created a lot of problems which led to the proposition of methods of
"learning” the network. Among the many proposals, two main branches of BN
science are distinguished [20]:

*  Parameter learning;

e Structure learning.

The number of the undertaken development directions of the Bayesian network
method is significant. The proposed approaches include a number of individual
conditions unique to the adopted research topic, which allows more accurate
analyzes [4, 5]. It is impossible to list all the proposals created, and the review
of the existing modifications of the BN method will be limited only to those
described above.

3. EXAMPLES OF THE USE OF BAYESIAN NETWORKS

3.1 Selected domestic and foreign examples

The Bayesian network method has been used and developed since the 1990s
[14]. Since then, the scope of application of the method has expanded
significantly. Originally used for mathematical considerations, it was applied
over time to other fields of science. The paper [26] presents possible approaches
to using Bayesian networks to selected civil engineering issues. One example is
their use to detect damage to buildings. In addition to the description of how to
model the Bayesian network, an example of using it for determining the
probabilities of events and a method of calculations was presented. The second
example concerned the adaptation of the method to study the dependence of
seismic vibration damping on buildings in the Tangshan city area of China.
From domestic studies addressing the issue of Bayesian networks in the research
in the field of civil engineering, the study by [1] should be mentioned,
describing the modification of the classic Bayesian network to the so-called
"Object Oriented Bayesian Network", which is her special case. The author
discussed the issue and presented the possibility of using this type of network
for risk management problems during construction works. Additionally, the
paper presents one way of analyzing the sensitivity of individual network nodes
using a tornado type graph.

Bayesian networks can be a tool to support the decision making process. In [2],
a decision problem was described consisting in the selection of the most suitable
diagnostic test. According to the authors' assumption, the network should
answer the question whether, due to the knowledge about the building,
additional technical expertise should be performed. Three diagnostic tests were
adopted for this problem to see which of them is the best source of knowledge.
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For calculations, the "preposterori”" analysis algorithm was used before
modeling the network, as well as the decision node in the structure of the
Bayesian network. The next part presents the results of the analysis together
with the final Bayesian network. For a better understanding, the authors
discussed the studied problem using a decision tree.

Another issue to which Bayesian networks can be applied are research problems
using probability as the main describing variable. These types of considerations
include topics covering risk, risk management and the decision theory. The
study [22] presents the application of the Bayesian network to analyze the risk
of construction works due to undesirable circumstances during the
implementation of tunnel works. For this purpose, the network was modeled
together with individual nodes presenting possible events, the consequences of
which could lead to stopping construction works. A decision node was added for
the created Bayesian network, which aimed to indicate the most appropriate
decision at the obtained probability of events. The next part of the work presents
the method of determining the probability of events and connecting nodes and
giving them conditional probabilities.

According to the adopted methodology [14], it is not recommended to create
Bayesian networks with a large number of nodes. Despite this, there are studies,
e.g. [27], in which a complex research problem is analyzed. In the example
cited, the authors presented a comprehensive Bayesian network covering 27
risks that may occur during the implementation of construction projects. For
such identified threats, they conducted a survey among enterprises conducting
construction investments in Nigeria. Subsequently, the results obtained were
quantified and then presented using the probability of individual events. Risks
and probabilities of events have been linked to each other, resulting in a
complete network of 34 nodes. The network was used by the authors to analyze
the risks occurring during the implementation of construction investments in
Nigeria.

3.2 Authors’ example - a proposal to use Bayes network to analyze the risk
of additional works in infrastructure construction

One of the methods using BN to research in the field of engineering of
construction projects is the proprietary method of managing the risk of
additional works in railway projects, presented in [16]. The Netica program was
used to build the model [11], however the HUGIN program was used in the
present work [10]. The risk analysis was carried out in four stages, which were
related to the design of the BN in accordance with the phases presented in
chapter 2 of this work.

Before starting to model BN, it was necessary to gather knowledge. For this
purpose, data obtained from experts from the railway infrastructure construction
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industry were used. Based on the information, nodes were coded, conditional
probabilities of events were introduced, relations were given to the nodes, and
calculations were made in the network. Which led to obtaining a full Bayesian
network together with conditional probabilities. The network used for further
analysis is shown in Figure 3.

Railvorks [

BadWorkOrganisation 46,83 Not occur
B7.00 Occur

3300 Not Qerur
EngObjectworks [
27.11 eeur
P [l

2.89 Mot accur ExtenctionOfTime <]

(ChangesInDesignSolutions
7B.00 Change e e 36,06 to 3 months
22,00 Without changes : Roadwarks ¢ 40.95 to & months

9.07 oo 22,99 more than 6 manths|

3.00 Good Electrotraction
35.48 Occur
Fig. 3. Bayesian network used to analyze the risk of additional works in railway
construction projects [16]

Oceur
B.83 Mot oceur
ErrarsOfProjectDocu 3]
SR00 Bad
]

In this example, several factors causing additional work were identified. Several
of them have been highlighted:

* Bad Organisation of works

* Changes in design solutions

*  Errors in project documentation

One of them — “Errors in project documentation” - was selected for further
analysis and subjected to detailed discussion.

The use of Bayesian networks has allowed to use the unique possibilities of this
method in the form of analysis of selected event scenarios. A scenario should be
understood as a series of consecutive events leading to a specific effect. For
further analysis, the existence of a risk factor including the occurrence of project
documentation errors and its consequence in the form of an impact on the
duration of the investment was subjected to analysis. To examine the scenario, a
100% probability was asked in the node "Documentation Errors" in the event
described as "Will occur". It was assumed that the impact of this factor may
cause additional works leading to the extension of the investment in three time
intervals (variants), with the following probability of occurrence:

A - Extension of the duration of implementation to 3 months - 36.8%;

B - Extension of the duration of implementation from 3 to 6 months - 40.2%;

C - Extension of the duration of implementation above 6 months - 23.0%.
Therefore, in accordance with ISO 31000: 2018 [12], one of the suggested
methods was used for risk assessment - the risk matrix. The risk matrix is a
matrix in which the obtained level of probability of occurrence of an event is
compared with the effect of that event. To read this relationship, numerical
values had to be given to the probability ranges as well as the consequences
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(effects). The probability ranges have values from 1 to 5, while the individual
consequences of events have one of three numbers: 2, 5, 10.

The final element of creating the matrix was to classify the risk level. Based on
the ISO 31000 standard, it was assumed that risk is a product of the probability
and consequences of a given event. Therefore, for the needs of the matrix, all
possible combinations were analyzed, and then four risk levels were identified
and assigned numerical ranges. After entering the data, a complete matrix was
obtained to assess the risk obtained. Risk ranges with point values for each of
them are presented in Table 3.

Table 3. Risk ranges with point values [16]
Risk level Low Medium High Very high
Point value | from2to 6 | from 7 to 10 | from 11 to 29 | from 30 to 50

On the basis of the created matrix, the authors assessed the level of risk resulting
from the scenario that causes 100% design errors and its consequences for the
duration of the investment for the variants (Table 4):

Table 4. Assessment of risk’s level

Variant Consequence.s for the duration of the Risk level
investment
Extending the duration of implementation
A low
to 3 months
B Extending the duration of implementation hich
from 3 to 6 months £
Extending the duration of implementation .
C high
above 6 months

Therefore, for a high level of risk, a risk mitigation method has been proposed,
consisting in reducing the likelihood or effects of an adverse risk event to an
acceptable level. According to this definition, the possible actions include:
reducing the likelihood of faulty documentation, or reducing the duration of
implementation time. It was assumed that it is more realistic to reduce the
likelihood of faulty documentation as a result of various actions of the Investor.
Examples of procedures include: checking created documentation by an
additional design office. It was assumed that as a result of the procedure the
Investor obtained a reduction in the level of probability of appearance of faulty
design documentation to 50%. For such a reduced risk factor, the discussed
scenario was reassessed and results were obtained for the options for extending
the investment implementation (Table 5):
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Table 5. Assessment of risk’s level

Variant Consequencqs for the duration of the Risk level
investment
Extending the duration of implementation

A low
to 3 months

B Extending the duration of implementation medium

from 3 to 6 months
C Extending the duration of implementation medium
above 6 months

Based on the results obtained, there was no change in the risk level for option A,
while for options B and C a change from high to medium risk was obtained. In
accordance with the adopted risk assessment methodology, this level may be
accepted by the Investor.

4. SUMMARY

The use of Bayesian Belief Networks has gained popularity in recent years. The
variety of possibilities to implement this method indicates its universality,
implying that the method can handle the problems associated with managing a
construction project. In the literature [14], one can find the criteria for using
Bayesian networks, which include: well-defined variables, a properly set
problem with identifiable cause-effect relationships and the benefits of their use,
especially for solving repetitive problems, due to the effort to be made in
building the model.

The implementation of the presented method supporting decision making is the
author's example discussed in the content of the work. The use of Bayesian
networks has been shown to be possible for complex civil engineering
construction investments. It can be used to estimate the risk of additional works
by analyzing possible factors causing additional works, such as “Errors in
project documentation”. Currently, this method is being developed by the
authors.

In addition to the examples of using Bayesian networks mentioned in the paper,
it should also be noted that the development of such methods broadens the
spectrum of potential applications in the engineering of construction projects. In
addition to the outlined directions for the implementation of Bayesian networks,
new approaches should be sought or the methods developed so far should be
experimented with. Many areas of engineering of construction projects are
associated with decision making, the process optimization, scenario analysis or
the search for the cheapest and the most effective technological solutions.
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Therefore, it seems reasonable to attempt to make a greater use of the method in
question in the research into engineering construction projects.

As the authors of the paper have shown, one of the directions of effective use of
Bayesian networks may be issues related to risk management in construction
projects. In the example presented by the authors, the Bayes network was a
useful tool for studying the impact of individual event scenarios. Using a
properly built network, it is possible to compare different ways to reduce risk, to
check how reducing the risk of factors causing additional works affects the other
tops of the network or determine a satisfactory level of effects.
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