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Abstract: There are several factors influencing the time of construction project execution. The
properties of the planned structure, the details of an order, and macroeconomic factors affect the
project completion time. Every construction project is unique, but the data collected from previously
completed projects help to plan the new one. The association analysis is a suitable tool for uncovering
the rules—showing the influence of some factors appearing simultaneously. The input data to the
association analysis must be preprocessed—every feature influencing the duration of the project must
be divided into ranges. The number of features and the number of ranges (for each feature) create a
very complicated combinatorial problem. The authors applied a metaheuristic tabu search algorithm
to find the acceptable thresholds in the association analysis, increasing the strength of the rules found.
The increase in the strength of the rules can help clients to avoid unfavorable sets of features, which
in the past—with high confidence—significantly delayed projects. The new 7-score method can be
used in various industries. This article shows its application to reduce the risk of a road construction
contract delay. Importantly, the method is not based on expert opinions, but on historical data.

Keywords: association analysis; tabu search; delay; risk; construction project

1. Introduction

The early stage of a construction project planning process is characterized by a high
level of uncertainty. Although every construction project is unique, the data collected from
previously completed projects help to plan the new one. The problem of estimating the time
necessary to complete a project becomes more complicated if “design & build” orders are
applied. There are several factors influencing the completion time of construction projects,
including the properties of the planned structure, the details of an order, macroeconomic
factors, and prices of materials. The delayed completion date of the construction contract
makes the contractor’s costs much higher than expected [1–3]. The negative impact of such
a delay also concerns the client and the community for whom the built object serves [4].
This is why identifying the most important causes of delays is crucial. Different methods
are applied for identifying and validating their importance [4,5]. Lowering the possibility
of delay occurrence can concentrate on either proper planning of work execution (planning
the duration of the execution of work [1–6]), scheduling [7], or on avoiding unfavorable
circumstances for project execution [8]. As the contractors base their decisions on their
experience [9,10] (carrying out decisions about participation in a given tender procedure),
completed projects can be analyzed to avoid circumstances that have resulted in a significant
delay in the completion of projects in the past. The field of project management aimed at
reducing the impact of threats of implementation not in accordance with the adopted plan
is the interdisciplinary science of risk management. It is often reduced to the application of
qualitative and quantitative risk analysis. The construction industry in general, as well as
individual construction projects, deal with various risks [11,12]. Especially, infrastructure
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projects, as they are large in the volume of works and results, involve huge budgets. This
means that failures may result in huge monetary losses, which are caused by the various
risks linked with such projects [13]. This is why risk must be properly identified and
mitigated [14,15].

The risk assessment process requires the introduction of several important assump-
tions regarding, inter alia, the distribution of the probabilities of occurrence and the oc-
currence costs of individual risk factors, as well as assumptions regarding the efficiency
and costs related to the implementation of activities provided for in the schedule. At the
preparatory stage of an investment project, a risk matrix is often created, which is a graphic
representation of the risk analysis process (Table 1).

Table 1. Sample risk matrix of a construction project [2].
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Over the course of years, many approaches to construction project risk management
have been developed by various researchers. Wang et al. [16] developed an alien eyes’ risk
(AER) model, which uses hierarchical levels of risk and the mutual relationships between
the risks and a qualitative risk mitigation framework. Schieg [17] proposed a risk manage-
ment process in construction project management, which puts more emphasis on personal
area risks. Choudhry and Iqbal [18] identified and prioritized common risks, management
techniques to address them, the current status of the risk management systems imple-
mented in organizations, and barriers for effective risk management in the construction
industry. Taroun and Yang [19] introduced a combination of the Dempster–Shafer theory
of evidence, a reasoning algorithm for structuring personal experience and professional
judgment, and a classic spreadsheet-based decision support system. Serpella et al. [20] used
a knowledge-based approach. The approach addresses project risks in the construction
management industry based on a threefold arrangement and risk management function.
Ebrat and Ghodsi [21] proposed the adaptive neuro-fuzzy inference system and stepwise
regression model as a means of identifying and evaluating the risks in construction projects.
Iqbal et al. [22] developed a risk management framework that allows for reporting the
significance of different types of risks and the effectiveness of various risk management
techniques commonly practiced in the construction industry. Vafadarnikjoo et al. [23]
proposed the use of an intuitive fuzzy decision-making trial and evaluation laboratory
(DEMATEL) to prioritize the risks associated with construction projects by using the risk
breakdown structure (RBS). Kao et al. [24] suggested using an integrated fuzzy ANP (ana-
lytical network process)-based balanced scorecard system for the evaluation of relevant
bilateral factors for the Taiwanese construction sector collaborating with local Chinese
contractors. Ahmadi et al. [25] analyzed the criteria, prioritized potential risk events, and
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used the fuzzy AHP technique to quantify them. Li et al. [26] adopted text mining methods
to identify safety risk factors and participants in urban rail projects. Chatterjee et al. [11]
developed a hybrid D-ANP-MABAC model including the ANP methodology in the D
numbers domain and extended multi-attributive border approximation area comparison
(MABAC) method.

Anysz et al. [27] have found the set of unfavorable conditions usually accompanying
the significant delays of construction projects with the use of association analysis. This
tool is suitable for uncovering the rules in data, i.e., unusually frequent simultaneous
appearance of factors or phenomena [28,29]. Although the speed of calculation is high,
because of the use of dedicated software, the input data to the association analysis have to be
preprocessed—every feature influencing, e.g., the duration of the project, has to be divided
into ranges. The number of features and the number of ranges (for each feature) can create
a very complicated combinatorial problem. The authors decided to use a metaheuristic
algorithm to find the acceptable thresholds in association analysis, increasing the strength
of the rules found. The sequence of the previous and current findings is presented in
Figure 1.
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The increase in the strength of the rules can help clients to avoid unfavorable sets of
features, which in the past—with high confidence—significantly delayed projects. Data
presented in the previous article [27] serve as a base to this work and concern the road
construction projects (express roads and highways) completed between 2009 and 2013 in
Poland. After presenting materials and methods, the invented 7-Score function is defined.
It combines, in one formula, the typical ratios assessing the rules. The 7-Score assesses
the strength of rules, so their importance can be ranked. Creating a 7-Score function is
necessary to apply the tabu search algorithm that maximizes the objective function (it must
be a single one). As a result, the most powerful and the most informative rules can be
found. They are presented and discussed in the Section 4. Based on them, it is possible to
assess the risk of delay in the completion of a road construction contract that meets the
criteria applied in the analysis. This is to emphasize that the introduced innovative method
of quantitative risk assessment is not based on the experts’ opinions, but rather on evidence
concerning the collected and completed construction contracts of the same kind.

2. Materials and Methods
2.1. Association Analysis

Association analysis was invented to increase sales in supermarkets. The contents
of clients’ trolleys were analyzed to find the rules for the appearance of specific goods
in a trolley by a cash desk. Thus, the synonym for association analysis is market basket
analysis [30]. Each rule found consists of a predecessor (body of the rule) and the conse-
quent (head of the rule). The rule can be presented as i f body, then head or body → head.
Having a dataset comprising many cases consisting of their bodies and heads, it is possible
to assess the meaning of the rule by three ratios called confidence (con f ), support (sup),
and lift (marked with its full name). They can be calculated as follows:

con f =
nbh
nb

(1)

sup =
nbh
N

(2)

li f t =
con f
P(h)

(3)

where

nbh is the number of cases where the criteria for body (predecessor) are met and simulta-
neously the criterium (or criteria) for head are also met;

nb is the number of cases where the criteria for body are met;
N is the total number of cases in the database;
P(h) is the probability of appearing head meeting the criteria set for head.

This probability can be calculated as follows:

P(h) =
nh
N

(4)

where nh is the number of cases with heads meeting the criteria (set for heads). The
rule with 100% confidence means that, every time a specific predecessor appears, then
the specific consequent also always appears. This kind of rule is even more informative
when there is a significant number of cases meeting the rule. Then, the support of the
rule is relatively high (the total range of support values is (0, 1)). If the support is at a
minimum, this means that there is only one case meeting the rule in the whole database
of the cases. The lift has a secondary function. It protects against considering the rules
(even of high confidence) for which the probability of a specific head is higher than the
calculated confidence. If lift < 1, the rule is useless [28–31]. The importance of rules is
further discussed in Section 3.1., where the total measure of the importance of rules is
introduced. The body of the rule can be described by several features and conditions to
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be met, formulated with any logic expression (with OR, AND operators). That, and the
simplicity of parameters describing each rule, allow association analysis to be used in a
variety of applications. Nowadays, association analysis is still applied for the designed
purpose ([32] as an example). However, smart applications can be found in several areas,
e.g., for the following:

- precipitation prediction [33];
- insurance risk assessment [34];
- traffic safety analysis [35–37];
- assessment of construction project risk [27];
- assessment of risk in construction disputes [38];
- a variety of problems in biology [39–41];
- preferences’ discovering in social sciences [42];
- collusion detection in tender procedures [43];
- quality management problem-solving in production [44].

The rule-finding processes have to be computer-aided as the number of rules is usually
huge even if the database searched is not large. It is a common case where, within several
thousand rules found, only several are meaningful.

2.2. The Analysed Case and Its Database

This paper is based on previous research that analyzed the studies on all projects
of building express roads and highways completed in Poland between January 2009 and
December 2013 [2,27]. Additional Polish and international literature research for possible
reasons for delays in construction contracts was summarized in [2]. The result of the
aforementioned research was the list of 142 possible reasons for delays. A huge number of
them were reduced, mainly according to the fact that the moment of analysis took place
before the choice of the contractor (by the client), before the start of building works. The
final list is presented in Table 2 [27].

Table 2. Possible causes of delays and their values [28].

ID The Cause of Delay Values

A Value of works rational number (in PLN)
B Length of the section built rational number (in km)
C Planned duration of the project integer number (in days)

E Project scope binary: design & build = 1;
build = 0

F Project type binary: build = 1; modernize etc. = 0

G The total, average number of employees
employed by contractor 1 integer number (no. of persons)

H Half of the year of works commencement binary: first half = 0;
second half = 1

I The trend of unemployment rate in Poland 2 binary: decreasing = 0;
increasing = 1

J The trend of price index in Polish
construction industry 2

binary: decreasing = 0;
increasing = 1

K The trend of total sales in Polish construction
industry 2

binary: decreasing = 0;
increasing = 1

L Number of partners in consortium (acting as
contractor) integer number

M Summarized yearly total sales of consortium
partners 1 rational number (in PLN)

1 Calculated for the year preceding the commencement of works. 2 Calculated year to year (the year preceding
the commencement of works, to the year before).



Appl. Sci. 2022, 12, 844 6 of 23

Label D is left for marking a delay. Its integer value is calculated for each project based
on the following formula:

Di =

{
T(r)

i ≤ T(pl)
i → 0

T(r)
i > T(pl)

i → T(r)
i − T(pl)

i

(5)

where

1. T(pl)
i is a planned duration of the project given in days;

2. T(r)
i is an observed real duration of the project given in days;

3. i is an index of analyzed project.

The twelve factors listed in Table 2 that may influence the delay of the completion
date of road construction projects can be categorized into three main groups by origin.
That is, client-decision-dependent (B, C, E, H), contractor-dependent (A, G, L, M), or
based on macroeconomic factors (I, J, K). Factor F arises from the technical matters and
the standing of the national economy. The majority of data were provided by the Polish
General Directorate for National Roads and Highways (GDDKiA) at the request of the
Warsaw University of Technology. Macroeconomic factors were found in the Polish Central
Statistical Office (GUS). For the real completion dates, approximately 500 websites were
scraped. The data concerning the number of employees and the yearly sales of contractors
were obtained commercially. The complete set of twelve feature values was completed for
139 projects, and only these were analyzed further in previous studies [27].

2.3. The Problem to Solve

As association analysis works well for dichotomous types of bodies and dichotomous
types of head, the collected data (their types are presented in Table 2) as well as each type
of body and head need to be divided into two subsets. In [27], the thresholds were assumed
as median values. However, it is possible that, if other thresholds are set, the rules found
can then be more informative. The problem is illustrated in Figure 2.
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2.4. Tabu Search

Some practical problems in construction can be easily qualified as NP-hard (non-
deterministic polynomial-time hard) problems. The time needed to solve these problems
grows exponentially with the increase in the problem’s size [45]. This is why mathematical
methods do not allow for finding solutions for complicated construction problems in an
acceptable time. For the same reasons, metaheuristic algorithms seem to be the most appro-
priate measures for scheduling and task sequencing. These algorithms do not guarantee
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finding the optimal solution to the given problem; however, they are very useful when it
comes to solving NP-hard problems because they allow for finding suboptimal solutions in
an acceptable time [46]. Finding the number of features and the number of ranges (for each
feature) proved to be such a combinatorial problem.

It was decided to use the tabu search algorithm. Its advantages have been proven
in many scientific publications [47–50]. Like many other IT solutions used in various
industries, it can be adopted to construction problems [51]. The basic idea behind this
algorithm is to search the solution space by a sequence of moves [50]. In this sequence,
some moves are considered tabu moves—they are forbidden. The TS algorithm avoids
getting stuck in local optima by storing the information about previously checked solutions
in the form of tabu lists. The list grows as the algorithm proceeds. However, when it
reaches its maximum capacity, the oldest entries of the tabu list are overwritten by the
new ones. The simplified tabu search pseudocode in Table 3 presents its principles. It
was decided to use the tabu search algorithm to find the thresholds in association analysis,
which provides an increase in the strength of the rules found. It is a new approach and has
never been applied before.

Table 3. Simplified tabu search pseudocode.

Line of Code Code

1 sBest = s0
2 bestCandidate = s0
3 tabuList = []
4 tabuList.push(s0)
5 repeat (loop)
6 sNeighborhood← getNeighbors(bestCandidate)
7 for (sCandidate in sNeighborhood)
8 if ((not tabuList.contains(sCandidate)) and

(fitness(sCandidate) > fitness(bestCandidate)))
9 bestCandidate = sCandidate
10 end
11 end
12 if (fitness(bestCandidate) > fitness(sBest))
13 sBest = bestCandidate
14 end
15 tabuList.push(bestCandidate)
16 if (tabuList.size > maxTabuSize)
17 tabuList.removeFirst()
18 end
19 until stopping-criteria satisfied
20 return sBest

3. Results
3.1. Assessing the Strength of Association Rules with 7-Score

Considering the three basic ratios describing the rules, i.e., confidence, support, and
lift, the most powerful is confidence. If a certain type of predecessor appears, a certain
type of a consequent appears too every time. The confidence of this kind of rule is 100%.
This kind of information gathered by a user of association analysis is very strong. The
collected data provide the user with a high likelihood of a certain result if the same type
of predecessor appears again. However, not every rule of 100% confidence gives the
same level of certainty of appearing to be a specified consequent. The three examples of
phenomena that can be described with 100% confidence are presented in Figure 3.
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Figure 3. Three different exemplary datasets (a–c) with the rules of the same confidence of 100%. The
rule: if light green, then dark green.

As presented in Figure 3b, predicting the effect—dark green—based on this dataset
seems more powerful than in the case presented in Figure 3a. There, the rule is based on one
case only. It is unknown if the case is caused by the nature of the analyzed phenomenon, or
if it has happened by chance. The rule seems to be the most powerful in the case presented
in Figure 3c. Support calculated for the rule, for cases (a), (b), and (c), is 1/6, 3/6, and
5/6, respectively. It can be concluded that, for the rules of the same confidence, the more
powerful (meaningful) is the rule with higher support. Then, the following question can be
asked: which rule is stronger of the following two: rule 1: conf = 100% and sup = 33.3%,
rule 2: conf = 75% and sup = 66.7%? To answer this, the large database should be considered.
Then, if the rule of 100% confidence is supported by 33.3% of cases, it still a large number
of cases where the appearance of a light green body always makes the head dark green.
For much smaller databases being analyzed, it seems sufficient if support is higher than
its minimum value, i.e., 1/N (where N is a total value of cases in the database). Minimum
support means that the rule is based on one case meeting the conditions of the rule. It can be
stated that, for the rules with support higher than the minimum of one, confidence is more
meaningful than support. The rules of sup = 1/N should be excluded from the analysis.

The influence of lift on the strength of the rule should also be considered, as two rules
of identical confidence and support can have different lifts (as presented in Figure 4).

Aiming at predicting a dark green head, based on a light green appearance, the rule
for the dataset presented in Figure 4a seems to be a bit stronger, as the dark green head
appears only if the light green body has appeared earlier. In case (b), dark green heads can
also appear for bodies other than light green ones, but in case (a), the rule gives the full
explanation for the appearance of the dark green bodies. For both cases, conf = 100% and
sup = 33.3%; however, lift = 3 for (a) and lift = 1.2 for (b). It can be concluded that, for two
rules of the same confidence and the same support, the stronger is the rule with the higher
lift. When comparing the rules of different confidences and different supports, considering
a lift seems unreasonable as—as discussed earlier—the meaning of confidence is higher
than the meaning of support.
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In case (a), the heads are multi-colored and the rule—if light green, then dark green—
seems meaningless. In case (b), where the head is dichotomous, it seems that finding the
opposite rule (if light green, then blue) brings a better result (conf = 80%, sup = 66.7%,
lift = 1). The same result will be achieved in case (a) if the rule will be stated as follows: if
light green, then not dark green. It can be concluded that the rules of low confidence are
meaningless. To assess the strength of rules, the following aim function is created:

strength of rule = lift + N2 × sup + N2 × conf (6)

where N is for the total number of cases in a database. Equation (6) considers the following
assumptions. Assumption 1:

I(sup) > I(lift) (7)

where I is a function of the importance of the rule. Equation (7) is achieved by making the
sum component of support equal or higher than lift, as follows:

sup×N = nbh (8)

where nbh is the number of cases meeting the rule and, as the maximum lift is N and the
minimum support is 1

N , the following Equation is met:

N2 × sup ≥ lift (9)

Meeting assumption 2 presented in Equation (10), using Equation (6),

I(con f ) > I(sup) (10)

is achieved by multiplying the confidence by the same number as the support, i.e., by N2,
as the confidence is greater than the support for each rule (as the number of bodies meeting
the rule is always lower than N). Equation (6) for the strength of rule introduces possible
cases where the joint impact of lift and support is greater than the impact of confidence on
the strength of the rule. These kinds of cases are partially limited by excluding from the
analysis the cases of low confidence (below 50%). To observe how the rules are assessed, the
exemplary database is created of 10 bodies and 10 heads. The number of bodies meeting the
rule nb changes from 1 to 9, and the number of heads meeting the rule nh also changes from
1 to 9. The number of cases meeting the rule nbh changes from 1 to a number defined as
min(nb, nh). All possible combinations are assumed, and all rules are found in the created
cases. Confidence, support, lift, and the strengths of the rules are calculated. From the full
set of rules, regardless of the rules of confidence lower than 0.5, the cases with lift lower
than 1 are excluded too. When the lift is lower than 1, this means that, when predicting
the head, the better result can be achieved by applying the probability of appearance of
a specific head, rather than basing it on a specific body appearance. The remaining data
and results (scores) are presented in Appendix A Table A1. As it is difficult to present a
4-dimentional chart in a 2D figure, Figure 6 is prepared. Support and confidence are on the
horizontal axes and 7-Score values are on the vertical axis.
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It can be observed that, for several pairs of identical conf and sup, there are several
values of 7-Score. This is because of the influence of lift—which is also considered in
7-Score and in Figure 6. Lift differentiates 7-Score for the cases of the same support and
confidence, as was assumed while the formula for 7-Score was created. Observing Figure 6
and, especially, Figure 7 i.e., the 2-dimentional scatter-plot for support and confidence, the
shape of the 7 sign can be recognized—the basis of the name of the proposed method for
scoring the strength of rules.
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The database assumed to create the 7-Score is 10 × 10, considering that

- every combination of nb, nh, nbh is assumed for creating the exemplary database and
rule finding (presented in Table A1 and Figures 6 and 7);

- the values of sup and conf are always ≤1.

It can be stated that, for more numerous databases, the general shape of the scatter-plot
will remain unchanged. It will be denser, especially between the points of very similar
confidence (as the impact of confidence on the 7-Score is the highest). The plane presented
in Figure 8 is an approximation of the 7-Score of the rules; however, it is presented to better
explain the areas of the highest importance of the rules.

The aim of introducing the 7-Score measure is to compare the rules found based
on a specific database (comprising bodies and heads) concerning a specific, analyzed
phenomenon. For that reason, it can be used as is (not as a percentage of the highest 7-Score
value). In order to compare the rules calculated for the databases of a different size, the
relative 7-Score measure should be applied, as the values of 7-Score defined in (1) strongly
depend on N, i.e., on the number of cases in a database.
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3.2. Solving the Analysed Case

The previous results presented in [27] were very promising; however, only median
values were used as bodies’ thresholds. Testing different thresholds even for 139 projects
proved to be a complex combinatorial problem, with up to 7.5 × 1031 potential variants.
However, finding the right solution could improve the support and confidence parameters,
thus providing better outcomes for the clients. This is why it was decided to use a meta-
heuristic algorithm. Such an approach proved to be very useful and might be used even for
bigger databases.

Metaheuristic optimization of thresholds was done for three cases: two best sets of
criteria established by [27] (Cr − E − J − L and A − E − K), and for all 12 criteria from
Table 2. The best results are presented below in Tables 4–6. The presented results were
obtained with the use of commercial software OptQuest® Engine package, OptTek Systems,
Inc., based on the tabu search algorithm. However, additional tests showed that similar
results can be obtained by other applications of tabu search. The decision variables were
the thresholds of criteria, and the objective function (SCORE) is as follows:

Max : SCORE = lift + N2 × sup + N2 × conf (11)

The results are presented in following Tables 4–6 together with the comparison to the results
achieved in the previous study [27].
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Table 4. Optimization results for criteria set Cr—E—J—L.

Support (%) Confidence
(%) Lift Score Case

8.6 100 2.044 2,098,263 Median threshold
25.9 90 1.191 2,239,305 Metaheuristic

Table 5. Optimization results for criteria set A—E—K.

Support (%) Confidence
(%) Lift Score Case

22.3 75.6 1.460 1,891,527 Median threshold
50.4 84.3 1.066 2,602,540 Metaheuristic

Table 6. Optimization results for all (presented in Table 2) criteria considered as the predecessor.

Support (%) Confidence
(%) Lift Score Case

- - - - Median threshold
5.8 100.0 1.390 2,044,163 Metaheuristic

The rule wherein all features of the body are considered is excluded from further
analysis according to its low support (even if this formula is found—as in the two other
rules—with the use of metaheuristic). This makes its 7-Score much lower than the 7-Score
of the two other rules. The maximum informativeness is found for the following rules:

- if (Cr and E and J and L), then D; that is, if (planned duration is lower than 1126 days
and the contract is not “design & built” and price index in the construction industry is
decreasing and the contractor has the form of consortium), then the contract is delayed;

- if (A and E and K), then D; that is, if (the contract value is over 5.77 million PLN and
the contract is not “design & built” and the total sales in Polish construction industry
is decreasing), then the contract is delayed.

4. Discussion

The most promising two rules for the appearance of delayed completion of construc-
tion were found in [27] with the use of association analysis. The bodies of these rules consist
of several parameters, and it was decided to make their value dichotomous. The same is
made with the head, i.e., the size of delay. Through the use of the tabu search algorithm,
the settings of the thresholds (necessary to make the sets of values dichotomous) are found,
making the two rules (if Cr-R-J-L, then D; if A-E-K, then D) the most informative. As can
be seen in the tables presented (Tables 4 and 5), the determination of thresholds using the
metaheuristic algorithm significantly improved the parameters describing the rules (in
comparison with the median values used in [27]). There was a drastic improvement in the
support for the rules in every case. Moreover, the scores for each case were significantly
higher. The results obtained using the tabu search algorithm are significantly better than
those obtained in the traditional way with the use of median values. The proposed innova-
tive solution may be particularly useful when analyzing larger databases, where it is even
more difficult to select the threshold levels. As already mentioned, metaheuristic algorithms
are currently the best way to find solutions to particularly complex combinatorial problems.
The results of the study only confirmed this thesis.

The assessment of the level of informativeness of the rules is possible because of the
created measure named 7-Score. A significant improvement is achieved. For the rule with
the body Cr-E-J-L, the confidence is lowered from 100% to 90%. However, support for these
rules is increased from 8.5% to 25.9%. This means that there are three times more cases
supporting the rule. Despite that the confidence and the lift are slightly lowered, owing
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to the significant support increase, 7-Score is approximately 10% higher than for median
thresholds. For the most informative rule with A-E-K body, the increase is noted for both
support (22.3% to 50.4%) and confidence (75.6% to 84.3%). Despite the lowered lift (1.460 to
1.046), 7-Score is more than 37% higher (up to 2,239,305). For these two very informative
rules, the same threshold was found—zero. The head of this rule is defined as follows: the
delay of a construction completion greater than the threshold. It has to be stated that there
are several contracts (cases) in the database completed on time (not delayed, i.e., delay = 0).
Considering the values of the thresholds found of 5,765,055.35 for A, 0 for E, and 0 for K,
the rule if A-E-K, then D brings the following information based on the passed construction
contract:

If:

- the contract value was above 5.77 million PLN,
- the contract scope was to build (design provided by a client), and
- the total sales of the Polish construction industry were decreasing (year to year),

then the completion of this type of contract was delayed with conf = 90%, sup = 25.9%,
and lift = 1.191. This is to emphasize that such a calculation can be done before any new
contract that is ordered and signed. Shifting the threshold for the head (the size of delay)
from 0 to its maximum value, the set of results (conf, sup. lift, 7-Score) can be achieved for
the rule if A-E-K, then the delay greater than the threshold value. This scenario is presented
in Figure 9.
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Figure 9. The confidence of the rule if A-E-K, then D for different number days as the threshold of
the head (delay).

It can be observed that, the higher the threshold of the head, the lower the confidence
in the delay appearance being greater than the threshold. It is to be noted that the thresholds
of the body parameters (A, E, K) are left on the unchanged levels (as found for the highest
7-Score). As a natural result of shifting to the right, the thresholds of the head, supports,
and 7-Scores lower, with the head threshold increasing. The full set of parameters of the
rules (for the threshold D of the head being set from 0 to 800) is presented in Table 7 (and
Table 8 for Cr-E-J-L body).
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Table 7. Parameters of the rule with A-E-K body calculated for several thresholds of delay.

Support (%) Confidence (%) Lift Score D

50.4% 83.3% 1.034 26,205 0
37.4% 61.9% 1.195 19,467 100
27.3% 45.2% 1.338 14,226 200
16.5% 27.4% 1.312 8611 300
7.9% 13.1% 1.300 4119 400
5.8% 9.5% 1.203 2996 500
4.3% 7.1% 1.241 2247 600
2.9% 4.8% 1.655 1499 700
1.4% 2.4% 3.310 752 800

Table 8. Parameters of the rule with Cr-E-J-L body calculated for several thresholds of delay.

Support (%) Confidence (%) Lift Score D

26.6% 92.5% 1.148 23,016 0
20.1% 70,0% 1.351 17,418 100
15.1% 52.5% 1.553 13,064 200
7.9% 27.5% 1.318 6844 300
3.6% 12.5% 1.241 3111 400
2.2% 7.5% 0.948 1867 500
0.7% 2.5% 0.434 622 600
0.0% 0.0% 0 0 700
0.0% 0.0% 0 0 800

Let us analyze the opposite rule, i.e., if A-E-K, then delay is not greater than the thresh-
old for the head. The number of bodies meeting the original rule nb remains unchanged in
the opposite rule. The parameters of the opposite rule are calculated just for the unchanged
body. It can be written as follows:

con f
(

b→ h(−)
)
=

nbh(−)

nb
(12)

where

- h(−) is the opposite side of the dichotomous head;
- nbh(−) is the number of cases meeting the opposite rule (where the head is inverted).

There are several (or even hundreds of) types of bodies, but only one type of body
is analyzed. There are nb bodies of this kind. From this subset, only nhb bodies meet the
rule, i.e., the number of heads is greater than the threshold. This means that the rest of the
subset meets rule that the head values are not greater the threshold. Thus, the number of
bodies meeting the inverted head can be calculated as follows:

nbh(−) = nb − nbh (13)

Considering Equation (12),

con f
(

b→ h(−)
)
=

nb − nbh
nb

= 1− nbh
nb

= 1− con f (b→ h) (14)

The confidences of the rules found for the same body and upper and lower part of a
dichotomous head are complementary, i.e., their sum equals 1. The confidence of the
appearance of delay in completion of a construction contract can be read as a risk of
the delay appearance being greater than the threshold (number of days). This kind of
confidence has identical features to risk (risk as a probability of appearing unfavorable
conditions or phenomena). Their values are 0 to 1. The probability of favorable conditions
added to risk gives 1, and is identical for confidences for original and inverted heads.
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Therefore, the risk values (of the delay appearance being greater than a certain number of
days) can be read from Figure 9. It is consistent with common sense. The greater the delay,
the lower possibility of its occurrence. However, it must be emphasized that the content of
Figure 9 is created based on real data.

There is also another rule found based on the Cr-E-J-L body, and it has the same head.
The confidences for these two rules are presented in Figure 10.
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threshold of the head (delay).

Confidence is a discrete function, as the nominator and denominator (defining confi-
dence) are discrete by nature. However, confidence can be calculated for the continuous
threshold (time), but is useless for the cases from the construction industry. Despite that,
the lines in Figure 10 are presented as continuous. The blue line based on A-E-K body is
continuous for the whole domain presented in Figures 9 and 10. The orange one (based on
the Cr-E-J-L body) has two breaks (discontinuities). For days ranging from 370 to 386 and
from 495 to 524, as the lift calculated for these rules is below 1, the rules are useless. There
are no cases supporting this rule being delayed for more than 533 days, so the orange line
ends there. In order to read the risk of delay greater than a certain threshold (given in days)
and if there is more than one body for the rules found (as in Figure 10), it is recommended
to use the confidence of a higher 7-Score. The calculated 7-Scores are higher for the rules
based on the A-E-K body (blue line), except for the range from day 159 to day 196, as
presented in Figure 11.
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This range is marked with black vertical lines in Figures 10 and 11. There, the rule
with the other body (Cr-E-J-L) should be used (confidence read based on the orange line
that has a higher 7-Score in this range).

The traditional approach to a construction contract risk estimation is based on statis-
tics and on experts’ opinions. It requires the experience of experts gained before a new
assessment. The proposed method omits involving human’s opinions. It is purely based on
data. The experience—that is, past construction contracts completed—is necessary, but the
risk is calculated based on formulas, algorithms, and a set of data collected. The higher the
experience, i.e., the more cases serving as a source data, the more reliable the risk estimation.
This statement points to the possible weakness of the proposed method. Analysis based
on small databases can produce unreliable risk estimation. The other limitation of the
invented method is the necessity of basing the risk estimation on the information gathered
from the construction contracts of a similar scope of works. Assessing the risk of a road
construction contract based on several completed apartment buildings is irrelevant and
improper. Thus, the method can be applied by specialized contractors or clients (e.g., in the
road construction, as in the analyzed case). Thirdly, the new, analyzed contract may not
meet the criteria of the predecessors of the rules found to be the most informative. Then,
the risk assessment is not possible. Considering the limitations of the invented method,
it can be stated that the traditional approach to risk assessment (also based on experts’
opinions) and the invented method should be used complementarily. If it is impossible to
assess the risk with the invented method (owing to the limitation described above), the
traditional method of risk assessment should be applied.

5. Conclusions

A typical software or a software package enables one to search for the rules in a
database. The proposed method extends the scope of analysis by modifying the dataset.
If values of any feature of a predecessor or a consequent are continuous or discrete, it is
proposed to make them binary, and search—for a certain rule—for the set of thresholds
dividing features’ values into 0 and 1 (see Figure 2). The aim is to find the combination
of these thresholds making the analyzed rule the most informative. As the three basic
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ratios (sup, conf, and lift) describe every rule, based on them, the measure is created and
named as 7-Score. It was also necessary, owing to the need for applying the selected
metaheuristic algorithm, to find the setup of thresholds maximizing the 7-Score for the
analyzed rule. The results are superior when compared with the previous study. Moreover,
the most informative rules are for the threshold of a construction project delay set to 0.
As there are also projects in the database that were not delayed, it was decided to shift
the threshold of the consequent up and observe the confidence (and other parameters) of
the rule (or the set of the rules). It is concluded that the read-out is the construction risk
of a delay in completion greater than the threshold (given in days). This risk decreases
together with an increasing number of days. The 7-Score (the level of informativeness of
the rule) decreases too. It is proved that, together with the threshold rising, the opposite
rule, i.e., based on inverted consequent, is complementary to the basic rule. The sum of
their confidences is 1. It can be read that the likelihood of completing a construction project
(that meets the conditions of the predecessor) with the delay not greater than the threshold
rises as the threshold increases. This innovative method of assessing the construction
risk can be applied by clients and contractors. The results depend on the quality and
size of the database being analyzed. The quality of data also refers to types of features
creating the predecessor. They will be different for a contractor and for a client. Moreover,
the consequent can describe a cost overrun, not exclusively delay. The invented method
of risk assessment will be developed. The presented method of risk assessment is more
accurate when more past cases are collected in the database. A given entity (a client or
a contractor) with a rather short business history cannot expect precise quantitative risk
estimations with the invented method. It is recommended to apply it to assess the risk
of a contract for similar types of works. Despite that the type of contracted works can
serve as an independent variable, the results will then be based on the limited number
of cases. This lowers the accuracy of the method. However, the invented measure of the
informativeness of association rules, i.e., 7-Score, can be broadly applied if the market
basket analysis is applied.

Author Contributions: Conceptualization, H.A. and J.R.; methodology, H.A. and J.R.; software,
J.R.; validation, H.A., J.R. and A.F.; formal analysis, A.F.; resources, H.A.; data curation, H.A., J.R.
and A.F.; writing—original draft preparation, H.A. and J.R.; writing—review and editing, A.F. and
J.R.; visualization H.A. and A.F.; supervision, A.F. and J.R.; project administration, A.F.; funding
acquisition, H.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The database is published in [2]. As there is no electronic version of
the Ph.D. thesis, data are available on request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Parameters and scores of the rules for the 10 × 10 database.

Lbl nb nh nbh Sup Conf Lift 7-Score

1 9 9 9 0.9 1 1.111 191.1
2 8 8 8 0.8 1 1.25 181.3
3 8 9 8 0.8 1 1.111 181.1
4 7 7 7 0.7 1 1.429 171.4
5 7 8 7 0.7 1 1.25 171.3
6 7 9 7 0.7 1 1.111 171.1
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Table A1. Cont.

Lbl nb nh nbh Sup Conf Lift 7-Score

7 9 8 8 0.8 0.889 1.111 170
8 6 6 6 0.6 1 1.667 161.7
9 6 7 6 0.6 1 1.429 161.4
10 6 8 6 0.6 1 1.25 161.3
11 6 9 6 0.6 1 1.111 161.1
12 8 7 7 0.7 0.875 1.25 158.8
13 8 8 7 0.7 0.875 1.094 158.6
14 5 5 5 0.5 1 2 152
15 5 6 5 0.5 1 1.667 151.7
16 5 7 5 0.5 1 1.429 151.4
17 5 8 5 0.5 1 1.25 151.3
18 5 9 5 0.5 1 1.111 151.1
19 9 7 7 0.7 0.778 1.111 148.9
20 7 6 6 0.6 0.857 1.429 147.1
21 7 7 6 0.6 0.857 1.224 146.9
22 7 8 6 0.6 0.857 1.071 146.8
23 4 4 4 0.4 1 2.5 142.5
24 4 5 4 0.4 1 2 142
25 4 6 4 0.4 1 1.667 141.7
26 4 7 4 0.4 1 1.429 141.4
27 4 8 4 0.4 1 1.25 141.3
28 4 9 4 0.4 1 1.111 141.1
29 8 6 6 0.6 0.75 1.25 136.3
30 8 7 6 0.6 0.75 1.071 136.1
31 6 5 5 0.5 0.833 1.667 135
32 6 6 5 0.5 0.833 1.389 134.7
33 6 7 5 0.5 0.833 1.19 134.5
34 6 8 5 0.5 0.833 1.042 134.4
35 3 3 3 0.3 1 3.333 133.3
36 3 4 3 0.3 1 2.5 132.5
37 3 5 3 0.3 1 2 132
38 3 6 3 0.3 1 1.667 131.7
39 3 7 3 0.3 1 1.429 131.4
40 3 8 3 0.3 1 1.25 131.3
41 3 9 3 0.3 1 1.111 131.1
42 9 6 6 0.6 0.667 1.111 127.8
43 2 2 2 0.2 1 5 125
44 2 3 2 0.2 1 3.333 123.3
45 7 5 5 0.5 0.714 1.429 122.9
46 7 6 5 0.5 0.714 1.190 122.6
47 2 4 2 0.2 1 2.5 122.5
48 7 7 5 0.5 0.714 1.020 122.4
49 2 5 2 0.2 1 2 122
50 5 4 4 0.4 0.8 2 122
51 2 6 2 0.2 1 1.667 121.7
52 5 5 4 0.4 0.8 1.6 121.6
53 2 7 2 0.2 1 1.429 121.4
54 5 6 4 0.4 0.8 1.333 121.3
55 2 8 2 0.2 1 1.25 121.3
56 5 7 4 0.4 0.8 1.143 121.1
57 2 9 2 0.2 1 1.111 121.1
58 1 1 1 0.1 1 10 120
59 1 2 1 0.1 1 5 115
60 8 5 5 0.5 0.625 1.25 113.8
61 8 6 5 0.5 0.625 1.042 113.5
62 1 3 1 0.1 1 3.333 113.3
63 1 4 1 0.1 1 2.5 112.5
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Table A1. Cont.

Lbl nb nh nbh Sup Conf Lift 7-Score

64 1 5 1 0.1 1 2 112
65 1 6 1 0.1 1 1.667 111.7
66 1 7 1 0.1 1 1.429 111.4
67 1 8 1 0.1 1 1.25 111.3
68 1 9 1 0.1 1 1.111 111.1
69 6 4 4 0.4 0.667 1.667 108.3
70 6 5 4 0.4 0.667 1.333 108
71 6 6 4 0.4 0.667 1.111 107.8
72 4 3 3 0.3 0.75 2.5 107.5
73 4 4 3 0.3 0.75 1.875 106.9
74 9 5 5 0.5 0.556 1.111 106.7
75 4 5 3 0.3 0.75 1.5 106.5
76 4 6 3 0.3 0.75 1.25 106.3
77 4 7 3 0.3 0.75 1.071 106.1
78 7 4 4 0.4 0.571 1.429 98.6
79 7 5 4 0.4 0.571 1.143 98.3
80 5 3 3 0.3 0.6 2 92
81 5 4 3 0.3 0.6 1.5 91.5
82 5 5 3 0.3 0.6 1.2 91.2
83 3 2 2 0.2 0.667 3.333 90
84 3 3 2 0.2 0.667 2.222 88.9
85 3 4 2 0.2 0.667 1.667 88.3
86 3 5 2 0.2 0.667 1.333 88
87 3 6 2 0.2 0.667 1.111 87.8
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