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Abstract: The organization and planning of construction works are difficult issues due to the com-
plexity, numerous limitations, uncertainty and risks associated with them. Construction planning is
usually based on deterministic data. However, numerous studies and analyses of real cases show that
a different computational approach is needed—one based on probabilistic data. The computational
algorithms of the Time Coupling Method make it possible to introduce probabilistic data generated
in the Multivariate Method of Statistical Models (MMSM) and via standard deviations. As a result,
a new methodology was created, the Probabilistic Time Coupling Method (PTCM), through which
it is possible to obtain a very good forecast of the investment implementation time compared to
its real time. The paper presents theoretical considerations, computational schemes and validation
exercises of this new method—known as the PTCM. The computational results of the PTCM (with a
mapping accuracy prediction of 99%) confirm the effectiveness of the method. The computational
algorithms of the PTCM enable the creation of a computational application based on a well-known
program, e.g., Microsoft Excel, thanks to which the method can be quickly disseminated in the
planning environment and widely used.

Keywords: scheduling; risk; construction time planning; constrains; probabilistic time coupling methods

1. Introduction

The management of a construction project is a very important issue, determining
both the cost and time of investment implementation. The planning and organization of
construction works are important elements of project management that generate many
problems. This is related to the heterogeneity and discontinuity of construction processes,
as well as the existence of technological and organizational limitations, which have a
decisive impact on the sequence of works and, therefore, on their effectiveness. When
preparing a project plan (schedule), the risks and uncertainties arising from the nature of
the work being carried out should be taken into account.

Research based on predicting the implementation time of construction processes is
conducted by many researchers around the world, and scheduling methods are constantly
being developed. This is a difficult subject due to the complexity nature, organizational
level, multidisciplinarity, and accumulation of the projects, as well as the presence of
interdependent components, and the scale of implementation difficulties [1–5]. Research
studies [6–11] have provided statistical evidence confirming the existence of significant
differences in project implementation compared to the planned costs and duration. The
literature provides numerous examples of delays in actual implementation [9,11], regard-
ing hydrotechnical facilities [7,8,10]. Despite advanced technology and project manage-
ment techniques available to practitioners, over 80% of implemented construction projects
showed delays [9,11].

The author’s construction experience and research conducted on construction sites
provide information that delays not only result from improperly adopted scheduling
methodologies or impact factors (technological, organizational and risk-based) but also due
to the input data used in making calculations and assumptions. The times estimated in the
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schedules differ significantly from the implementation times. In the bloc of Eastern Euro-
pean countries, the traditional method used to design the implementation time of construc-
tion investments involves material outlay catalogs (in Poland called Katalogi Nakładów
Rzeczowych (KNR)). Construction schedules are developed based on the knowledge and
experience of their designers, who use material outlay catalogs containing standard work-
ing times. Bac and Hejducki [12] present calculations in their work that prove the existence
of significant differences between schedules prepared using material outlay catalogs and
actual investment implementation times. The main reasons for these differences are the lack
of any proper scheduling of works and the lack of appropriate workload updates included
in the material outlay catalogs. Normative data are theoretically updated, but they have
not changed for many years, even though the technology, equipment and materials used in
construction have changed significantly.

Very good results can be achieved using artificial intelligence and data analytics meth-
ods in forecasting the implementation time of construction processes. Artificial intelligence
and data analytics provide promising data-driven opportunities to improve the delivery of
products and services through the improved use of limited resources. The use of modern
computational methods not only improves work but also allows us to obtain forecasts very
close to the actual time of their implementation.

In recent years, a breakthrough approach to Building Information Modeling (BIM)
has been the use of Artificial Intelligence, thanks to which an unprecedented level of effi-
ciency, precision and optimization within project management has been achieved [13–19].
AI algorithms are able to analyze historical data of various investments and then com-
pare them with current data of the construction project and predict potential risks or
project delays [20–22]. The combination of BI-Mu and AI helps improve construction
schedules by adapting the project to dynamic implementation conditions and optimizing
resources [14,17]. AI algorithms are used to optimize the use of materials, labor, equipment
and energy, thus minimizing losses while maximizing efficiency [20,21]. The use of AI in
determining the costs and implementation time of a new investment based on historical
data allows more accurate estimates to be generated, which improves the implementation
planning of a new project and its realistic budget.

In construction, the combination of AI with Virtual Design and Construction (VDC),
in which 3D models of projects are integrated with schedules, is new. AI can identify
possibilities of implementing several tasks in parallel while maintaining the technological
sequence thanks to which it is possible to shorten the investment implementation time. In
addition, a great advantage is the ability to locate potential collisions in the project and
launch processes that can remedy or eliminate them [13].

Construction schedules are usually prepared based on deterministic data, which often
differ significantly from the actual values achieved on the construction site. Hence, there
is a need to develop a new methodology for preparing schedules, taking into account not
only deterministic but also probabilistic data.

The aim of the work is to improve methods used for scheduling construction projects,
presenting and solving selected problems in planning construction projects, and assuming
the probabilistic nature of parameters that occur in the project. The work shows that it is
possible to schedule construction processes using Time Coupling Methods (TCMs) in a
probabilistic approach, which takes into account technical, technological and organizational
factors in specific implementation conditions as well as uncertainty and risks related to the
nature of construction works.

The work is theoretical and presents a new computational methodology related to
schedules with given constraints. In the study, the author focuses on a clear description of
Probabilistic Time Coupling Methods (PTCMs) and their detailed derivation in formulas so
that it would be possible to carry out work using PTCMs by any researcher in the world. To
show the potential of the methods and their possible final appearance, the author included
several sample drawings and results in the form of a table. The aim of the work is not to
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present a full case study due to its extensiveness; it will be the next step in the author’s
scientific work.

2. Scheduling Construction Processes

When scheduling tasks, it is crucial to choose the correct technique for scheduling
and the appropriate data values for calculations. Kowalczyk and Zabielski [23] proposed a
categorization of methods for setting labor standards into two groups:

• Summary methods (estimated, statistical, comparative),
• Analytical methods (analytical research, analytical–computational).

Summary methods, also known as experimental methods, determine the total time
required to complete a construction project without dividing it into smaller components.
It is important to note that summary methods should be used with caution and should
not be solely relied upon for accurate project completion times. These methods are based
on expert knowledge and are characterized by their ease, speed and relatively low cost of
obtaining data. However, they may not accurately determine the time needed to complete
a given project, as the estimation depends on the skills and expertise of the individual.

Analytical methods are known for their higher degree of accuracy, but they also require
more time and cost to generate. These methods involve dividing a construction project into
processes and work tasks and considering individual tasks in the context of factors that
influence implementation time. These factors include technical, organizational, economic,
psychophysiological, and social aspects.

Working time standardization methods will only be effective if they are regularly
updated. These standards should not be based on permanent data. In theory, they are
subject to revision in connection with the development of technique (tools, equipment,
products), technology (automation or mechanization of work, new materials and work
processes) or work organization (improvement of work organization, rationalization).
Therefore, it is recommended that they are re-analyzed and updated at specified intervals.
It has been observed that outdated catalogs, which are prepared many years ago, are often
used when preparing cost estimates or schedules [12].

Hoła and Mrozowicz [24] and Rogalska [25] conducted research on modeling the
implementation time of construction processes. The modeling of working time standards
can be presented in the form of tables or using algebraic formulas. Hoła and Mrozowicz [24]
proposed a new parametric method for setting work standards. This involves determining
the functional relationship between the workload of a task and reference factors that
describe its size. Rogalska [25] developed a parametric-regression method for determining
the duration of work. This method determines the implementation time of the construction
process from a regression equation developed on measurements and data collected in
real conditions or archived in the past. The time required to carry out work under new
conditions is determined by taking into account the influencing factors defined for a given
type of process, as specified in the regression equation. Factors that may influence the
process of making a reinforced concrete element include: time for reinforcement, time for
formwork, time for concreting, element height, element width, element length, type of
element, degree of reinforcement, team size, and method of feeding the concrete mixture.

Rogalska’s methodology [25] is an innovative approach to determining process imple-
mentation time, considering various factors. Preliminary calculations are time consuming
and require collecting a large amount of input data. However, the methodology provides
quick and easy information about the duration of the process on a specific construction site
and under specific conditions. These paper focuses on the use of the parametric-regression
method in scheduling. The proposed improvement aims to achieve a more accurate deter-
mination of work completion time, leading to improved efficiency in construction project
management and work planning that aligns with actual course progress.

In managing and organizing a construction project, relying solely on the standard value
for process implementation time may be inadequate. It is crucial to determine the standard
time for the implementing construction processes based on actual measurements and
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observations of similar works in the past to accurately estimate implementation time in new
conditions. However, it is important to maintain a level of caution, as the current investment
may deviate from the basis on which the model and average time were determined, or
unforeseeable events may occur during its implementation. As a result, the calculated time
may also vary significantly. To safeguard against such a scenarios and plan the projects
effectively, the parametric-regression method can be used to determine the dependent
variable. However, this procedure is time consuming and requires extensive data collection.
Another approach could be to determine the potential range of variability for the set time
and the associated risk of not meeting it.

Risk analysis is a crucial aspect of scheduling. Risk is defined as an uncertain event
or the occurrence of an event that has a positive or negative impact on project time [26].
The construction industry is known for its high level of risk and uncertainty [27] due
to the complexity, dynamics of work and limited resources associated with construction
projects [28–31]. To increase the success of the project, it is necessary to assess the associated
risks and uncertainties while ensuring adherence to the developed schedule.

Numerous techniques, models and programs have been developed to aid in risk
analysis. The most common methods include the Critical Path Method (CPM), Program
Evaluation and Control Technique (PERT), and Critical Chain Method. Most techniques
for creating network models and schedules use deterministic estimation. However, Hulett
argues that this approach is incorrect [32]. The planning of the deterministic duration of
an investment involves making design assumptions, which are often overly optimistic
estimates of implementation time. This is primarily due to the desire to win the tender,
which often leads to the submission of a preliminary schedule containing favorable time
estimates that turn out to be unrealistic during the implementation of the works [33]. Due
to the characteristics outlined above, methods based on probability and statistical data are
considered a more favorable approach to project scheduling and risk analysis.

3. Materials and Methods

Scheduling methods are categorized based on the type of project [25,34,35]. The first
group comprises unique projects, especially those of a complex operational nature. The
second group comprises repeatable projects that are implemented using the principle of
steady or stream work.

This work pertains to repetitive projects carried out in a flow-shop work system. The
flow-shop work system involves carrying out of various types of works (processes) on
different plots/work sectors simultaneously. It assumes that only one type of process
can be carried out in a given sector at a time. A construction project is divided into
working plots (sectors) where specialized work groups carry out individual construction
processes [34,36–38]. The flow-shop work system is employed in the implementation of
multi-object buildings or complex structures that can be divided into sectors. The number
of processes and working plots is determined by the construction technology and the
geometry of the building. The correct division of the construction project into working
plots and the assignment of subsequent processes depends on the scheduler’s skills. This
division should enable continuous staging and settlement of work.

The flow-shop work system is characterized by structural transparency and the as-
signment of work teams to carry out individual processes. Thanks to this, it is possible
to optimize the planned work efficiency by maintaining a constant quality of work across
all sectors based on workers’ experience. A properly prepared schedule enables efficient
communication between the contractor and the investor.

3.1. Time Coupling Method—TCM

The Time Coupling Method (TCM) is one of the flow-shop methods. It is based on
deterministic execution times of construction processes [34,39–42]. Scheduling construction
projects using the Time Coupling Method allows for planning construction projects while
taking into account technological and organizational limitations. The Time Coupling Meth-
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ods are used in modern scientific solutions due to the algorithmic nature of calculations.
The Time Coupling Method was developed by Professor V. Afanasjew [43–46]. Subse-
quently, J. Mrozowicz [41,47], Z. Hejducki [39,48–50], and M. Rogalska [51–55] continued
to develop Professor Afanasjew’s concept.

Temporal couplings used in Time Coupling Methods are internal time connections
between construction processes and work plots (sectors) [36,39,41,56]. Time connections
are defined between the earliest and latest start and end dates of individual construction
processes or work tasks [57]. They may be obligatory, when the time between activities
is specified, or conditional, when a minimum time break is specified between activities.
Mandatory couplings enable modeling the following [57]:

• Continuity of work of brigades (zero coupling between activities performed by indi-
vidual brigades);

• Continuity of work on the plots (zero coupling between activities);
• Sequence of activities, assuming minimization of the construction project completion

time, without maintaining the continuity of work of teams and continuity of work on
working plots.

In the calculations using the Time Coupling Method, the technology of performing
the works is adopted, and the size and number of working plots are determined, as well as
the resources required for their implementation. The method utilizes algorithmic notation
to automate calculations and introduce restrictions. Traditional planning methods do
not enable an automatic prioritization of tasks. Priorities are assigned to tasks based on
engineering knowledge rather than through an objective evaluation. The Time Coupling
Methods can be divided into six groups [41,50]:

• TCM I—continuity of work of individual work brigades is maintained;
• TCM II—continuity of work is maintained on working plots (sectors);
• TCM III—where the priority is to minimize the implementation time of the construc-

tion project, team downtime and failure to maintain continuity of work on work plots
are possible;

• TCM IV, V, VI—minimum working time is taken into account with additional restric-
tions applied.

3.2. Multivariate Method of Statistical Models—MMSM

Even the most effective task scheduling method will be ineffective if the data used
are not reflective of actual conditions. Accurately estimating the duration of construction
processes is crucial. Determining the implementation time of construction processes with
certainty is challenging due to high levels of uncertainty. Therefore, the Multivariate
Method of Statistical Models (MMSM), an artificial intelligence-based methodology, was
used to develop a new calculation method for schedules. This method allows for the
determination of construction process times in the form of a probability density function.

The Multivariate Method of Statistical Models differs significantly from previous
methods. Determining the implementation times of construction processes involves using
statistical and forecasting methods and models while considering factors that affect the
execution time of tasks. These factors include organizational, technical, technological,
cubature, and resource factors in numerical or linguistic form. When predicting the duration
of the construction process, objective measurements and data collected from real conditions
or construction company databases can be used. Based on these data, a regression equation
can be generated to predict the implementation time of the construction process in new
conditions. The regression equation can be affected by various variables, which should
be taken into consideration when making predictions. The more data and types of data
we have, the more accurate (as close to real as possible) the time can be determined. For
example, when wanting to determine the time of reinforced concrete works, influence
factors such as the height, length and width of the element, the reinforcement area, the
degree of reinforcement, the team size and other factors are determined. After performing
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the calculations, a regression equation is obtained, which generates the work completion
time, which depends on many influencing factors.

The following stages of work can be distinguished in the Multivariate Method of
Statistical Models:

• Defining the problem;
• Obtaining and analyzing data;
• Variable analysis;
• Analysis of the occurrence of linear correlations of variables;
• Predictive modeling with application: Multiple Regression, Multivariate Adaptive

Regression Splines, Generalized Additive Methods, Spiking Neutral Network, Support
Vector Machine;

• Checking the correctness of calculations.

3.3. Standard Deviations

Standard deviations of the implementation times of individual construction processes
are determined based on measurements carried out on construction sites and statistical
calculations. The use of standard deviations in construction schedules allows for the
calculation of three values for investment implementation times or individual processes:
minimum time, most probable time, and maximum time. The schedule’s standard deviation
of the construction work completion time may result in either a shortened completion time
(optimistic case) or an extended completion time (pessimistic case).

3.4. Cyclograms

Cyclograms are a graphical representation of schedule data. They allow for an easy
tracking of work progress even for those without significant experience. The structure of
cyclograms enables an assessment of the degree of rhythmicity of work.

The Probabilistic Time Coupling Methods (PTCM) favor cyclograms that reflect the
fundamental parameters of the work resulting from the calculations performed: the most
pessimistic time, the most probable time, and the most optimistic time.

3.5. Validation and Verification Studies of the Developed PTCM and the Obtained Solutions

The validation of the PTCM involved demonstrating its usefulness and verifying the
accuracy of the calculated results. Specialized software for risk and uncertainty analysis
was used to validate the PTCM. To perform a risk analysis of project implementation
time, scientists use statistical methods and Monte Carlo simulation. The programs used
for this purpose include @Risk, RiskyProject Professional, Crystal Ball, and Primavera Risk
Analysis R8.x. The schedule, developed using the new PTCM and taking into account
the possibility of risks and uncertainties, was analyzed in the Risky-Project Professional
program. Three schedules were prepared using the Multivariate Method of Statistical
Models and statistically determined standard deviations: PTCM I, PTCM II and PTCM III.

The verification of the PTCM involved providing evidence that the computational
model was created accurately and fulfilled the defined tasks. To verify the PTCM, computa-
tional results were compared to solutions of trivial examples whose solutions were known
in advance.

4. Probabilistic Time Coupling Methods—PTCM

This section presents the original computational method—the Probabilistic Time Cou-
pling Method (PTCM). The PTCM involves using probabilistic data to schedule tasks using
the TCM I, TCM II, and TCM III methods. The aim of this work is to obtain probabilistic
implementation times for a construction project that reflect real conditions and enable
decision-makers to consider their preferences.

When planning the implementation of construction investments, it is necessary to
consider the occurrence of various random events that may affect the documents being
prepared. Calculation methods for the time and cost of the construction process that
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do not take into account random factors do not fully reflect real values. The PTCM
was proposed based on the Project Evaluation and Review Technique (PERT) [58,59]
and the TCM schedules. The TCM schedules used probabilistic input data, which were
calculated using the Multivariate Method of Statistical Models. The PTCM modifies the
TCM scheduling computational algorithms by introducing probabilistic data and data
standard deviations [60,61].

The PTCM is a novel scheduling approach described in detail in the doctoral thesis [62],
which was highly regarded by the reviewers. In the past year, efforts have been made to use
PTCM to schedule current investments. Although the research results are time consuming,
the experimental work carried out so far has yielded promising results. The author notes the
limitations of the PTCM, particularly in the labor-intensive stage of collecting historical data
and performing calculations. Additionally, the method’s automation of calculations and
graphical presentation is limited. A computational application was created in Microsoft
Excel (2016 software), which works well. However, the graphical presentation of the
results requires further improvements. A grant application is being prepared to obtain
financial resources for the further development of PTCMs and the creation of a dedicated
computational program.

The PTCM burdens the process time P1 on the S1 sector—(t11) with risk and uncertainty
σ(t11). Subsequent processes on subsequent plots also carry risks and uncertainties resulting
from the current process as well as from earlier processes. The implementation time of the
P3 process in sector S2—t23 is affected by the uncertainties and risks (Σ23) of the work that
precedes the current activity as well as σ(t23) derived from the current activity.

The PTCM’s single computational segment has been modified in relation to the com-
putational scheme of the TCM. Instead of the late start time and late end time, new data
have been introduced: standard deviation of the current process, the sum of standard
deviations of all processes preceding the current process and the current process, forecast
of the minimum completion time of a given process—optimistic forecast, forecast of the
maximum time completion of a given process—pessimistic forecast. The computational
segment of the PTCM assigned to the Pj process and the Si sector is shown in Figure 1.
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Where:

• tij—calculated implementation time of construction process j on plot i;
• σij—standard deviation of the completion time of construction process j on plot I;
• Σij—the sum of standard deviations of processes preceding the construction process j

on plot i and the standard deviation σ(tij) of current work, calculated by the formula
for the sum of deviations of independent variables;

• tij
r—prognostic start time of the construction process j on plot i;

• tij
z—prognostic time of completion of the construction process j on plot i (most probable);

• tij
min—prognostic minimum time for completing the construction process j on plot i

(the most optimistic);
• tij

max—prognostic time of maximum completion of the construction process j on plot i
(the most pessimistic).



Appl. Sci. 2024, 14, 196 8 of 19

A single calculation segment of the PTCM corresponds to the work of one work-
ing team (Pj) on one working plot (Si). The size of the investment affects the number
of plots/work sectors, and its complexity affects the number of processes. The number
of calculation segments on the PTCM sheet depends on the designated number of sec-
tors and processes on the construction site and results from the adopted technology and
execution technique.
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General calculation formulas of the PTCM methodology, repeated in all variants of
the methodology, are shown below (1–33):

tr
1,1 = 0 or given initial value (1)

tz
1,1 = tr

1,1 + t1,1 (2)

Σ1,1 = σ1,1 (3)

tmin
1,1 = tz

1,1 − Σ1,1 (4)

tmax
1,1 = tz

1,1 + Σ1,1 (5)

tz
i,1 = tr

i,1 + ti,1 (6)

tmin
i,1 = tz

i,1 − Σi,1 (7)

tmax
i,1 = tz

i,1 + Σi,1 (8)

tz
m,1 = tr

m,1 + tm,1 (9)

tmin
m,1 = tz

m,1 − Σm,1 (10)

tmax
m,1 = tz

m,1 + Σm,1 (11)

tz
1,j = tr

1,j + t1,j (12)
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tmin
1,j = tz

1,j − Σ1,j (13)

tmax
1,j = tz

1,j + Σ1,j (14)

tr
i,j = max

{
tz
i,(j−1)

tz
(i−1),j

(15)

tz
i,j = tr

i,j + ti,j (16)

Σi,j =

√√√√σ2
i,j
+ max

{
tz
i,(j−1) ⇒ Σ2

i,(j−1)
tz
(i−1),j ⇒ Σ2

(i−1),j
(17)

tmin
i,j = tz

i,j − Σi,j (18)

tmax
i,j = tz

i,j + Σi,j (19)

tz
m,j = tr

m,j + tm,j (20)

tmin
m,j = tz

m,j − Σm,j (21)

tmax
m,j = tz

m,j + Σm,j (22)

tz
1,n = tr

1,n + t1,n (23)

tmin
1,n = tz

1,n − Σ1,n (24)

tmax
1,n = tz

1,n + Σ1,n (25)

tz
i,n = tr

i,n + ti,n (26)

tmin
i,n = tz

i,n − Σi,n (27)

tmax
i,n = tz

i,n + Σi,n (28)

tr
m,n = max

{
tz
m,(n−1)

tz
(m−1),n

(29)

tz
m,n = tr

m,n + tm,n (30)

Σm,n =

√√√√σ2
m,n + max

{
tz
m,(n−1) ⇒ Σ2

m,(n−1)
tz
(m−1),n ⇒ Σ2

(m−1),n
(31)

tmin
m,n = tz

m,n − Σm,n (32)

tmax
m,n = tz

m,n + Σm,n (33)

4.1. PTCM I—Description of the Model and Method of Calculating the Time Characteristics of
Construction Works in the Flow-Shop System, Assuming the Continuity of Work of Work Teams

The Probabilistic Time Coupling Method I (PTCM I) is similarly to the TCM I in that
it maintains the continuity of work by work teams. The PTCM I utilizes the following
input data: m sectors, n processes, tmn work completion times, and σmn standard deviations
of work completion times (refer to Figure 2). The output data obtained include the most
probable completion time, the minimum completion time and the maximum completion
time for the implementation of construction processes in individual sectors. An example
cyclogram resulting from calculations according to the PTCM I is shown in Figure 3.
A detailed study of the PTCM I computational case has not been presented due to the
extensive scope of the material [62].
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Calculation formulas characterizing the method PTCM I (34–45):

tr
i,1 = tz

(i−1),1 (34)

Σi,1 =
√

σ1,1
2 + σ2,1

2 + . . . + σ(i−1),1
2 + σi,1

2 (35)

tr
m,1 = tz

(m−1),1 (36)

Σm,1 =
√

σ1,1
2 + σ2,1

2 + . . . + σ(m−1),1
2 + σm,1

2 (37)

tr
1,j = tr

1,(j−1) + max


t1,(j−1)
t1,(j−1) + t2,(j−1) − t1,j
. . .
t1,(j−1) + t2,(j−1) + . . . + tm,(j−1) − t1,j − t2,j − . . . − t(m−1),j

(38)

Σ1,j =

√√√√√√√√√√√Σ2
1,(j−1) + max



t1,(j−1) ⇒ σ2
1,(j−1)

t1,(j−1) + t2,(j−1) − t1,j ⇒ σ2
1,(j−1) + σ2

2,(j−1) − σ2
1,j

. . .
t1,(j−1) + t2,(j−1) + . . . + tm,(j−1) − t1,j − t2,j − . . . − t(m−1),j
⇒ σ2

1,(j−1) + σ2
2,(j−1) + . . . + σ2

m,(j−1) − σ2
1,j − σ2

2,j − . . . − σ2
(m−1),j

(39)

tr
m,j = max

{
tz
m,(j−1)

tz
(m−1),j

(40)

Σm,j =

√√√√σ2
imj

+ max

{
tz
m,(j−1) ⇒ Σ2

m,(j−1)
tz
(m−1),j ⇒ Σ2

(m−1),j
(41)

tr
1,n = tr

1,(n−1) + max


t1,(n−1)
t1,(n−1) + t2,(n−1) − t1,n
. . .
t1,(n−1) + t2,(n−1) + . . . + tm,(n−1) − t1,n − t2,n − . . . − t(m−1),n

(42)

Σ1,n =

√√√√√√√√√√√Σ2
1,(n−1) + max



t1,(n−1) ⇒ σ2
1,(n−1)

t1,(n−1) + t2,(n−1) − t1,n ⇒ σ2
1,(n−1) + σ2

2,(n−1) − σ2
1,n

. . .
t1,(n−1) + t2,(n−1) + . . . + tm,(n−1) − t1,n − t2,n − . . . − t(m−1),n
⇒ σ2

1,(n−1) + σ2
2,(n−1) + . . . + σ2

m,(n−1) − σ2
1,n − σ2

2,n − . . . − σ2
(m−1),n

(43)

tr
i,n = max

{
tz
i,(n−1)

tz
(i−1),n

(44)

Σi,n =

√√√√σ2
i,n
+ max

{
tz
i,(n−1) ⇒ Σ2

i,(n−1)
tz
(i−1),n ⇒ Σ2

(i−1),n
(45)

4.2. PTCM II—Description of the Model and Methodology for Calculating the Time Characteristics
of Construction Works in a Stream System and Assuming Continuity of Work in Working Sectors

The probabilistic approach Time Coupling Method II (PTCM II) maintains work sector
continuity, which is similar to the TCM II method. Input data for PTCM II include the
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following: m sectors, n processes, tmn work completion times, and σmn standard deviations
of work completion times (see Figure 1). The output data obtained include the following:
the most probable completion time, the minimum completion time and the maximum
completion time for the implementation of construction processes in individual sectors.
An example cyclogram resulting from calculations according to the PTCM II is shown in
Figure 4. A detailed study of the PTCM II computational case has not been presented due
to the extensive scope of the material [62].

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 22 
 

 
Figure 4. Example of application of the PTCM II. Figure 4. Example of application of the PTCM II.



Appl. Sci. 2024, 14, 196 13 of 19

Calculation formulas characterizing the PTCM II (46–57):

tr
i,1 = tr

(i−1),1 + max


t(i−1),1
t(i−1),1 + t(i−1),2 − ti,1
. . .
t(i−1),1 + t(i−1),2 + . . . + t(i−1),n − ti,1 − ti,2 − . . . − ti,(n−1)

(46)

Σi,1 =

√√√√√√√√√√√Σ2
(i−1),j + max



t(i−1),1 ⇒ σ2
(i−1),1

t(i−1),1 + t(i−1),2 − ti,1 ⇒ σ2
(i−1),1 + σ2

(i−1),2 − σ2
i,1

. . .
t(i−1),1 + t(i−1),2 + . . . + t(i−1),n − ti,1 − ti,2 − . . . − ti,(n−1)
⇒ σ2

(i−1),1 + σ2
(i−1),2 + . . . + σ2

(i−1),n − σ2
i,1 − σ2

i,2 − . . . − σ2
i,(n−1)

(47)

tr
m,1 = tr

(m−1),1 + max


t(m−1),1
t(m−1),1 + t(m−1),2 − tm,1
. . .
t(m−1),1 + t(m−1),2 + . . . + t(m−1),n − tmi,1 − tm,2 − . . . − tm,(n−1)

(48)

Σm,1 =

√√√√√√√√√√√Σ2
(m−1),1 + max



t(m−1),1 ⇒ σ2
(m−1),1

t(m−1),1 + t(m−1),2 − tm,1 ⇒ σ2
(m−1),1 + σ2

(m−1),2 − σ2
m,1

. . .
t(m−1),1 + t(m−1),2 + . . . + t(m−1),n − tmi,1 − tm,2 − . . . − tm,(n−1)
⇒ σ2

(m−1),1 + σ2
(m−1),2 + . . . + σ2

(m−1),n − σ2
mi,1 − σ2

m,2 − . . . − σ2
m,(n−1)

(49)

tr
1,j = tz

1,(j−1) (50)

Σ1,i =
√

σ1,1
2 + σ1,2

2 + . . . + σ1,(i−1)
2 + σ1,i

2 (51)

tr
m,j = max

{
tz
m,(j−1)

tz
(m−1),j

(52)

Σm,j =

√√√√σ2
imj

+ max

{
tz
m,(j−1) ⇒ Σ2

m,(j−1)
tz
(m−1),j ⇒ Σ2

(m−1),j
(53)

tr
1,n = tz

1,(n−1) (54)

Σ1,n =
√

σ1,1
2 + σ1,2

2 + . . . + σ1,(n−1)
2 + σ1,n

2 (55)

tr
i,n = max

{
tz
i,(n−1)

tz
(i−1),n

(56)

Σi,n =

√√√√σ2
i,n
+ max

{
tz
i,(n−1) ⇒ Σ2

i,(n−1)
tz
(i−1),n ⇒ Σ2

(i−1),n
(57)
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4.3. PTCM III—Description of the Model and Methodology for Calculating the Time
Characteristics of Construction Works in the Flow-Shop System and Assuming Minimization of the
Work Time

The probabilistic approach Time Coupling Method III (PTCM III) is similar to the TCM
III in that it minimizes construction time while allowing for the downtime of work sectors
or employees. The PTCM III requires input data such as m sectors, n processes, tmn work
completion times, and σmn standard deviations of work completion times (see Figure 1). The
output data obtained include the most probable completion time, the minimum completion
time and the maximum completion time for the implementation of construction processes
in individual sectors. An example cyclogram resulting from calculations according to the
PTCM III is shown in Figure 5. A detailed study of the PTCM III computational case has
not been presented due to the extensive scope of the material [62].Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 22 
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Calculation formulas characterizing the PTCM III (58–69):

tr
i,1 = tz

(i−1),1 (58)

Σi,1 =
√

Σ2
(i−1),j + σ2

i,1 (59)

tr
m,1 = tz

(m−1),1 (60)

Σm,1 =
√

Σ2
(m−1),1 + σ2

m,1 (61)

tr
1,j = tz

1,(j−1) (62)

Σ1,i =
√

Σ2
m,(i−1) + σ1,i

2 (63)

tr
m,j = max

{
tz
m,(j−1)

tz
(m−1),j

(64)

Σm,j =

√√√√σ2
imj

+ max

{
tz
m,(j−1) ⇒ Σ2

m,(j−1)
tz
(m−1),j ⇒ Σ2

(m−1),j
(65)

tr
1,n = tz

1,(n−1) (66)

Σ1,n =
√

Σ2
1,(n−1) + σ1,n

2 (67)

tr
i,n = max

{
tz
i,(n−1)

tz
(i−1),n

(68)

Σi,n =

√√√√σ2
i,n
+ max

{
tz
i,(n−1) ⇒ Σ2

i,(n−1)
tz
(i−1),n ⇒ Σ2

(i−1),n
(69)

4.4. Validation and Verification of the PTCM Methodology

This paper employed Student’s t-test to determine if there were any statistically
significantly differences between the values obtained from the PTCM I–PTCM III and the
average values of the simulation results conducted in the RiskyProject Professional program.
For the number of degrees of freedom equal to the corrected number of observations df = 36
and the significance level of the results p = 0.05, the Student’s t-test analysis showed no
statistically significantly difference between the average values of the results obtained
from PTCM I–PTCM III and those obtained from individual simulations performed in the
RiskyProject Professional program (Figure 6). Both verification and validation were carried
out correctly, indicating that the PTCM is correct and applicable.

The project implementation times obtained in the RiskyProject Professional program
using different probability distributions are similar to each other, as shown in Table 1. Data
analysis, conducted using Student’s t-test, indicated a significance level close to one and a
t-test coefficient value close to zero. The comparison of simulation results conducted in
the RiskyProject Professional program with the results modeled using the PTCM I, PTCM
II and PTCM III, as confirmed by Student’s t-test, validates the accuracy of the PTCM
calculations and methodology.
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139.70 146.69 153.46
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5. Conclusions

The PTCM is used to determine the minimum, most probable, and maximum time
required for project implementation. It enables the use of forecast data based on the actual
course of work similar to planned work performed in the past, which reflects real conditions
accurately. The PTCM also determines the range of possible project implementation times
along with their percentage probability of completion within a given time. The method
considers the decision-maker’s preferences and facilitates the selection of the optimal time
for project implementation based on the consequences calculated for the decision-maker
and the production capabilities of their enterprise.

Using these data, the contractor can select any time to complete the work within the
given scope, depending on the resources available to their company and their own chances
of achieving it. Choosing the maximum (pessimistic) time for implementing the investment
by the contractor can increase probability of completing the work on time and avoiding
contractual penalties, thereby maximizing profits. However, this approach also carries
the risk of losing the tender to competitors who propose shorter implementation times.
Selecting the minimum investment implementation time calculated using the PTCM may
lead to a higher risk of not completing the works on the planned date, resulting in lower
profits for the contractor. This is due to the potential imposition of contractual penalties
resulting from delays in the implementation of works. The contractor can choose any value
for the investment implementation time from the range calculated using the PTCM. Before
making a decision, an analysis of the company’s profits and losses should be conducted. By
calculating the minimum, most probable, and maximum times, it is possible to determine
the percentage probability of investment implementation for each time within the analyzed
range. Based on this analysis, the final value can be adopted.

Preliminary analyses indicates the computational accuracy of the new methodology
and its significant potential. Currently, additional experimental and comparative research
are being conducted on the method, and efforts are underway to develop a computational
application that will generate and analyze results based on the input data.
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41. Mrozowicz, J. Metody Organizacji Procesów Budowlanych Uwzględniające Sprzężenia Czasowe, Dolnośląskie Wyd; Edukacyjne: Wrocław,
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