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ABSTRACT

The classical critical path method (CPM) is characterized by a deterministic expression of the duration
of activities in the network plan. When it comes to planning projects in the field of construction, it is
especially difficult, and in some cases even impossible, to accurately predict or determine the duration
of certain activities. The occurrence of uncertainty and inaccuracy in the duration of construction
activities entails an imprecise determination of the total duration of the project's implementation.

Often, in practice, there is a need for modelling of risks and uncertainties. This need arises from the fact
that sometimes, depending on the specificity of the conditions in which certain construction activities
are carried out, they cannot be defined with a precisely determined duration. The time of execution of
the activities is usually conditioned by the uncertainty of the factors that have an impact on the activity.
This is precisely why there is a need to apply fuzzy numbers in the process of planning and project
management.

This paper presents one example of application of Fuzzy logic in the process of planning and
management of construction projects. The duration of construction activities is being analyzed in
conditions of uncertainty and risk. Planning of construction process in cases where the durations of the
activities, as part of the project, are given as fuzzy numbers is especially convenient in conditions of
uncertainty and risk due to the great subjectivity that occurs during their assessment.

Furthermore, this paper deals with the application of Fuzzy network planning technique. An overview
of different procedures and methods for calculation of earliest and latest duration time of project
activities will be given, and one specific method will be applied for determination of the critical path in
fuzzy network diagram. The results of the conducted analyses show that this method can provide more
realistic results thus more reliable planning of the construction time for the whole project.

Keywords: fuzzy logic; fuzzy numbers; fuzzy neural networks; planning; construction; time; critical path; risks;
uncertainties.
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1. NETWORK MODELS

In modern construction, the realization of any more serious project cannot be imagined without the
application of quality planning and management methods. Network models are an example of the most
commonly used methods for planning of the implementation of complex and long-term projects. With
the network models, a precise and accurate estimation of the duration of the project is possible, which
is actually the basic goal of the project planning process.

The most commonly used network models in construction are: Critical Path Method (CPM) and the
PERT method (Project Evaluation and Review Technique). They are used for project time analysis, but
can also be successfully used for cost and resource analysis with appropriate conceptual adjustments
and modifications. Both methods are characterized by a graphic representation of the project through an
appropriately oriented network composed of basic elements such as: activities, events, durations, costs,
resources, etc.

The CPM method is used in those cases when the duration of project activities is known, or when it can
be precisely determined. It is characterized by a deterministic expression of the duration of the activities
in the network plan. After determining the time of individual project activities, the total time required
for the realization of the project can be calculated in an easy and simple way.

In those cases, when the duration of the activities is not known or it cannot be explicitly determined, the
PERT method is used. The PERT method is used to plan projects that are composed of activities whose
duration is random (stochastic). This method is based on probability theory. The main feature of this
method is the assessment of three values for the duration of the project activities: optimistic, normal and
pessimistic duration, which is the basis for calculating the total time required for the realization of the
project. The assessment of the three values of the duration of the activities is performed by experts based
on their own knowledge, experience and availability of available information.

Apart from CPM and PERT, other types of network models have been developed, primarily due to the
need to solve problems that could not be solved through the previously mentioned techniques of network
planning, such as: GERT (Graphical Evaluation and Review Technique) and VERT (Venture Evaluation
and Review Technique). Their advantage lies in the possibility of simulating future events based on the
current basis, which gives insight into the probability of a certain event occurring, which is particularly
significant in the project planning process.

When the duration of project activities is deterministic and known, or can be accurately and precisely
determined, CPM and PERT methods are useful graphical tools for planning of the project
implementation.

However, when it comes to planning of realization of construction projects, it is particularly difficult,
and in some cases even impossible, to accurately predict or determine the durations of certain project
activities. The time of execution of the activities is usually conditioned by the uncertainty of the factors
that have an impact on the activity. The occurrence of uncertainty and inaccuracy in the duration of
construction activities entails an imprecise determination of the total duration of the project's
implementation. In order to overcome these challenges, the application of Fuzzy logic in the process of
planning the implementation of projects began, thus Fuzzy network models were developed. Their basic
characteristic is that the durations of the project activities or the costs of the project are set as fuzzy
numbers. Through the use of fuzzy theory instead of probability theory, a new, modified critical path
method is developed, called the Fuzzy Critical Path Method (FCPM).

2. FUZZY CRITICAL PATH METHOD

The application of fuzzy logic in the process of planning and management of construction projects
enables the analysis of the duration of construction activities in conditions of uncertainty and risk. The
main characteristic of this method is the estimation of the duration of the activities and their expression
through triangular or trapezoidal fuzzy numbers.

Based on the concepts of fuzzy theory, different methods have been developed for fuzzy network
planning, which are based on the application of basic fuzzy algebraic operations to calculate the duration
of project activities and to determine the total time for the realization of the project and its critical path.
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Fuzzy network planning gives the possibility to achieve more realistic results and obtain more reliable
plan-time and cost project indicators.

This paper will explain the procedure for calculation of the earliest and the latest fuzzy time of project
activities, through an example of the Tabular method that can be easily applied to determine the critical
path in fuzzy network diagrams.

2.1. Tabular method for determination of the critical path in fuzzy network diagrams

2.1.1 Determination of fuzzy critical path

Through the fuzzy network diagram composed of activities set through fuzzy durations, shown in Figure
1, a simple tabular method will be explained through which the critical path can be easily determined.
The method was published in 2011 by authors N. Ravi Shankar, K. Srinivasa and Rao S. Siresha.

Fig. 1. An example of fuzzy network plan

The first step in this method is the formation of a table consisting of (n-1) rows and (n-1) columns, where
"n" indicates the number of events in the fuzzy network plan. The rows are marked with the index "i",
and the columns with the index "j", where: i=1,2,3....n-1, j=2,3,4.....n.

The second step is filling the fields in the table, that is, entering the corresponding values of the fuzzy
duration T; ; for each activity i-j. The values for the fuzzy duration are entered in the first row of the
table Ty j, ie Ty 5, Ty 3 and Ty 4 (Table 1). Next, the fields from the second row (i=2) are filled, that is,
the fuzzy durations of all activities that come out of event number 2, T, 5, and are calculated by adding
the previous fuzzy durations of the second event to the duration of activity 2-5. Same goes for T3 .

Tys =Tia +tys = (24,46) + (4,7,8,10) = (6,11,12,16)
T36 = T1 3+ t36 = (1,3,4,7) + (3,5,6,8) = (4,8,10,15)

The calculation of the values from the fourth row of the table (i=4) is done by adding the previous fuzzy
durations of the fourth event to the durations of activities 4-5 and 4-6, ie t, ;.

If an activity has two or more previous activities, then the highest value for the duration of the paths
leading to that activity is entered in the table. To compare two or more fuzzy numbers and to determine
the greater of them, different methods for comparing fuzzy numbers can be used.

Tys = Tia+tas = (2,3,3,5) + (2,4,7,9) = (4,7,10,14)

(Ts7)1 = Tos + ts, = (6,11,12,16) + (2,5,8,9) = (8,16,20,25)
(Ts7)2 = Tys + ts; = (4,7,10,14) + (2,5,8,9) = (6,12,18,23)
(8,16,20,25) > (6,12,18,23) = (Ts;); = Ts,

(Ts )1 = Ts6 + tey = (4,8,10,15) + (5,7,7,10) = (9,15,17,25)
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(T6,7)2 = T4-,6 + t6,7 = (3,6,8,12) + (5,7,7,10) = (8,13,15,22)
(9,15,17,25) > (8,13,15,22) = (Ts ;) = Ts;

Table 1. Tabular overview of maximal fuzzy time durations for all paths in the fuzzy network diagram, from the

17331} (1331

event “i” to the event “j”.

N 2 3 4 5 6 7

1 (2,4,4,6) (1,3,4,7) (2,3.3,5)

2 (6,11,12,16)

3 (4,8,10,15)

4 (4,7,10,14) (3,6,8,12)

5 (8,16,20,25)

6 (9,15,17,25)

The third step in the tabular method is the determination of fuzzy completion time of the project and the
determination of the critical path in the fuzzy network plan. The field with the highest value of fuzzy
duration from the last column (j=n) is selected. This value represents the fuzzy time of completion of all
activities from the network plan, that is, the project. The number of the row in which the largest value
of the last column is located, that is, the last event of the critical path, determines the index of the end
event of the penultimate activity of the critical path. That is, if in the last column "n" the highest value
is found in row "k", then column "k" is known and the field with the highest value should be selected
from it again. This procedure is repeated until the first event of the network plan is reached, thus
obtaining the critical path and the critical activities.

From Table 1, applying the described procedure, the critical path and critical activities can be easily and
simply determined. The critical path of the given network plan is: 1-2-5-7.

2.1.2 Determination of total fuzzy time reserves

In order to determine the total fuzzy time reserves “TS; ;” it is necessary to form a new table consisting
of (n-1) rows and (n-1) columns, where "n" indicates the number of events in the fuzzy network plan.
The rows are marked with the index "i", and the columns with the index "j", where: i=1,2,3....n-1;
j=2,3,4.....n. The total fuzzy time reserves are calculated using the following equation:

TSi,j = FSi,j + minTSj,k (2)

where:

TS; j — Total Slack Time; FS; ; — Free Slack Time and minT'S;  — smallest fuzzy value of the raw j

TSe7 = FS¢7 = (—1,1,3,0)

TSs, = FSs; = (0,0,0,0)

TS46 = FSu + minTSg, = (1,2,2,3) + (—1,1,3,0) = (0,3,5,3)
TSys = FSys + minTSs, = (2,4,2,2) + (0,0,0,0) = (2,4,2,2)
TSs¢ = FS36 +minTSg, = (0,0,0,0) + (—1,1,3,0) = (=1,1,3,0)
TS, s = FS,5 + minTSs, = (0,0,0,0) + (0,0,0,0) = (0,0,0,0)
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TS) 4 =FSy 4+ min(TS,s; TS4'6) = (0,0,0,0) + (2,4,2,2) = (2,4,2,2)
TS 3 =FS;53+ min(TS3,6) = (0,0,0,0) + (—1,1,3,0) = (—1,1,3,0)
TSy, = FS;, + min(TS,5) = (0,0,0,0) + (0,0,0,0) = (0,0,0,0)

Table 2. Overview of total fuzzy time reserves for activities in fuzzy network diagram.

P N 2 3 4 5 6 7

1 (0,0,0,0) | (-1,1,30) | (2422)

2 (0,0,0,0)

3 (-1,1,3,0)

4 (2,4,2,2) 0,35,3)

5 (0,0,0,0)

6 (-1,1,3,0)

From Table 2 it can be noted that the total fuzzy time reserve of the activities: 1-2, 2-5 and 5-7 is
(0,0,0,0), from which the conclusion is that these are the critical activities (according to the rules for
determining a critical path in a classic network plan).

Apart from this approach, the principles for defuzzification of fuzzy numbers can also be applied, thus,
defuzzification of the total time reserves can be performed, according to one of the following formulas:

(c? +d? + cd) — (a® + b? + ab)

D(FN); = 3
(FN)s 3[(c+d)— (b +a)] G)
(a+b+c+d)
D(FN), = 2 (4)
|
Table 3. Total fuzzy time reserves and their defuzzified values.
Activity "4.:" Start event Last t?r?lzaieﬁslcfrz\/}; Defuzzified value Defuzzified value
Y A "i" event "j" s "D(TSy)3" "D(TSy)4"
ij
A 1 2 (0,0,0,0) 0 0
B 1 3 (-1,1,3,0) 0.67 0.75
C 1 4 (2,4,2,2) 2.67 2.5
D 2 5 (0,0,0,0) 0 0
E 3 6 (-1,1,3,0) 0.67 0.75
F 4 5 (2,4,2,2) 2.67 2.5
G 4 6 (0,3,5,3) 2.67 2.75
H 5 7 (0,0,0,0) 0 0
I 6 7 (-1,1,3,0) 0.67 0.75

The activities whose defuzzified value of the total fuzzy time reserve is 0 are called critical activities
and they are shown in Table 3.

659



According to the calculations made by using the tabular method, for the above explained example, it is
obtained that the path P_1 (1-2-5-7) is a critical path in the fuzzy network plan, and activities 1-2, 2 -5
and 5-7 are critical activities.

3. CONCLUSIONS

The Critical Path Method (CPM), as a method of network planning, is used in the process of planning
and control of complex projects from various fields. For their successful implementation, a clear
determination of the duration of each project activity is necessary. However, in real practical situations
it is very difficult to fulfill this requirement, because the realization of many activities is accompanied
by a certain degree of uncertainty and risk, and also because of the fact that often activities are
encountered that have to be performed for the first time.

Since construction projects are characterized by uniqueness and unrepeatability, there are often no
available historical data for a clear and precise determination of the duration of project activities. Given
that, the duration should be predicted by expert and experienced persons, who, in the conditions of
unique influencing factors and facing many inaccuracies, should define their decisions during the whole
process of project management. Due to the shortcomings of classical planning methods, related to the
calculation of the duration of project activities, which does not offer the possibility of modeling complex
construction projects, there was a real need for the definition and implementation of new concepts of
planning.

As an alternative way to model uncertainty and risk, the fuzzy concept was introduced in the planning
process, with which the durations of project activities are presented through fussy numbers. This
fundamental approach, which is based on the application of fuzzy theory, enables advanced and
successful modeling of real situations and projects, which overcomes the shortcomings characteristic of
classical planning methods.
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IMPOHAOI'AKLE HA ®OPMA HA JIYIUIIN CO I'OJIEMH PACIIOHU ITO/T
JAEJCTBO HA CEU3MHNYKA CHUJIA

Teomopa MUXAJJIOBCKA', Enena JIYMOBA-JOBAHOCKA?
Ana TPOMBEBA-TABPUJIOCKA!

AIICTPAKT

[pu mejcTBO HA XOPU3OHTAIIHN CEM3MUUKH CHJIM T€OMETpHjaTa Ha JYILIUTE MMa KIydHa YJora BO HUBHOTO
OZIHECYBambe, IPEJI Ce MOpaJI HUBHA ITOMala Maca 1 rojieMa reOMeTpHCKa KpyTocT. TpaauiMoHaHO, TEXHUKUTE
3a IIpoHaolare (POpMU 3a JTyILIIH Ce MOTIMPAAT UCKITYyYHBO HA TPAaBUTALMOHUTE OITOBAPYBakba 3a TCHEPUPAHLE
Ha HUBHHUOT OOJIMK M HE TO 3eMaart MpeIBUII CEU3MUUYKOTO HATOBapyBame. Cerak BO COBPEMEHNUTE HCTPKYBAA
Ce pa3BKBaaT METO/IM 32 MPOHAOTamke OPMH 32 KOMOMHUPAHH CITy4aH ¥ Ha TpaBUTAIMjaTa U HA CEM3MHYKATA
cua.

Tpucranor 3a mpoHaorame (GopMa MITO ce pasriienyBa BO OBa UCTPKYBAMLE M 3eMa TMPEABHJ JIYIITIUTE
HANpaBeHH O] MATEPHjaT KOM HOCAT HA MPUTHUCOK KAKO IITO Ce HeapMUpaH OCTOH, KaMEH, SUIapuja 1 3eMja.
TexHuKaTa ce 3aCHOBA Ha OIMIITO TpUdaTeHaTa MPETIOCTaBKa JIeKa KOHCTPYKIMHTE Of] BAKBH MaTepHjaid HE
MOJKAT Mpe3eMar Hanperama Ha 3aTerHyBakbe. 32104, 3a JIYIIITH MO/UIOKEHH U Ha BEPTHKAIHA MPABUTALIH]ja U HA
XOPU3OHTAITHO CEM3MUUKO HATOBAPYBAhe, MPUTHCHATHOT JENT OJT MPECEKOT 3a MpeHOC Ha crtute (Bo 2D vecTo
Ce HapeKyBa JIMHHUja Ha MOTHUCOK) Tpeba Ja Ou/e 3acTarieH BO camarta JIyIIa 3a Jia e M30erHe akTHBUPAhe Ha
MexaHu3aM Ha Kojaric. [Ipeky mpuMeHa Ha MOJIEN Ha MHBEP3CH BUCEUKH JIAHEI] MOJI0KEH Ha XOPU30HTAITHO
HATOBAPYBALE MPEKY AITOPHUTAM 3a TMHAMUYKA PETAKCalfja, ce FTeHepHPaaT OOJIHITH Ha JIYIITA 32 KO MOXE Ja
Ce OCHTypa JieKa MOCTOM TaKBa MaTeKa Ha HATOBAPYBAbE.

3a 51a ja WIycTprpa oBaa METO/IONOTHja, BO BUPTYeIHATA TIporpamcka okonrHa Grasshopper 1 mporpamMcKuoT
jasuk Python m3rpagen e anropuram koj 3a 3amameHa ¢opma Ha OCHOBA, Je)MHUPAHH TPAHMYHH YCJIOBU H
MHTCH3UTET Ha CEM3MUYKa CHJIa TeHEpHpa IBOCIIOjHA JIyIia. JJOOMeHHTE JIYIITH ce aHAIM3HpaaT BO OJHOC Ha
HHMBHaTa Ae0eirHa, OUICjKu oapeaeHH (GopMU KOU HPOU3JIETYBaaT Ol MPOLIECOT Ha MpoHaolame Ha (hopmata
Oapaar rojemMa KOHCTPYKTMBHA JJ1a00YMHA, IITO MOXKE J1a JIOBEZE A0 JIeOeNH, a CO Toa M TEeHIKH JIYIIIIH.
ITOKOHKpETHO € aHaJM3MPaHO BJIMjaHWETO Ha TPU PA3IMYHU IapaMeTpH Bp3 jAeOennHara Ha camara
JYUINAa: UHTCH3UTETOT Ha TpeABHCHATA CEM3MHUYKa CHJIA, COOJHOC HAa BHUCHHATA W PACIOHOT Ha
JyuInaTa, ¥ OpojoT Ha JIS)KUIITA 110 TIEPUMETAPOT Ha OCHOBATA.

Kayunu 300poBH: IBOCIOJHM JIyIINH; aCEM3MHUYKO IPOCKTHPALE; MMapaMeTapcKo NPOEKTHpame; TUHAMUYKa
penakcanyja
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