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FUZZY ESTIMATION OF ACTIVITIES DURATION
IN CONSTRUCTION PROJECTS

N. IBADOV'

During implementation of construction projects, durations of activities are affected by various factors. Because
of this, both during the planning phase of the project as well as the construction phase, managers try to estimate,
or predict, the length of any delays that may occur. Such estimates allow for the ability to take appropriate action
in terms of planning and management during the execution of construction works. This paper presents the use
of the non-deterministic concept for describing the uncertainty of estimating works duration. The concept uses
the theory of fuzzy sets. The author describes a method for fuzzy estimations of construction works duration
based on the fact that uncertain data is an inherent factor in the conditions of construction projects. An example
application of the method is presented. The author shows a fuzzy estimation for the duration of an activity,
taking into consideration the distorting influence caused by malfunctioning construction equipment and delivery

delays of construction materials.
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1. INTRODUCTION

During construction (objects implementation), work activities are vulnerable to various distorting
factors which can include weather conditions, delays in delivery of materials, equipment
malfunctions, capability of the workers, improper organization of works on site, etc. [4]. Despite
the fact that planners are aware of these factors, sometimes they do not take them into consideration
while estimating the duration of activities at the designing stage. As a result, estimated durations

of activities and actual durations on construction sites differ.
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Meanwhile, these factors should not only be identified, but the right conditions for the execution
of construction works should be prepared. These conditions should include possible preventive
measures [6].

One has to bear in mind that even the planner with expert knowledge about distorting factors
and their consequences is characterized by approximation and uncertainty. In this case the possible
consequences of various events are known (whether favourable or unfavourable for the completion
of the construction project) but the probability distributions for these events are unknown; and when
one is trying to estimate the duration of activities, the problems arise. It is impossible to use
statistical methods and probabilistic measures to assess outcomes of various scenarios in which
various factors affect the course of the construction process [5]. In this case it is worth it to consider
the use of fuzzy logic and fuzzy set theory, which are perfect for describing problems in which
a strict quantitative assessment cannot be applied [12]. In this article, the author presents the basics
of the fuzzy set theory and its applications for determining the duration of construction activities

by estimating possible delays.

2. FUNDAMENTAL CONCEPTS OF THE FUZZY SETS THEORY

A fuzzy set 4 in a non-empty space X is a set of pairs:

@1 A={(x, 1,0 xeX}
where:
2.2) i, X >[0,1]

is a membership function of the fuzzy set 4 < X, [10]. For each element x € X, this function
assigns a degree of membership to the fuzzy set A. Depending on the value of the membership

degree, one can distinguish three cases:
1) u,(x) =1 means that element x is fully included in fuzzy set A, x € 4,
2) p,(x) =0 means that element x is not included in fuzzy set A, x ¢ 4,

3) 0 < u,(x) <1 means that element x is partially included (fuzzy member) in fuzzy set A.
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Operations on fuzzy sets A and B such as standard intersection (M) and standard union (L), can

be displayed in the following manner, [2], [7]:

23) Hp () = min( 2, ()42, (). ¥ € X,

24 f45 () = max( 1, () 1, (), Vx € X

Fuzzy relation Rc XxY between two non-empty sets X and Y is a fuzzy set defined

in the Cartesian product X x Y :

2.5) R={(x.y) st (x, )}, VxeX,VyeY
where:
(2.6) Hp : XxY —[0,1]

is a membership function. This function assigns to each pair (x,y), x€X, ye Y its degree
of membership x4, (x, y), which is interpreted as a strength of association between elements x € X
andy e Y, [10].

Let us take into consideration three non-fuzzy sets X, Y and Z and two fuzzy relations: R XxY
with a membership function 1, (x,y)and U < Y xZ with a membership function g, (y,z). If set
Y has a finite number of elements, then the composition of fuzzy relations R XxY
and U < Y x Zis called a fuzzy relation ' = RoU and it has a form of two-dimensional fuzzy set

membership function [10]:

2.7) Hru (va):ntZ({Inin{ (X, 3),s iy (v, 2)}}

Another very important feature of fuzzy sets is that they can be used for inference, which uses

linguistic variables.
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The general scheme of inference, recorded in the form of fuzzy rules is as follows [11]:
(2.8) IF" logical premise” THEN " conclusion"

An important problem is a method of creating the appropriate rules of inference. One
of the solutions is to use the knowledge and experience of an expert. Drawing fuzzy conclusions
and converting them into a quantitative assessment is carried out on the basis of causal fuzzy rules
and relations. It is assumed that A is a fuzzy set in the space of premises X, and B is an impact level
of a factor (i.e. high impact) in conclusion space Y. The fuzzy set that describes the impact level
of a factor in space X is denoted by A’, and the fuzzy set which describes the probability level
is denoted by B'. Then the causal fuzzy relation 4 — B of premise and conclusion, which reflects

the expert’s knowledge, is called the fuzzy rule R:
(2.9 R=4A->B

So the process of obtaining the fuzzy conclusion B with the use of knowledge 4 — Band data A’

can be represented as follows:
(2.10) B =AoR=Ao(4— B)=max{min (i, (), s, (x, )}

where . (x) and u,(x,y) are membership functions of respectively fuzzy set A'and R.

3. FUZZY ESTIMATION OF ACTIVITIES’ DURATIONS

In this article, in order to determine activities’ (construction works) durations, fuzzy rules
and relations were used. Necessary operations on fuzzy sets were conducted in accordance
with Eq. (2.3), (2.4), (2.7) and (2.10).

Let us assume that based on the effort norms, a duration of an activity (nominal time) was assumed,
for example: t,=20 working shifts. One needs to specify the expected duration of the activity
and take into account the distorting influence caused by delays in deliveries of construction

materials and malfunctioning construction equipment.
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Let the rules appropriate for the considered case take the following forms:

R';: IF activity’s sensitivity to delays in construction materials deliveries is “medium™ AND
frequency of delays in construction materials deliveries is “medium” THEN the range of distortions

for activity is “high”.

R';: IF activity’s sensitivity to delays caused by malfunction of construction equipment is “very

high” AND malfunction of construction equipment frequency is “high” THEN the range

of distortions for activity is “very high”.

In the next step, the relation between the scope of distortions for an activity’s assessment,
and an activity’s delay time is determined. Let the rules appropriate for the considered case take

the following forms:
R"}: IF the range of distortions for activity is “high” THEN activity’s delay time value is “/high”.

R",: IF the range of distortions for activity is “very high” THEN activity’s delay time value
is “very high”.

The activity’s sensitivity to delays, the frequency of distortion factors and the scope of distortions

for an activity can be described in fuzzy set notation as follows:

3.1 medium=1{0,3/0,1; 0,4/0,7; 0,5/1,0; 0,6/0,7;0,7/0,1}
3.2) high={0,5/0,0; 0,6/0,5;0,7/0,9; 0,9/0,5,1,0/0,0}
3.3) very high=1{0,7/0,0; 0,8/0,1;0,9/0,7;1,0/1,0}

Creation of fuzzy relation R = Xx Y on the basis of rules R'| and R"; proceeds as follows:

a) first, with the use of Eq. (2.3) and (2.5) fuzzy relation R, < X, xY, is created, where:

X, — a subset ofdelays in construction materials deliveries frequency point assessments. Referred

to as: “medium”,

Y — a subset of the scope of distortions for activity point assessments. Referred to as: “high”,
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b) then, with the use of Eq. (2.3) and (2.5) fuzzy relation R, X, xY, is created, where:
X, — a subset of malfunction of construction equipment frequency point assessments. Referred
to as: “high”,

Y, — a subset of the scope of distortions for activity point assessments. Referred to as: “very high”,

¢) by composition of fuzzy relations R, < X, xY, and R, c X, xY, with the use of Eq. (2.4),

one can receive fuzzy relation R =R, UR,.
Creation of fuzzy relation U < Y x Z on the basis of rules R", and R, proceeds in similar manner:

a) first, with the use of Eq. (2.3) and (2.5) fuzzy relation U, C Y, x Z, is created, where:
Y — a subset of the scope of distortions for activity point assessments. Referred to as: “high”,

Z; — a subset of activity’s delay time values point assessments. Referred to as: “high”,

b) then, with the use of Eq. (2.3) and (2.5) fuzzy relation U, c Y, x Z, is created, where:

Y, — a subset of the scope of distortions for activity point assessments. Referred to as: “very high”,

Z, — a subset of activity’s delay time values point assessments. Referred to as: “very high”,

¢) by composition of fuzzy relations U, c Y, xZ,and U, c Y, xZ, with the use of Eq. (2.4),
one can receive fuzzy relation U =U, LU, .

Possible activity’s delay times can be described in fuzzy set notation as follows:

(3.4) high = {5/0,5; 7/0,9;9/0,9;11/0,5;13/0,0}

(3.5) very high=1{5/0,0;7/0,0;9/0,1;11/0,7;13/1,0}

The result of fuzzy relations R and U composition with the use of Eq. (2.7) is shown in Table 1
in the form of two-dimensional fuzzy set ¥ =R°U
The composition of fuzzy relations R and U allows for direct linking of activity delay time values

assessment and various distortion factors occurrence frequency assessment.



FUZZY ESTIMATION OF ACTIVITIES DURATION IN CONSTRUCTION PROJECTS 29

Table 1. Membership coefficient matrix V' = RoU

Set X: occurrence frequency point Set Z:
assessment, for distortion caused by given Possible activities’ delays, z, [working shifts]
factor, x
z;=5 z,=7 Z,=9 z,=11 z;=13
0,0 0 0 0 0 0
0,1 0 0 0 0 0
0,2 0 0 0 0 0
0,3 0 0 0 0 0
0,4 0 0 0 0 0
0,5 0 0 0 0 0
0,6 05 0,7 0,7 05 05
0,7 0,5 0,7 0,5 0,7 0,9
0,8 0,5 0,5 0,5 0,7 0,9
0,9 0,5 0,5 0,5 0,5 0,5
1,0 0 0 0 0 0

Two-dimensional fuzzy set V' = RoU can be used to determine the parameters of the activity’s
delay probability distribution (expected value and standard deviation), [8], [9]. In the matrix
of two-dimensional fuzzy set V' = R o U membership coefficients, one can identify a row, for which
the product of the sum for membership coefficients values i, (x,z,) and distortion occurrence
frequency point assessment reaches a maximum. Then, based on the values of membership

coefficients g, (x,z,) in the row, one can determine:

1) the probability that the increase in delay will have a specific value z, :

Hi (%,2,)

X s

Z/‘RGU (x: Zk)
k=1

(3.6) P(z=2z,)=

2) expected activity’s delay time:

3.7 E(2) = {(z,) P(z=z,)},
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3) standard deviation of the expected activity’s delay time:

(3.8) o. :JZ{(zk)z P(z=z,)}-E*(2).

In the presented example, one can determine that the product of the sum for membership

coefficients values i, ,(x,z) and the delay frequency estimation reaches the maximum (a row

with delay frequency level that equals 0,8) for data shown in Table 1. With use of Eq. (3.6), (3.7)

and (3.8) the following results can be obtained:

P(z=5)=0,5/3,1=0.16,

P(z=7)=0,5/3,1=0.16,

P(z=9)=0,5/3,1=0.16,
3.9) P(z=11)=0,7/3,1=0.23,

P(z=13)=0,9/3,1=0.29,

E(z) =9,66 days,

o, =2,88days.

Results could be used for calculations of the expected time of relevant activity performance

by adding the expected duration of activity and delay:

(3.10) E(t) =1, + E(z) = 20+9,66 = 29,66.

4. CONCLUSIONS

The calculated delay value for a particular activity gives information about the range of delays.
Reliable knowledge on the possibility of the considered factors’ occurrence and their effects
iscrucial in terms of accuracy and relevance of delay estimation. Fuzzy relations allow
for the consideration of various factors’ negative effect on duration of construction works.

Fuzzy logic and fuzzy relations allow for consideration of connections between possible activity’s
delay time and its sensitivity to given distortion factors, frequency of factor occurrences and
subjectively assessed impact of the factor on duration of activity. Presented examples show

the usefulness  of the method for estimating duration of activities on the basis
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of incomplete/uncertain data (a situation common in construction projects). In this respect, the set
fuzzy theory is a tool that helps to describe the uncertainty. Fuzzy relations allow for the estimation
of activities (construction works) and delays, taking expert knowledge into consideration.
The presented method can be useful both for updating the project’s schedule during construction

works as well as for scheduling at the design stage of a construction project.
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ROZMYTE SZACOWANIE CZASOW TRWANIA ROBOT BUDOWLANYCH

Stowa kluczowe: opdznienia czaséw wykonania robot, zbiory rozmyte, wnioskowanie rozmyte, reguty rozmyte, czynniki opdzniajace
budowe

STRESZCZENIE:

W czasie realizacji obiektow budowlanych, procesy wykonawcze sa narazone na wplyw roznych czynnikdéw
zaklocajacych (warunki atmosferyczne, nieterminowo$¢ dostaw materiatdw, awarie sprzetu, kwalifikacje robotnikow,
zta organizacja robdt na budowie itp.). Czynniki te, pomimo $wiadomosci planistow o ich istnieniu, nie zawsze
s3 uwzgledniane podczas szacowania czaséw wykonania robot na etapie projektowania budowy. Powoduje to réznice
pomiedzy oszacowaniami czasow wykonania robdt a rzeczywistymi czasami wykonania robot, uzyskanymi podczas
realizacji budowy. Trzeba mie¢ na uwadze, ze wiedza planisty (eksperta) na temat czynnikow zaklocajacych oraz
ich konsekwencjach ma charakter przyblizony i niepewny. Kiedy probuje si¢ oszacowal czasy wykonania robot
budowlanych, powstaje problem niemoznosci wykorzystania metod statystycznych i miary probabilistycznej dla oceny
skutkdw realizacji roznych scenariuszy jednoczesnego oddziatywania réznych czynnikéw na przebieg budowy. Warte
rozpatrzenia jest w tym przypadku réwniez wykorzystanie logiki rozmytej i teorii zbioréw rozmytych.

W artykule przedstawiono przyktad wykorzystania teori¢ zbiorow rozmytych dla oszacowania rozmytego czasu
wykonania roboty budowlanej biorac pod uwage wplywy zakldcajace spowodowane w skutek awarii sprzetu
budowlanego oraz opdznienia w dostawach materiatéw budowlanych.

Wedtug L.A. Zadeha zbior rozmyty A w przestrzeni X zapisuje si¢ jako zbidr par:
A={(xe, g1, (¥)xe X}

gdzie , 1 X —[0,1] nazywa si¢ funkcja przynaleznosci zbioru rozmytego A. Funkcja ta kazdemu elementowi

x € X przypisuje jego stopien przynaleznosci do zbioru rozmytego A.

Wazna cecha zbior6w rozmytych jest mozliwo$¢ ich wykorzystania do wnioskowania. Wyciagnigcia rozmytych
wnioskow i przeobrazenie ich w oceng ilosciowa prowadzi si¢ na podstawie przyczynowo - skutkowych regut i relacji
rozmytych.

Zaktada sig¢, ze A jest zbiorem rozmytym w przestrzeni przestanek X, a B jest poziomem wplywu czynnika
w przestrzeni konkluzji Y. Zbior rozmyty opisujacy poziom wptywu czynnika w przestrzeni X oznaczamy przez A’,
a zbidr rozmyty opisujacy poziom prawdopodobienstwa przez B’. Uzyskania rozmytego wniosku B’ z wykorzystaniem

wiedzy R = A — B oraz danych A’ dokonuje si¢ poprzez ztozenie:
B =AoR=40o(4— B)=max{min (i (x), 11, (x, )},
gdzie 4, (x) i z(x,y) saodpowiednimi funkcjami przynaleznoci zbioréw rozmytych A’ i R.

Zalozmy, ze na podstawie normatywow pracochfonnosci zostal ustalony nominalny czas wykonania pewnej roboty
budowlanej, na przyktad tn=20 zmian roboczych. Nalezy okresli¢ oczekiwany czas wykonania tej roboty
z uwzglednieniem zaklocen, spowodowanych opdznieniami w dostawach materiatow budowlanych i awariami sprzgtu

budowlanego.
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Wtedy reguty rozmyte maja postac:

RI1: JEZELI wrazliwo$é roboty na opdznienia w dostawach materiatéw budowlanych jest ,$rednia” 1 czesto$é

wystegpowania opoznien w dostawach bedzie ,,$rednia” TO zakres zaktocen przebiegu roboty bedzie ,,duzy”.

RI2: JEZELI wrazliwo$¢ roboty na spowolnienie postgpu z powodu wystapienia awarii sprzetu budowlanego jest
,bardzo duza” I czgstos¢ wystgpowania awarii sprz¢tu budowlanego bedzie ,,duza” TO zakres zaktocen przebiegu robot

bedzie ,.bardzo duzy”.

Nastepnie, ustala si¢ zalezno$¢ pomigdzy ocena zakresu zaklocen przebiegu roboty, a wydluzeniem czasu

jej wykonania.
Niech odpowiednie reguly dla rozpatrywanego przypadku maja postac:
RII1: JEZELI zakres zaktocen przebiegu roboty bedzie ,.duzy” TO wydhizenie czasu wykonania roboty bedzie ,,duze”.

RII2: JEZELI zakres zaklocen przebiegu roboty bedzie ,.bardzo duzy” TO wydtuzenie czasu wykonania roboty bedzie

,bardzo duze”.

Wrazliwos¢ robdt na zaktocenia, czgstosci wystgpowania czynnikow zaklocajacych oraz zakres zaklocen przebiegu

robot mozna opisa¢ w notacji zbioré6w rozmytych, jak:

»Srednia” = {0,3/0,1; 0,4/0,7; 0,5/1,0; 0,6/0,7; 0,7/0,1};
»duza” = {0,5/0,0; 0,6/0,5; 0,7/0,9; 0,9/0,5; 1,0/0,0};
,bardzo duza” = {0,7/0,0; 0,8/0,1; 0,9/0,7; 1,0/1,0}.

Mozliwe wydtuzenia czasu wykonania roboty zas, jak:

»duze” = {5/0,5; 7/0,9; 9/0,9; 11/0,5; 13/0,0};
,bardzo duze” = {5/0,0; 7/0,0; 9/0,1; 11/0,7; 13/1,0}.

Na podstawie regut RI1 i RI2 tworzy sie relacja rozmyta R = R, \U R, opisujaca przyczynowo - skutkowe zaleznoci

tych regut. Podobny sposéb na podstawie regut RII1 i RII2 tworzy si¢ relacja rozmyta U =U, LU, .

Zlozenie relacji rozmytych R i U umozliwia bezposrednie powiagzanie oceny wydluzenia czasu wykonania roboty
budowlanej z ocena czgstosci oddzialywania poszczegélnych czynnikow zaktdcajacych. W macierzy wartodci
wspotczynnikow przynaleznosci do dwuwymiarowego zbioru rozmytego ¥V = RoU identyfikuje si¢ wiersz,
dla ktorego iloczyn sumy wartosci wspdlczynnikow przynaleznosci i, ,,(X,z) i oceny punktowej czgstosci

wystapienia zaktocen osigga maksimum.

W przedstawionym przyktadzie /uROU(x,Z) uzyskuje wartosci (05;0,5;0,5;0,7;0,9) a ocena punktowa czgstosci

wystapienia zaklécen wynosi 0,8.
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Dla przedstawionych wartosci prawdopodobienstwo wydtuzenia czasu wykonania roboty przyjmie wartosci:

P, =0,53,1=0.16;
P, =0,5/3,1=0.16;

P, =0,5/3,1=0.16:
P, =0,7/3,1=0.23;
P, ., =0,9/3,1=0.29.

Warto$¢ oczekiwana E(z) i odchylenia standardowe O, wynosza odpowiednio: 9,66 i 2,88 dni. Oczekiwany czas

wykonania roboty zas wynosi 29,66 dni.

Otrzymana wielko$¢ wydluzenia (opdznienia) czasu wykonania roboty budowlanej informuje o jego zakresie
zmiennos$ci. Rzetelna wiedza na temat mozliwosci zaistnienia rozpatrywanych czynnikéw oraz ich wplywoéw maja
kluczowe znaczenie w zakresie doktadnosci i trafno$ci oszacowania tego wydtuzenia. Zastosowanie relacji rozmytych
umozliwiaja uwzglgdnienie skutkéw negatywnego oddziatywania réznych czynnikéw na czasy wykonania robot
budowlanych.

Wykorzystanie wnioskowania rozmytego i relacji rozmytych pozwala na uwzglednienie zaleznosci pomigdzy
mozliwym wydluzeniem czasu trwania danej roboty a jej wrazliwo$cia na dziatanie okreslonych czynnikéw
zaklocajacych, czgstoscia oddzialywania poszczegélnych czynnikéw oraz subiektywnie ocenianym wplywem
zaklécenia na czas wykonania roboty. Przedstawiona metoda moze by¢ przydatna zaréwno dla aktualizacji

harmonogramu w czasie realizacji budowy jak i dla sporzadzania harmonograméw w etapie projektowania budowy.



