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Abstract

Critical path method (CPM) is categorized as a popular tool for scheduling mega projects. In this paper, to enjoy the advantages of interval
type-2 fuzzy sets (IT2FSs) and better address uncertainty for the activities’ attributes, a new analysis model is presented to determine the
critical path under an IT2F-environment. Also, new efficient factors on specifying critical paths, such as time, cost, risk, safety, and quality
(TCRSQ), are presented to achieve a more robust plan assisting in megaproject success. Moreover, an IT2F weighting approach is
suggested for specifying the weights of TCRSQ factors. Furthermore, a new IT2F-approach employing the relative preference relation is
expressed for identifying the importance of each expert. Consequently, a new model for critical path determination procedure by
considering efficient factors is developed under the IT2FSs environment. Finally, to demonstrate the suggested model's capability and the
calculation process, an application from the previous research is solved. sm.mousavi@shahed.ac.ir
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1. Introduction

The critical path method (CPM) has been applied to
manifold management problems for mega projects’
planning as a useful tool (Chen and Hsueh, 2008). The
longest path of projects from the point of time view is
called the critical path. Each activity has some
predecessor activities, and it cannot be started unless the
predecessor activities are done. One-day delay on each
activity of the critical path of megaprojects delays the
entire project. CPM helps the managers in finding the
crucial activities of megaprojects. To reduce the
completion time of mega projects, it is necessary to
centralized resources on the critical path's activities.
Notably, CPM is assumed that the time of activities is
deterministic and exact (Mehlawat and Gupta, 2016); in
real-world situations, obtaining exact time and estimating
resource consumptions for each activity is difficult.
Further, in the planning phase of mega projects,
considering the precise time of activities is challenging.

For solving this problem, the program evaluation and
review technique (PERT) was extended to solve the
critical path determination problems with incomplete and
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ambiguous data (Chen, 2007). The PERT that is proposed
by Hillier and Liebermann (2001) and Krajewski and
Ritzman (2005) and Monte Carlo simulation by Kurihara
and Nishiuchi (2002) can be applied for critical path
determination. The PERT employs various distributions
to approximate the duration of activities (Mon et al.,
1995). These various distributions are obtained based on
the observation of the past performance of activities.

In PERT, three-time is estimated for each activity: a
most possible (or most probable) time, a pessimistic time,
and an optimistic time. These estimated three times are
gathered from experts (Cristobal, 2012). While there are
activities without past performance observation, then
PERT is not helpful. For estimating the distributions of
activities, the activities and their relationships should be
recognized according to the work breakdown structure
(WBS). Afterward, the distributions of times for the
activities are estimated based on historical data. However,
in many real situations, historical data are unavailable
(Amiri et al., 2010; Foroozesh et al., 2017,2018,2019;
Gitinavard et al., 2017a,b). Moreover, experts' subjective
opinions are different from each other, which causes such
probabilistic distributions fairly invalid (Ock and Han,
2010). Besides, some researchers have criticized PERT's
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method for optimistic results because of underestimating
the pessimistic time (Nasir et al.,, 2003). In such
situations, fuzzy sets theory is introduced by Zadeh
(1965) because it can tackle ambiguous input data,
including feelings employing subjective opinions of
experts, and does not need subsequent frequency
distributions. Numerous studies have applied fuzzy sets
theory for engineering and management cases (e.g.,
Vahdani et al., 2010,2011,2012,2014; Mohagheghi et al.,
2015,2017; Mousavi et al., 2013,2014,2019; Mousavi &
Vahdani, 2016).

For finding fuzzy critical paths, many methods were
proposed over the past years. Kaur and Kumar (2014)
have expressed a linear programming approach to
determine the critical path with JIMD representation of LR
flat fuzzy numbers. Madhuri et al. (2012) introduced a
method to specify the critical path utilizing L-L fuzzy
numbers. Liang et al. (2004) expressed the fuzzy multi-
objective model to obtain a critical project management
path. Zareei et al. (2011) presented a fuzzy critical path
selection method by assessing events. Chanas and
Zielinski (2001) introduced a critical path method with
considering activity times as fuzzy numbers. Zammori et
al. (2009) expressed a new fuzzy MCDM approach for
evaluating the critical path by considering various factors.
Cristobal (2012) suggested an MCDM method (i.e.,
PROMETHEE) to determine the critical path under
efficient factors. Amiri and Golozari (2011) chose the
fuzzy critical path in networks employing time, cost,
quality, and risk factors by the TOPSIS method.
Mehlawat and Gupta (2015) introduced a fuzzy group
MCDM method to specify the critical path. In the recent
essential research of path area, conventional fuzzy sets
have been used (Dorfeshan et al., 2019), whereas type-2
fuzzy set (T2FS) is a more powerful tool than classic
fuzzy sets on reflecting uncertainty of real-world mega
projects.

The meaning of T2FS was first introduced by (Zadeh
1975). The membership functions are two-dimensional in
type-1 fuzzy sets, whereas in type- 2 fuzzy sets, the
membership  functions are three-dimensional. By
providing extra freedom degrees, this new third-
dimension of T2FSs enables it to directly model
uncertainties. (Zhang and Zhang, 2013). In fact, compared
to memberships of type-1 fuzzy sets which are crisp
numbers in a type-2 fuzzy set, the memberships are type 1
fuzzy sets. Nevertheless, there are more uncertainty
values in T2FSs than in type-1 fuzzy sets. In the general
T2FSs, calculation complexity is very high; that is why
interval T2FSs were presented by Mendel et al. (2006),
which are the most broadly used type- 2 fuzzy sets
applied to many other practical and real-world fields.
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(e.g., Liang and Mendel, 2000; Mendel and Wu, 2006;
Castro et al., 2009; Jammeh et al., 2009).

Regarding the IT2FSs, Shukla and Muhuri (2019)
utilized the IT2FSs for uncertainty considerations to
select the travel time. Dorfeshan and Mousavi (2020)
explained the relative preference relation on the IT2F-
conditions for aircraft maintenance planning problems.
Kirac1 and Akan (2020) used the TOPSIS and AHP
benefits simultaneously based on the IT2FSs for aircraft
evaluation problems. Yilmaz and Kabak (2020)
prioritized the distribution centers according to the
IT2FSs for humanitarian logistics. Liu and Gao (2020)
selected the best supplier based on the green paradigm on
the IT2F-conditions using the Choquet Bonferroni means.
Dorfeshan et al. (2021) enhanced the ARAS method for
engineering project problems with IT2F situations.

To conclude from the above, given the advantages of
T2FSs, applying them in a mega project environment is a
practical model. Also, efficient factors like time, cost,
risk, quality, and safety (TCRSQ) will be assumed as
IT2FSs to specify the critical path in a network of
projects. However, a new analysis model is presented for
the critical paths regarding a relative preference relation
(RPR) to determine each decision maker's weight and a
new approach for calculating each efficient factor's
importance. Finally, the critical path is obtained under
TCRSQ criteria for planning and scheduling the mega
projects through IT2F-environment. The following is
presented to demonstrate the innovations of this research:

e IT2FSs are used in critical path analysis of mega
projects to better address the uncertainty.

e A new method to determine each decision maker's
weight is introduced by using RPR developed by
IT2FSs.

e A new extension of the analysis model under an
IT2F-environment is presented for the critical path
analysis.

e A new development of the entropy method under
the IT2F-environment is expressed to specify the
weight of several important factors, such as
TCRSQ.

The article continues as follows. Section 2 presents the
fundamental knowledge and definitions of IT2FSs.
Section 3 introduces the proposed model for critical path
analysis. In Section 4, the application of the introduced
model is presented. Lastly, Section 5 concludes the paper.

2. Type-2 Fuzzy Sets

The theory of type-1 fuzzy sets was proposed by Zadeh
(1965). In type-1 fuzzy sets, the membership value is a
crisp number in the range of 0 to 1. But, T2FSs are the
extension of type-1, in which membership values are
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type-1 fuzzy sets. In the general T2FSs, calculation
complexity is very high; that is why interval T2FSs
are presented by Mendel et al. (2006). Recently, the
T2FSs have been applied to the area of project
management with interesting results (e.g., Moradi et al.,
2018; Mohagheghi & Mousavi, 2019; Haghighi et al.,
2019; Eshghi et al., 2019). The required fundamental
knowledge of interval T2FSs is presented below.

Q=[] . #sn)(p.n) @

where Lpg[O,l]and H displays union on all

permissible p and 77. d as a particular type of a T2FS
that called interval T2FS is defined as follows:

Q=[] 1pm @
where Lp g[O,l].

In a T2FS, the upper and lower membership functions
are type-1 membership functions (Mendel et al., 2006).
A trapezoidal IT2FS is demonstrated as

A = (R A = (@), a%a% H (A H,(AY))

@5.a5.a5,a,:H, (A ), H,(A") where Al and

A:,U are in fact type-1 fuzzy sets.

a,.a’,,a,.a’,,aa,,a,anda;, are the reference
points of the interval TZFSA:\i,ng(Ai);displays the
membership amount of the a;’(gﬂ) in the upper
trapezoidal membership grade A”,1<9<2 H (A")

indicates the membership amount of the a'9‘(3+1) in the

lower trapezoidal membership

A H(AY) €[0,1], HL(AY) €0, 1], H,(A") [0, 1],

grade

H,(A")e[0,1],1<9<2,1<i<n (Chen and Lee,

2010). The membership function of a trapezoidal IT2FS is
depicted in Fig. 1.
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Fig. 1. A trapezoidal interval T2FS membership function (Chen and
Lee, 2010)

The following are the basic algebraic operations of
trapezoidal IT2FSs (Chen and Lee, 2010):
Q,=@Q,Q1) = (@,,0%.05,0% A Q)

Q1)) (@418 0. 015 4 Q) ), 4, Q1))

Q, =@ .Q)) = (@305, 0%, a2 42

Q7). (031852 852.05: 4 Q7). 4,Q; )

The addition operation:
Q,®Q,=@Q.0)+@! Q) =L+
Gus Ay + s + s, Gy + 0l MIn(A Q).
A4@Q;)).min(4,@Q;),4,Q; ).y, +ds,, (3)
Uiy +05, 055 +05, 0, + 0 MIN(4 Q).
A4@Q;)).min(4,@Q; ). 4,@;))).

The subtraction operation:
0.6Q, =@/ ,Q1)-@} .0;) = (@3, — 0%,
0, ~ 3.0z — 03, 0s — 3 Min(4, Q).
A4@Q3)),min(4, Q). 4,@Q; )).a;; ~ 8z, @
05y ~03:03 ~ 0. 0s — 5 Min(4, Q)
4@Q; ). min(4,@Q, ), 4,Q; )))-

The multiplication operation:
Q,xQ, =(@Q.Q)x@Y.QF) = (), xa,
0y XG5y, s Xy, Oy X0 MIN(A Q).
A4@3)):min(4,@Q;").4Q;)).a;; x4y, (5)
Oy X G35, X5, Oy X MIN(4, Q)
4@Q;)).min(4,@Q,), 4,Q; ).
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The multiplication with a scalar r > 0 (Sari and
Kahraman, 2015):

rQ, = r@°,G5) = (r xq,r xq%,r xql,
rxqy; AQ7 ), 4 Q). (rxay,rxqy, 6)
rxdg, rxdy;4Q ), 4Q)))

The division with a scalar r >0 (Sari and Kahraman,
2015):

’Oll

(Q1 lQ ) ((_an! quz’ quuS’

—><0|14,/1(Q ), 2,@Q.), (—an, X0, ()

x0,:4 Q). 2,@Q,))

Inverse of a trapezoidal IT2FN (Sari and Kahraman,
2015):

L
_qus'_
r r

101 1 1 1
= = ((_U’_U’_U7_U7/11(Q1 )!
Q1 q14 q13 qlz qll

W 11 1 1 8
L) — = ®)

14 13 12 11

Q). 4,@Q,))

The division operation (Sari and Kahraman, 2015):
d L (G Ge G G
Q, G 4y 4, a
4@}, min(2,@Q,), 4,@Q;))),

11 12 q13 14
R ERL T )

q24 q23 q22 q21
4@, ), min(2,@Q,), 4,@; )

The distance among trapezoidal IT2FNs is calculated
by using the following:

;min(2,@Q,),

)

SK K
Dcpml time Dcpm,,cos.!‘ Dcpm, JFisk
5K 3K
Dc’pnh tinme DC‘UW?-) cos/ Dcpm7 risk
= _ = A _
Dy = (DU ) - . :
Mxn - - -
3K 3K pk
cping, |time cpm, 1 ,Cost cpm,, | . risk
5K 5K 3K
cpmy, time D cpm,, ,cost D, cpim,,, risk

DX

Dcpm”H quality

D cpm y, quality
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DK

cpmy quality

cpim qualm

(@ —0)° + @, (4 Q)
05, (4@ + (@5 (4,@Q;)
-5, (4,@Q;)) +(ay, —a,)" +
@; —9,)" +@; (4 Q) -
a5 (4 Q) +(@;(4Q;)
-0;,(4,@Q,) + (@, -a,,)’

(10)

3. Proposed Analysis Model for Critical Paths in Mega
Projects

In this section, to benefit the advantages of IT2FSs, a new
analysis model is presented to specify the critical path by
including important factors of TCRSQ for megaprojects
under an IT2F-environment. In fact, the DM’s opinions
on ratings of efficient factors for each project activity are
gathered; then, qualitative factors are transformed into
equivalent IT2F numbers. Also, a new method to
determine the weight of experts is developed utilizing an
RPR on IT2F-environment and is added to a new method
for aggregating DMs’ opinions. However, the importance
of efficient factors on specifying the critical path is
obtained by the IT2F-entropy method. Furthermore, the
proposed framework for the critical path analysis problem
is illustrated in Figure 2.

Step 1. Gather DMs’ opinions on grading TCRSQ
factors and form initial decision matrixes by considering
each project network path as alternatives. Each path is

called CPM; ,where i=1, 2,...,m. 5K show decision K™

matrix and K denote the number of DM that K=1,2,..., L.
Step 2. The normalized decision matrix is calculated
by using the following:
If criterion j denotes benefit, the normalization
operation would be as follows (Liao, 2015):

51{

cpmy safety
5K
D¢p1112 safety

5K
Dcpmmfl safety (11)

3K
Dcpm m ,jqﬁlty J
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o\ ] If the j property belongs to cost criteria, then this

(12)

ij1 _ai— ai]Z_alf a|j3 i-
range, range,  range,
a,-a
AN AN
range

L u L u L u
i e iz e i3 i -
range,  range,  range

L u

ai'A_a'i— TL TL
D N AN

range,

normalization operation should be used:

Gather DM’s opinions on rating time, cost, risk, quality and safety for each activity

|

Identify all possible paths of project network

!

Consider each path as an alternative namely CPM;

l

— — — —
/
\ { INOQE UOTJEULIOJUT ISIED) ]/

o S X
Obtain ratio distances between (N,N¢,) and (N,N ) ] #

o

' E

Compute the entropy value ] f

| a
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Calculate degree of divergence ] g"
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: [ Use relative preference relation and calculate 4 . §; V) .and M- @i .$)) ] 3 g
3 a
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| [ Obtain weight of each DM ] e
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]
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| )
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Fig. 2. Proposed framework to the critical path analysis
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u u u u u u

i+ e i+ iz i+ ij 2

range, range,  range

aiu+ _ail;l_ Tu Tu
—e,ﬂl(N . 4,(N)
N, = ’ (13)

i u L u L u L

-a., a —-a., a —a

i+ ij4 i+ ij3 i+ ij2
1 1 1

range, range,  range

u L

a,, _a‘ijl_ YL L
’ﬂ’l(N ij )’lZ(N ij )
range

i m

where range; —maxaM—m_ina;1 let a’, _maxa,J4
I

and & = miinai‘;l.
Step 3. A new approach is presented according to the
ratio of distances between the (N ,N ., )and (N,N¢,;)

which is adapted based on Zamri and Abdullah (2013) to
determine the weight of TCRSQ criteria.

Step 3-1. The value of T jk is computed as presented:

k
Tr -2
j m (14)
2.0
i=1
Where
_(n;(,near,L _nlkj )2 +(n;<,near,L _n|2<j)2 +_
n (nlf,near,L _nk- )2 +(nl_<,near,L _n:j)z +

k ,near U

Z J
k, ) k
- (n near U nzj)Z

| (n; —n ) +(n;
k, U k., U k \2
) +H(n{™ =g )P+ (Y —ny)

[/ Kk far,L k far L 2 7]
(n; —n ) +(n; —n )+

n (nl_(,farL_n ) +(nkfarL_n ) +

Z Y )+ (]

j=1 (n]
_(n;_(.far,u _n ) +(nkfaru _n‘ll(l)z

k far U nZI) +

Step 3-2. The entropy value is calculated as follows:
m
- {_ﬁZTij“ InT }
i=1

B isaconstant setas (In(m))

ok =t_— = (15)

Step 3-3. The degree of divergence is computed as
follows:

o = {1{—55‘; S InT ﬂ (17)

Step 3-4. The weight of several important factors,
including TCRSQ, are calculated by using the following:

el

W .

L]

(18)

j=1
Step 4. The weighted normalized decision matrix is
computed to specify the critical path as follows:
wPA? ... wPA?
Ve :(\/ijp)mxn = : : (19)
Wlpﬁrzl Wr'\aﬁn'?m
Step 5. In this step, by using the extension of RPR on
the IT2F-environment, each DM's weight is computed.
Step 5-1. The IT2F average of group decision matrixes

(S*) and IT2F negative ideal solution (S) matrixes are
constructed based on Egs. (27) and (28).

. U L
sT=(s".8) =

L U orL
(11 | 11) (12 ’512) (Sln 1210

)
(521 1521) (522 15 ( on ,S* ) (20)

(~ml’~l) ( m2' (S~mn’~*L)
sT=(s,".8,") =

6050 608D o 68

(S0 080) (5208%) = (55 15,) (21)

(Sml ' ) ( m2’ (Smn ' mn)

(16)



Journal of Optimization in Industrial Engineering, Vol.15, Issue 1, Winter & Spring 2022, 145-160

1 1 1 ‘hﬂsx
_(pzvljl’_zvljz’pZVIJS’ 5
p=1 p=1 p=1 +puU U +puU
1 (msijpl _msup4 )+(msijp2 5|13 )+
U + - + -
P Z |14’/11(Su ) (Sij )) (msijp3u _msijpzu)"'(msijp;J _msijplu
p=1
2
13 1 13 .
*L +pU pu
:(szul’_zvuﬂpzvlﬂ’ If msijl msu4
p=1 p=1 p=1 + + -
1 (msijplU _msu4 )+(msup2U _msijpsu)+
L = 22 U V] +pU -puU
ppZ .,4’11(3.,) ,Si)) p=12,...k (22) (mg5 —mg% )+ (mg’y —mf
2
= (maxv ,maxv ,maxv , B} .
ij1 ij2 |13 +2(m8ijp4U _mSijplU
,]41/11(S|J ) (Sij )) If rn:ijplU msupzt‘|
_(mlnvlJl ,m|nv”2,m|nv”3,
mmvu4’ﬂ‘1(sij )’/Iz(sij )) MSPL
ij
; i &7 L L
Step 5-2. Calculating H .(s; V) that denote RPR of (m;jpl m.': )+(ms+up2 m_s hy
s over each decision matrix V “ and M (vu, j’) that (m:ijng —m )+(ms+.,p4L _ms—ijplL
illustrate RPR of each decision matrix v~ij over s~ij' based 2
H +pL
on the following relations. if Mgy 2 msu4
U +pL -pL +pL —-pL
o (:* :k) 1 /u (S” ’Vp )+ (msijl _msij4)+(msij2 _msij3)+
M Sij v i ~* _ = . .
’ 2 ,Ll .JLv .:JL) (ms+ijp3 _msuz )+(m;1p4 _msul
_ L . 2
UpP puU
(Ezlvij _V|J4 )+( ZVUZ I]3 +2(msup‘|{ _m;J’;_L
p=
18 e ' it maf<mf
1 (Ezviﬁ - |12)+( ZVuA Vi?l b .
= -~ +1
2 2 nng”
1 k
+pL LP ., pL
Mg, = Mmax ;Zvijl’vijl J
=1
(23) "
1 1 LP L
E + m:ijsz = max EZVHZ’VUPZ J
p=1
l Kk
(*ZV” VI]4)+( zvuz I]3)+ 1 £
pL __ LP pL
P m;jB = max Ezvij3’vij3 J
1 " P
1 (Ezvij V|12)+( ZVuA Vijl L 1 k P oL
5 Pt - +1 Mg, = Max ;ZvijA’VijA
2 M Sp p=1
Where
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mgy =min {mng iV }
mg, =min {m:)axv 2V }
mg, =min {m:)axv ia Vs }
m,', =min {maxv eV i }
p (32)
m. =min {mpinv iV }
my = min{mplnvh’z v }
my =min {mplnv iV iy }
my’y = min{mlnvM v }

Step 5-3. By using the following, the relative
closeness of each DM is determined:

WA

SEE
;;ﬂ (S”’VPH (33)
ii@@ﬁ)

p =1, I2:l ..J.,:lk

Step 5-4. The final weight (FW) of each DM is
specified as follows:

_ 9
W, =3 (34)

2%

Step 6. Aggregate DM’s opinions to determine the
critical path by using the following:

(FW, *v (" FW, *v (7,
FW, *VPU FW, *VPU
~puU U
ZA( ) 4,05, (FW, *v
FW *y P FW, *y P
ij ij !

W*W%WWM%M

> Fw,
p=1

(35)

D
Il

153

Step 7. Positive ideal and negative ideal solutions are
determined as follows:

_(0+U +U 63+U,...,9 +U)=

n

Ny
{(max 0,

j ev),(miné,-” li €2}

0) _(6+L 9+L 9+L ,9n+L)=

{maxd,* [j ev).(mind," |j < )
wa :(é:lfu,527U,537U’.“'9:H7U): (36)
{(min 6," 50 i e;/)}
o =00",0,,6,",.,6")=
{(mine:ijl_ :le“E?/)}

Where

m.a)(éijLJ :(m_axgljl’maxauz’

max@us,maxew)

m_anij :(m_axeljl’maxgljz’

max0U3,maxHJ4)

@37)

min g, = (min &), min gy,

m|n Hus,mm 6;,)

min g, = (min g, min 6,

m|n 6’”3,mln 6;,)

v=12,...,n € benefit criteria

y=12,..,n€ cost criteria

Step 8. By using the relations (38) and (39), the
distance from positive ideal solution (D*) and distance
from negative ideal solution (D) are computed:
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D' =

G’ —maxG ) +(G.,z 1(G )

ij1

—maxGuz 1(G ) +(G|J3 Z(G )

L [-maxG) 4G} ) + Gy, ~maxG,.)’ (38)

ij3" 2

-t +(G| —maxG ) +(G|12 2G)

—maxGlJ2 1(G )’ +(G|3 2(G )

—maxGlJ3 2,G,)) +(G,, ~maxG,,)’

and,
D =

G}, ~minG})" + 6,4 (G))
—mlnGUz/ll(G )’ +G;:4,G)

~minG 4,6} ) + Gy, ~minGy,)"  (39)

ij3772

1M

+(G|11 - m|n(3|;_1)2 + (G i:’_zj‘l(GﬁvlL)

—mInGUz/?i(G )? +(GIJ3 2(G )

—mlnGug/I G,)) +(G.,4_mii”GijL4)2

Step 9. Calculating the final ranking (F) and
determining the critical path by using the following:

D~ D’
F = ' + ! 1 =12,...m
Dii,max D'+

I ,max

Rank the values of F; in decreasing order of F;.
4. Application

In this part, to better demonstrate the suggested analysis

model's capability and applicability, an application

example of the literature (Amiri and Golozari, 2011) is

adopted and solved. To improve the planning phase of
Table 2

IT2F time of activities (Days)

project and reach a reliable plan, a new model is
presented for determining the critical path with taking the
efficient criteria into account, e.g., TCRSQ. In Figure 3,
the significant activity of the project is depicted. Also, to
assess qualitative factors such as risk, quality, and safety,
they are used as linguistic variables, and their IT2F-
equivalent are shown in Table 1.

Fig. 3. Project network (Amiri and Golozari, 2011)

Table 1
Equivalent interval T2FSs of linguistic variables (Chen and Lee, 2010).

Interval T2FSs Linguistic variables

((0.9,1,1,1;1,1), (0.95,1,1,1;0.9,0.9)) Very High (VH)

((0.7,0.9,0.9,1;1,1), (0.8,0.9,0.9,0.95;0.9,0.9)) High (H)
((0.5,0.7,0.7,0.9;1,1), (0.6,0.7,0.7,0.8;0.9,0.9))  Medium-High (MH)
((0.3,0.5,0.5,0.7;1,1), (0.4,0.5,0.5,0.6;0.9,0.9)) Medium (M)
((0.1,0.3,0.3,0.5;1,1), (0.2,0.3,0.3,0.4;0.9,0.9)) Medium Low (ML)
((0,0.1,0.1,0.3;1,1), (0.05,0.1,0.1,0.2;0.9,0.9)) Low (L)

((0,0,0,0.1;1,1), (0,0,0,0.05;0.9,0.9)) Very qu@YL)

Step 1. Here, a team of three experts is formed as DMs,
and their views on ratings of TCRSQ criteria for each
activity are gathered. This information is depicted in
Tables 2-4.

ACT. Experts
D, D, Ds

1-0 (3,5,8,10;1,1),(4,6,7,9;0.9,0.9) (1,3,6,8;1,1),(2,4,5,7;0.9,0.9) (3,5,8,10;1,1),(4,6,7,9;0.9,0.9)
2-0 (3,5,8,10;1,1),(4,6,7,9;0.9,0.9) (3,5,8,10;1,1),(4,6,7,9;0.9,0.9) (3,5,8,10;1,1),(4,6,7,9;0.9,0.9)
3-0 (7,9,12,14;1,1),(8,10,11,13,0.9,0.9) (5,8,11,13;1,1),(6,9,10,12;0.9,0.9) (6,10,14,18;1,1),(7,11,13,17,0.9,0.9)
4-1 (4,7,10,13;1,1),(5,8,9,12;0.9,0.9) (3,5,8,10;1,1),(4,6,7,9;0.9,0.9) (6,8,11,13;1,1),(7,9,10,12;0.9,0.9)
4-2 (9,12,15,18;1,1),(10,13,14,17;0.9,0.9) (10,14,18,22;1,1),(11,15,17,21;0.9,0.9) (10,12,15,17;1,1),(11,13,14,16;.9,.9)
5-3 (7,9,12,14;1,1),(8,10,11,13,.9,.9) (8,10,13,15;1,1),(9,11,12,14;0.9,0.9) (6,9,12,15;1,1),(7,10,11,14;0.9,0.9)
8-7 (14,17,20,23;1,1),(15,18,19,22;0.9,0.9) (12,16,20,24;1,1),(13,17,19,23;0.9,0.9) (13,15,18,20;1,1),(14,16,17,19;0.9,0.9)
5-2 (10,13,16,19;1,1),(11,14,15,18;0.9,0.9) (11,14,17,20;1,1),(12,15,16,19;0.9,0.9) (12,14,17,20;1,1),(13,15,16,19,0.9,0.9)
6-4 (9,14,19,24;1,1),(10,15,18,23;0.9,0.9) (11,14,17,20;1,1),(12,15,16,19;0.9,0.9) (10,14,18,22;1,1),(11,15,17,21;0.9,0.9)
7-3 (7,9,12,14;1,1),(8,10,11,13;0.9,0.9) (5,7,10,12;1,1),(6,8,9,11,0.9,0.9) (7,9,12,14;1,1),(8,10,11,13;0.9,0.9)
9-5 (6,11,16,21;1,1),(7,12,15,20;0.9,0.9) (8,10,13,16;1,1),(9,11,12,15;0.9,0.9) (7,10,13,16;1,1),(8,11,12,15,0.9,0.9)
6-9 (13,17,21,25;1,1),(14,18,20,24;0.9,0.9) (15,18,21,24;1,1),(16,19,20,23;0.9,0.9) (16,18,21,23;1,1),(17,19,20,22;0.9,0.9)
8-9 (14,17,20,23;1,1),(15,18,19,22;0.9,0.9) (15,17,20,22;1,1),(16,18,19,21,0.9,0.9) (16,18,21,23;1,1),(17,19,20,22;0.9,0.9)
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Table 3
IT2F cost of activities (100 $ US)
ACT. Experts
D1 DZ D3
01 (12,17,22,27;1,1), (14,19,24,29;1,1), (14,19,24,29;1,1),
(13,18,20,23;0.9,0.9) (15,20,23,28;0.9,0.9) (15,20,23,28;0.9,0.9)
0.2 (4,9,14,19;1,1), (4.5,9.5,14.5,19.5;1,1), (4,9,14,19,1),
: (5,10,13,18;.9,.9) (5.5,10.5,13.518.5;0.9,0.9) (5,10,13,18;0.9,0.9)
0.3 (2.5,75,12.5,17.5;1,1), (2.5,7.5,12.5,17.5;1,1), (3,7,11,15;1,1),
(3.5,8.5,10.5,16.5,0.9,0.9) (3.5,8.5,11.5,16.5;0.9,0.9) (4,8,10,14,0.9,0.9)
14 (2,7,15,20;1,1), (2,7,12,17;1,1), (3,8,13,18;1,1),
(3,7,12,18;0.9,0.9) (3,8,11,16;0.9,0.9) (4,9,12,17;0.9,0.9)
ot (13,20,27,34;1,1), (14,20,26,32;1,1), (13,19,25,31;1,1),
(14,22,26,32;0.9,0.9) (15,21,25,31;0.9,0.9) (14,20,24,30;0.9,0.9)
3 (60,65,70,75;1,1), (55,60,65,70;1,1), (50,60,70,80;1,1),
(62,66,68,73,0.9,0.9) (56,61,64,69;0.9,0.9) (51,61,69,79;0.9,0.9)
-8 (16,20,24,28;1,1), (14,20,26,32;1,1), (12,20,28,36;1,1),
(17,21,23,26;0.9,0.9) (15,21,25,31;0.9,0.9) (13,21,27,35;0.9,0.9)
25 (17,22,27,32;1,1), (15,20,25,30;1,1), (14,20,26,32;1,1),
(18,23,25,30;0.9,0.9) (16,21,24,29;0.9,0.9) (15,21,25,31,0.9,0.9)
46 (7.5,12.5,17.5,22.5:1,1), (7.5,12.5,17.5,22.5;1,1), (7,10,13,16;1,1),
(8.5,13.5,15.5,20;0.9,0.9) (8.5,13.5,16.5,21.5;0.9,0.9) (8,11,12,15;0.9,0.9)
3.7 (9,15,21,27;1,1), (10,15,20,25;1,1), (11,14,17,20;1,1),
- (10,17,20,25;0.9,0.9) (12,16,19,24,0.9,0.9) (12,15,16,19;0.9,0.9)
=g (14,20,26,32;1,1), (15.5,20.5,25.5,30.5;1,1), (15,20,25,30;1,1),
(15,21,25,31;0.9,0.9) (16.5,21.5,24.5,29.5;0.9,0.9) (16,21,24,29,0.9,0.9)
e (35,40,45,50;1,1), (35,40,45,50;1,1), (30,40,50,60;1,1),
; (36,41,44,49;0.9,0.9) (36,42,44,49;0.9,0.9) (31,41,49,59;0.9,0.9)
8.9 (24,30,36,42;1,1), (24,30,36,42;1,1), (24,30,36,42;1,1),
(25,32,35,40;0.9,0.9) (26,32,35,40;0.9,0.9) (25,31,35,41;.9,.9)
Table 4
Linguistic variable for ratings of activities based on the risk, quality, and safety factors
Risk Safety Quality ACT.
Dm; Dm, Dm3 Dm; Dm; Dmg Dm; Dm, Dm3
L ML L M ML M ML ML L 1-0
ML ML ML M M ML M M 2-0
MH M H L L M MH M MH 3-0
M M ML L MH MH ML M ML 4-1
MH M MH M MH M MH H MH 4-2
M ML M VH M ML M MH M 5-3
ML ML ML MH M MH ML MH MH 8-7
M ML M ML M MH M ML M 5-2
M MH MH ML M ML M ML MH 6-4
M M MH ML MH M M MH MH 7-3
MH MH M MH M MH H 9-5
H MH ML M MH 9-6
MH MH MH M M MH MH 9-8
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Step 2. Normalizing decision matrixes by using Eqgs. (12)
and (13).

Step 3. Calculating IT2F entropy method based on the
ratio of distances between the (N,N . )and (N,N¢,)
by using these substeps:

Step 3-1. Computing the value of Tjk employing Egs.
(14) and (15).

Step 3-2. Calculating the entropy value by using Eq. (16).
Step 3-3. Computing the degree of divergence utilizing
Eq. (17).

Step 3-4. Obtaining weights of TCRSQ by using Eq. (18)
for each decision matrix is shown in Table 5.

Table 5
Weight of important factors
Weight Ijl |52 |j3
Time 0.177 0.28 0.175
Cost 0.198 0.146 0.204
Risk 0.195 0.208 0.186
Quality 0.214 0.163 0.178
safety 0.214 0.203 0.257

Step 4. Computing normalized decision matrix multiplied
by weight via of Eq. (19).

Step 5. Calculating each DM’s weight through the
extension of RPR under IT2F-environment.

Step 5-1. Constructing the IT2F average of group
decision matrixes (S”) and negative ideal solution (S)
matrixes under IT2F through Egs. (20-22).

Step 5-2. Calculating ,up(S:J ,Vzi';)and ,up*(\lzi';,szijf)
using Egs. (23-32).

Step 5-3. Determining the relative closeness for DMs by
using Eqg. (33) that is demonstrated in Table 6.

Table 6
Relative closeness

22 HEV) 2GS 9

i<l j=1 i=l j=1
12.26 13.63 0.526
13.22 12.66 0.489
12.37 13.47 0.521

Step 5-4. Obtaining the final weight (FW) for DMs
employing Eq. (34), the results are shown in Table 7.

Step 6. Aggregating DM’s views via Eq. (35).

Step 7. Determining the positive ideal and negative ideal
solutions via Eq. (36) and (37).

Table 7
DM'’s final weights

Decision-makers Final weights
DM, 0.3425
DM, 0.3182
DM, 0.3392

Step 8. Computing distance from positive and negative
ideal solutions through Egs. (38) and (39) as indicated in
Table 8.

Step 9. Calculating the final ranking (F) using Eq. (40),
which is depicted in Table 8.

Table 8
Final ranking
Path D* D Final Final
results  ranking
0-1-4-6-9 0.4702 0.6636 15719 2
0-2-5-9 0.7339 0.3892 1.5462 5
0-2-4-6-9 0.4319 0.7126 1.5887 1
0-3-5-9 0.4747 0.6509 1.5603 4
0-3-7-8-9 0.5694 0.5625 1.5653 3

Sensitivity analysis: In this part, the evaluation is done
based on efficient factors; that is why the critical path is
calculated utilizing time factor; then it is computed based
on time and cost factors and so on. The results of
sensitivity analysis have been presented in Tables 9-1 and
9-2. Also, the graphical results have been illustrated in
Figure 4. As given in Tables 9-1 and 9-2 and Figure 4, all
experiments have been changed. The critical path depends
on each factor; in other words, each path's criticality is
altered in all experiments by changing efficient factors.
When time factor is considered to determine the critical
path except for the critical path (path 3), all of other path
is altered as presented in Table 9.

Other factors that have been considered in this paper are
essential as much as time or more important time.
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Table 9
Sensitivity analysis
Paths Time Time, Time, Time, Time, Time, cost, Time, cost, Time, cost,
cost risk quality safety risk quality safety
0-1-4-6-9 4 3 3 2 4 3 3 3
0-2-5-9 3 5 5 4 3 5 4 5
0-2-4-6-9 1 1 1 1 1 1 1 1
0-3-5-9 5 4 4 5 5 4 5 4
0-3-7-8-9 2 2 2 3 2 2 2 2
. . . Time,
Tl_me, Time, risk, T”T?e' Tlm‘.e' cost, Time, cost, Time, risk,
Paths risk, safety quality, - cost, risk, risk quality, safety ~ quality, safety
quality safety quality safety
0-1-4-6-9 5 3 2 2 3 4 3
0-2-5-9 2 4 1 5 5 3 4
0-2-4-6-9 4 1 3 1 1 1 1
0-3-5-9 1 5 4 4 4 5 5
0-3-7-8-9 3 2 5 3 2 2 2
——time —fll—time,cost time,risk
=>=time,quality == time,safety time,cost,risk
= time,cost,quality — time,cost,safety — time,risk,quality
—e— time,risk,safety —— time,quality,safety —&— time,cost,risk,quality
—>&=time,cost,risk,safety =~ ==¥=time,cost,quality,safety time, risk,quality,safety
6
5
4
3
2
1
0

Fig. 4. Sensitivity analysis
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5. Conclusion

In this paper, a new analysis model under an IT2F-
environment has been developed in order to better deal
with the uncertainty of practical mega projects. As a
matter of fact, IT2FSs are more beneficial than type-1
fuzzy sets. This is because the membership grade of type-
1 fuzzy sets belongs to [0,1], whereas the membership
grade of T2FS is a type-1 fuzzy set. Time and cost factors
have been presented as quantitative criteria, whereas risk,
quality, and safety are introduced as qualitative criteria
expressed by linguistic variables and their IT2F
equivalents. A new method has also been developed to
determine each DM’s weight by an extension of RPR
under an IT2F-environment and used for aggregating
DMs’ judgments. Moreover, a new IT2F-entropy method
for assessing the importance of efficient factors such as
TCRSQ has been introduced using the concept of ratio
F,Frar, and F,Fne,r. A practical example adopted from the
literature has been resolved to demonstrate better the
proposed model's implementation process and its
applicability. This proposed analysis model has provided
experts and planners with a useful way to properly
determine the critical path in real-world mega projects.
For future study, the introduced method can be applied to
other MCDM fields. Besides, other weighting methods,
such as eigenvector and cross-entropy, can be used in the
model.
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