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Abstract

The earned value technique is a crucial and important technique in analysis and control the performance and progress of mega projects by
integrating three elements of them, i.e., time, cost and scope. This paper proposes a new version of earned value analysis (EVA) to handle
uncertainty in mega projects under interval-valued fuzzy (IVF)-environment. Considering that uncertainty is very common in mega
projects’ activities, the proposed IVF-EVA model is very useful and applicable in evaluating the progress of projects. In this paper,
analyzing earned value indices and calculating them with linguistic terms have been discussed. They are then converted into interval-valued
fuzzy numbers (IVFNs) for the evaluations. Finally, an application example from the recent literature is presented and steps of the proposed

IVF-EVA are elaborated.
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1. Introduction

For a project, cost is an extremely important element
of project management to run it successfully. The
management of costs is commonly reflected in
company’s strategic goals, mission statements and
business plan of a project organization in many ways
(Pinto, 2010). In fact, project management is about
how to apply a large number of resources to
accomplish a unique, complex, one-time task within
time, cost and quality constraints (Atkinson, 1999).

EVA is one of the project management’s techniques
for measuring the performance and progress of mega
projects. According to Project Management Institute
(PMI) when properly applied, the EVA provides an
early warning of performance problems. EVA
provides crucial information about performance and
progress of mega projects for managers by studying
the interaction of time, cost and scope. In fact, EVA
calculates the cost and time performance indices of
each project, and estimates the completion cost and
the completion time of each project, and finally
measures the performance and the progress of each
project by comparing the planned value and actual
costs of activities to their corresponding earned
values (Naeini et al., 2013). Further, the EVA is a
very helpful tool when predicting the outcome of the
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project. To make accurate predictions, it is very
important that the plan can be of good quality. If the
plan is not credible the same thing will be evident
for the predictions. Hence, project managers really
have to develop a plan that they do believe is
possible to keep up with(Fleming and
Koppelman,2005).

One of the first comprehensive guides on the earned
value (EV) has been published in 2005 (PMI, 2005).
Nowadays, it is accepted that using EV techniques
has many advantages and would increase the
schedule and cost performances of a project,
although the studies on the EVA is restricted (Naeini
et al., 2013). Lipke (1999) expanded cost and
schedule indices to control the cost and schedule

performances in a project. Lipke (2003) also
introduced earned schedule (ES)’s concept.
Henderson (2003, 2004) investigated the

appropriation and validity of the ES. Anbari (2003)
improved effectiveness of using EV. Kim et al.
(2003) focused on the implementation of the EV in
different sorts of firms and projects. Lipke (2004)
improved cost and time performance probabilities of
projects. Cioffi (2006) introduced a new notation for
the EVA to make the EV calculations more clear and
adjustable. Lipke et al. (2009) presented a reliable
forecasting method of the final duration and cost in
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order to develop the ability of project managers to
make right decisions.

Narbaev and De Marco (2013) concluded that the
best and the most reliable method to estimate cost at
completion was the ES-based method. Mortaji et al.
(2013) formulated EVM using L-R fuzzy numbers.
Colin and Vanhoucke (2014) implemented tolerance
limits for statistical project control using EVM.
Hunter et. al. (2014) improved cost monitoring and
control through the earned value management
system. Salari et. al. (2014) presented a fuzzy earned
value model and provided estimation for a project
total cost under uncertain conditions. Rubio et al.
(2015) wused EVM with performance indices
evaluation and statistical methods to manage the
project assessment. Willems and Vanhoucke (2015)
presents an overview of the existing literature on
project control and earned value management.
Bastelier and Vanhoucke (2015) evaluated the
accuracy for the time and cost forecasting of the
projects.

To handle uncertainty in engineering and
management systems, fuzzy sets theory presented
separately by Grattan-Guinnes (1975), Jahn (1975),
Sambuch (1975) and Zadeh (1975) in the mid-
seventies. Through the years, necessityfor improving
fuzzy sets theory arose as it was more applied in
real-world situations. Interval-valued fuzzy Sets
(IVFSs) is an growingly popular addendum of fuzzy
sets theory where traditional [0,1] valued
membership degrees are exchanged with intervals in
[0,1] that approximate the exact degrees. Hence, not
only vagueness but also a characteristic of
uncertainty can be addressed intuitively.

In this paper, we introduce the uncertainty concepts
with 1VF-point of view. Considering most of
activities in real-world applications for mega
projects have a high degree of uncertainty in the
EVA calculations. Taking account of uncertainty to
the EVA makes results of calculations and final
estimations of each mega project getting closer and
reduces the errors in calculations. This paper studies
the calculations of EV indices under uncertainty with
linguistic terms and then transformed into IVF-
numbers. Further, a new version of classical EVA
with IVF-setting is proposed to deal with uncertainty
in mega projects.

The remaining of this paper is organized as follows.
Section 2 introduces the EV and its techniques.
Section 3 expresses the IVF-sets theory and its
application to the EV in a nut shell. Section 4
illuminates the developing of proposed new interval-
valued fuzzy-based EV model and its interpretations.
For clarification aims, an application example from
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the recent literature is discussed in details in Section
5. The paper ends with conclusions.

2. Basic Definition of Earned Value Analysis

The EV is physical work completed to date and the
authorized budget for that work and designate how
efficiently the project team deploys the project
resources. The EV could be composed of some
techniques to help project managers to evaluate and
control the performance and progress of mega
projects by estimating their completion cost and
completion time based on its actual cost and actual
time up to any given point the projects. Some of
these techniques that can be mentioned are weighted

milestone, fixed formula, percent complete
estimates, percent complete and milestones,
equivalent completed units, apportioned

relationships and level of effort. The technique that
is being used in this paper is percent complete
technique. The percent complete technique method
is a subjective judgment of the completed work. The
person in charge of the work packages simply
estimates the percent of work completed against the
full planned value of that work package. This
method is the commonly-used approach which is
probably why it has received increasingly wide
acceptance in the private industry (Fleming and
Koppelman, 2005). However, it has obvious
disadvantages, for example, it can sometimes be
difficult to actually know how much work has been
accomplished and as another instance uncertainty
itself could cause biased judgments. An idea to
conquer this problem is to use the linguistic terms
and new extension of fuzzy sets theory in estimating
the completion percent of each activity.

It is widely admitted that there exists some problems
for which the solution acquired using fuzzy sets
theory and related techniques sometimes are good in
practice by representing the information provided by
decision makers in mega projects. Notably in
decision-making problems, according to the level of
knowledge, experts might explain their preferences
implementing exact numerical values. Distinctly,
there are cases when the experts’ level of knowledge
about the environment, where the decision making is
to be applied, is rather low or indefinite.

There are many situations in real-life mega projects
where the amount of work (or the quantity of work)
for an activity is unknown or imprecise, and is out of
control. For example, in oil and gas projects, the
amount of drilling process needed to be carried out
per day is unknown. Oil may not be correctly located
on the initial drilling plan. Other examples come
from the field of construction projects like in a dam
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construction project the ground should be excavated
until hard layer of rock is reached. Before reaching
this layer, the exact amount of the operations and the
required work are unknown, and also this is out of
our control, so the percent complete of excavation
activity cannot precisely be evaluated. In medical
research projects and drug development projects, a
majority of resources assigned to the clinical
experiments aims at examining the new drugs for its
benefits and potential side effects. The exact amount
of work needed to derive scientific conclusions is
unknown in advance. In these cases and many other
similar cases, it would be better and easier to
measure the percentage of the activity completed
under uncertain values by linguistic terms with new
extension of fuzzy sets theory rather to measure it
exactly and deterministically. Some researchers
believe the developed techniquesand models reflects
better the uncertain nature of a mega project.

3. Concepts and Definitions of Interval-Valued Fuzzy
Sets

Fuzzy sets theory introduced by (zadeh,1965)
describes uncertainty and vagueness in events and
systems. It is logical to model and consider the
uncertainty by implementing linguistic terms with
the fuzzy sets theory. These linguistic terms cannot
be used on the EVA techniques before altering them
to a number. Thus, firstly the fuzzy principles on the
linguistic terms could be applied to transform them
into IVF-numbers. Then, the EVA’s mathematics
will be adjusted to reflect the new values. Generally,
project experts accomplish this transformation in
accordance with their knowledge and experiences.

3.1. Interval-valued fuzzy numbers

This paper considers the fuzzy demand by applying
IVF-sets. An IVF-set A defined on (—oo, +) is
given by Gorzaczany(1987) (Eq. (1):

A={x [pp () pa@]}, x €

(o0, +00), pgi g  (—o0,+00) - [04], (1)
ui(x) = [/,LA-L(x),/Agu(x)], pa(x) <

pzu(x), Vx € (—oo,+00),
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Where pz.(x) and pzu(x) are the lower and upper
limits of the degree of membership (Kou,2011).

3.2. Interval-valued trapezoidal fuzzy numbers

From Chen (2006) and Wang and Li (2001), it can
be seen that an interval-valued trapezoidal fuzzy
number A can be represented by A = [/TL,ATU] =

[(ak,ab, ak, ak; WAfL), (a?,a¥,a¥,a¥; qu)], as

shown in Fig. 1 , where, 0 <al <al <at <
al <1,0<dl<dl <dl<dl<1,0<
Wi < wi < 1, Wiy # 0 and /TLC/TU.

From Fig. 1, it can be seen that the IVF-numbers
Aland AV, where AL is called the “lower trapezoidal

fuzzy number” and AU is called the “upper
trapezoidal fuzzy number”’(Chen and Chen, 2009).

Fig. 1. An interval-valued trapezoidal fuzzy number A

According to Fig. 1, the relations can be obtained as
follows:

(1) If AL = AY, then the trapezoidal interval-
valued fuzzy Ais a generalized trapezoidal
fuzzy number.

@ If al =dV =ak = af =d} =adf = ak=d¥
and wz, = wzy , then the trapezoidal interval-

valued fuzzy number 4 is a crisp value.

The arithmetic operations between the IVF-numbers

A and B are as follows:
(1) Interval-valued fuzzy number addition @

(Eq. (2)):
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ADB=

[(a},ab, ak, ak; WZL)' (a?,ay,a¥,af; Wju)]ea[(bf, bL, bk, bL; A§L) (bY,bY,bY,bY; Wy )] =
[(al + b}, ab + b3, a5 + bk, ak + b ;min(Wz, wz)), (@) +bY,a¥ +bY,a¥ +bY,af +

béll-] ;min (ij,Wéu))]

)

whereat,, ak,ak, ak,a¥,a¥,a¥,d¥y, bV, by, by and b{ are any real values, 0 < Wz < Wz <1

A
and 0 < Wg < Wgu < 1.

(2) Interval-valued fuzzy number subtraction & (Eg. (3):

AOB= ®3)
[(at,ab,ab,al; W), (af,aY,aY,ay; W) ©
[(bt, b, bt b 5., (bY, bY, b2, bY: @ )|=l(ak — b ak — bl ak — b, af -
bt ,mm( LW BL)) (af — by, ai — b, ay — by, af — bY); min (Wzu, Wgu))] ,
Where af,,a5,a3,af,af,a3,af,ay, by, by, by and by are any real values, 0 < Wz, < Wz <

land 0 < WﬁLS WﬁuSl

(1) Interval-valued fuzzy number multiplication @ (Eq. (4)):

AQB= 4
[(a%,a},a, ak; ws), (af,aY,ay,ay; W;)] ®

[(b%, bk, b%, bL; WgL), (Y, bY,bY,bY; Wsu)] =

[(ak * b}, a5 = b}, ab « by, af » b ;min(Ws, ws)), (af * by, al « by, a¥ = bY,a * by ;min

(Wzu, Wzu))],

whereat,, ak,al, ak, a¥,a¥,a¥,d¥y, bV, by, by and b{ are any real values, 0 < Wz < Wz <1

and 0 < W§LS Wﬁuﬁl.

(2) Interval-valued fuzzy number division @ (Eq. (5)):

AQB=

[(at,ab,a},al; W), (af,aY,aY,ad; W) @ ®)
[(b1, b5, bk, bi; W), (bY, by, by, bY; Wsu)]| = [(at/ b, a3/bs, a5/ bs, af/

bi ;min(Wz, Ws)) , (af /bd, af /by, a /by, af /bY) ; min (W0, Wu))] ,

Where ak,,ak, al, ak, a¥,ay,a¥,ay,b?, by, bYandb! are all nonzero numbers or all nonzero

negative real numbers, 0 < Wz, < Wz <land0 < wz, < Wz < 1.
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3.3. Linguistic terms

Suppose that the completion of an activity consists
of uncertainty. As stated earlier the project experts
can transform the uncertainty into a fuzzy number by
assigning a membership function to this linguistic
term, to indicate the relationship between the

LA

linguistic term and the fuzzy number (See Fig. 2). In
this figure, the horizontal axis refers to the progress
and is on a scale of 1. The summary of the
transformation related to Fig. 2 is reported in Table
1. Clearly, the output of this transformation is an
IVF-number.

0 01501 015 0.2 025 03 035 04 045 05 055 0.6 06507 0.75 08 085 09 095 1

>
Progress

Fig. 2. An interval-valued fuzzy membership including trapezoidal and
triangular interval-valued fuzzy numbers and the corresponding linguistic terms

Table 1

The assigned interval-valued fuzzy numbers to each linguistic term

Fuzzy Numbers

Linguistic Terms

[(0,0,0.1,0.15;0.6),(0,0,,0.1,0.2;1)] Very Low
[(0.15,0.2,0.2,0.25;0.6),(0.1,0.2,0.2,0.3;1)] Low
[(0.25,0.3,0.4,0.5;0.6),(0.2,0.3,0.4,0.5;1)] Less than half
[(0.45,0.5,0.5,0.55;0.6),(0.4,0.5,0.5,0.6;1)] Half
[(0.55,0.6,0.7,0.75;0.6),(0.5,0.6,0.7,0.8;1)] More than half
[(0.75,0.8,0.8,0.85;0.6),(0.7,0.8,0.8,0.9;1)] High
[(0.85,0.9,1,1;0.6),(0.8,0.9,1,1;1)] Very high

For example, according to Fig. 2 and Table 1, the
linguistic term ‘“high” equals to the IVF-number
[(0.75,0.8,0.8,0.85;0.6),(0.7,0.8,0.8,0.9;1)].

4. Proposed New Version of Earned Value Analysis
with Interval-Valued Fuzzy Setting

In this section, proposed new version of the
classical EVA is presented with IVF-settings for
mega projects. At first, the interval-valued fuzzy-EV
of activity i, ﬁ/lshould be derived (Eg. (6)) which
itself is based on interval-valued fuzzy completion
percent of the activity i(Eq. (7)).

EV, = F, * BAC; = [(Ef;, B3y, 5 Edys Wes), (S B3 ESL ES W w)] (6)

where

F _r( L L L L. U U U U.c
E= [(au'azt,%i'au'wﬁb)' (ali,aZi,a3i,a4i,Wﬁu)]

(")
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The BAC; is the budget at completion of activity i and indicates the planned budget to complete the activity i. The

total IVF-EVA in each measurement period, EV, iis calculated by summing up all the ﬁfor i=1,2,...,n where n is
the total number of the project’s activities :

ETFZ?:lET/F[(Z?:lEfp ?:1E%ir ?:1E3€ir ?:1Ez]fiv)'

- - (8)
(N Edp» Xita Egp, B Esp ) Xisa B4y )] = [(BY B3 B3 B Wi ), (Y B ES B Wigo)]
4.1. Interval-valued fuzzy performance indices schedule performance index is calculated as the
earned value divided with the planned value,
CPI and SPI are measurements to evaluate the cost ie.sPI =2 \where PV known also as the
1 PV 1

performance and time progress of a project. CPI is a
measure of the budgetary conformance of the actual
cost of work performed, and SPI is a measure of the
conformance of the actual progress to schedule.The

budgeted cost of work scheduled (BCWS) is
scheduled to be used during the project. EQ.(9)

shows the SPI as below.

S _ BV _ (Bt Bt Ef Er o )\ (B EY B BV o

SPl=4y = [(PV’PV'PV’PV'WS7IL)’(PV’PV’PV'PV’WS?"IU)] (©)

The cost performance index is calculated as the EVA (ACWP), expresses the resources used to attain the
divided with actual cost (AC), i.e.,PI = % , Where actual work performed. The CPI is as below in Eq.
AC known also as the actual cost of work performed (10):

) DAY (- A (A A 2 A S P

CPI'=2¢= [(AC’AC'AC’AC’WC'ﬁIL)'(AC’AC'AC’AC’WC'FI”)] (10)
The critical ratio (CR), called as schedule cost index indicates the project health and is calculated using
(SCI), is a multiplication of the SPI by CPI and Eq. (11):

CR = SCI = SPI # CPI =

=
PV+AC’ PV+AC’ PV+AC’ PV+AC’ ~ CRL

2 2 2 2 2 2 2 2
TR (S S S ). (i e
)

;W 11
PV*AC’ PV*AC’ PV+AC’ PV+AC’ CRU>:| (11)

4.2. Interval-valued fuzzy cost estimates at (EAC), a common formula presumes the future trend
completion of the project cost performance remains untouched.

In this formula EAC is calculated by dividing the
EVA can also be used to forecast cost and time at budget at completion (BAC) by CPI. In other words,
project completion. For both cost and duration this formula assumes that the CPIl would be fixed
forecasting, several formulas have been introduced during the rest of the project. The interval-valued
in the related literature. Among several formulas fuzzy-EAC in Eq. (12) is as below:

available to calculate cost estimate at completion

= BAC BAC BAC+AC BAC+*AC BAC+*AC BAC*AC  _.

EAC === = W=
G~ (eLebelen) (WU T\ 6F 0 gF 0 & ' &V EAc)
AC'AC’AC'AC '\ AC’AC’AC’AC
BAC+*AC BAC*AC BAC*AC BAC+*AC _
( E4U ) Eé’ ) EZU ) E:P ) me)] (12)
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EAC could also be affected both current cost performance and current schedule performance indices. Another
formula for EAC based on this assumption in Eg.(13) is shown as follows:

BAC—[(E{ Ef B3 L) (E1 E7 ES Ei)]

2
U
E3

—— BAC—-EV
EAC = AC + [——=—]=ACH[ > > > >
SCI el EL”  EYT  EL
[ PVxAC’'PV+AC’PV+AC’PV*AC |’
BAC-EL BAC-ELY BAC-EY BAC-EL}
AC + 4 3 2 1 .,

2 ) 2 ) 2 ) 2 yW=Z1L
L L L L EAC
Eg E3 E; E7

PV+AC PV+AC PV+AC PV=+AC

4.3. Interval-valued fuzzy time estimates at
completion

Despite being expanded to control both time and
cost, most of the researches have been concentrated
on the cost aspects (e.g., Fleming & Koppelman,
2005). Thus, the EV technique has not been widely
used to estimate the total time at completion. In
response to this problem, Lipke (2004) introduced
the earned schedule (ES) indicators and later
developed by Henderson (2004). The ES indicators
are time-based indicators instead of cost-based
indicators. Since time delays are measured versus
time, the ES indicators are reliable during the whole
time horizon of the project as the adopted formula
for schedule performance does not converge to 1.

In this paper, the ES technique has been used to
develop the IVF-based time estimate at completion.

Money 4

Bac-EY BAc-EY BAC-EY BAC-EV __

PV+AC'PV+AC’'PV*AC'PV+AC

2 2 -
)

(13)

vvv -

’ z 2 7 s Ws7Au
EY EY eV EAC
PV+AC PV+AC PV+AC PV+AC

Since the EAC represents the estimate of the
completion cost, to avoid confusion in notation. We
follow EAC:to reflect the time estimate at
completion.According to Lipke (2003), the ES is
time equivalent of the EV which is resulted by
projecting the EV on the baseline. Hence, it
measures schedule performance using time. Eq.(14)
illustrates mathematics of the ES:

EV — PVy

ES=N+ (N
PVnes— PVy

(14)

Where N is the longest time interval in which the
PVy, is less than EV, the PV is the planned value at
time N and PVy,, is the planned value at the next
time interval, i.e., time N+1 (Vandervoorde and
Vanhouck, 2005).

PV

Actual Time

ES

Fig. 3. The ES versus the EV
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The IVF-ES could simply be set by Eq. (16).

ES = N. + (ﬂ) (15)
' " \PVy4q — PVy
= [(ES{,ES3, ES3, ESk; W),
(ES1 JESY,ESY,ESY; Weu)] (16)

In contrast to the SPI, SPI, is illustrated in time
units and is the ratio of ES to the actual duration

(AD), i.e. SPI, = %. Eq. (17) represents as below:

57 IS
t = 7N
AD (17)
_ (ESk ESh ESL ESE
AD ' AD ' AD ' AD Vst )

EAC, = AD + (PD — ES)

ESY ESY ESY ESY
4D 7AD" AD ' 4D Vsl )

The generic ES-based equation to estimate the time
at completion of project is:

PD — ES

PF ) (18)

EAC, = AD + (

where PD is the planned duration to complete the
project and PF is the performance factor which relies
on the project status. Generally, the following three
cases are considered for the PF:

e PF=1 The duration of the remained
activities is as planned.

= [(AD + PD — ESY,AD + PD — ESL,AD + PD — ES%, AD + PD

(19)
— ES}; WﬁL>,<AD + PD —ESY,AD + PD — ESY,AD + PD — ES{, AD
t
+ PD — Eslu;w:u)]
EAC
e PF=SPI; : The duration of remained activities changes with the current SPI, trend.
EAC, = AD + = ES)—
AD + [[(PD—ES4,PD ESkPD- ESZL,PD—ES{%;(;D—ESE,PD—ES?,PD—ES—?,PD—ESlu) —AD +
‘ \ (20)
<PD—ES!; pp-ESY pp-ESY pPD-ESE > <PD—ES§’ pp-EsY pp-Esy pPp-EsY
L ) L ] L ) L )] W : ] U ] U ) U ) W :
ESq ES3 ESz Esy EAC, Es3 ESy Esy Cc
AD AD AD AD AD AD AD /
e PF=SCI; : The duration of remained activities changes with the SCI, trend, where
SCI, SPIt*CPI
— PD —ES
EAC, = AD + | ——
SCI,
=AD
PD — ESE PD — ESL PD —ESL PD — ESE PD —ESY PD —ESY PD —ESY PD —ES (21)
ESy+Ef ' Esk«Ek ESk+EL Est«el ' User; |’ EsY«ey ' EsY«EY EsY«EY esY«eY
AD*AC AD*AC AD*AC AD*AC AD*AC AD*AC AD*AC AD*AC
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4.4. Interpretation of interval-valued fuzzy cost, the same story Ogoes here, i.e., the new
performance indices interval-valued fuzzy indices must be compared

against value 1. But as the new indices are interval-
After expanding the interval-valued fuzzy-based EV valued fuzzy numbers, we should transform them to
indices, we should interpret them to have a IVF-numbers to be able to compare them using the
conclusion concerning the mega project progress and methods proposed for comparing the 1VF-numbers.
its status. Similar to the traditional EV indices where Eq. (22) shows how to transform the IVF-number
a comparison is made against the value 1 which A

represents the EV against planned value and actual

a§’+a§ ag+a% a§’+a§ a},]+a£: WzutwsL

A = (ai, a3, a3, a3 wp) = (B, 900 SO Gt A0y (22)

Different methods introduced for comparing fuzzy fuzzy number. Regarding to Dubois and Prade

numbers in the literature (See Bortolan and Degani, (1980), T(A) is the degree of possibility of fuzzy

1985; Dubois and Prade, 1980), a well-known fuzzy number A, thus T(4A)=pz(x) where x € A. Given

ranking method proposed by Dubois and Prade two fuzzy numbers 4, B, the degree of possibility

(1980) measures the degree of possibility by which a that A > B is

fuzzy number is either greater or less than another

T(A 2 B) = Supysymin{uz(x) uz(x)}. (23)

The proposed model conducts to deterministic S _ BV _
paper. To apply Eg. (23) to SPI= pvi

conclusions almost in all cases, however in several _

. . 57 _ EV _ (E1 E; E3 E4q.
cases the results are not deterministic which might oy 5y ppopyl @D CPI=-m=[— - —=,— 1,
be of interest as it much closer to the nature of however, the comparison is made against 1, thus
project and the proposed new uncertain model in this

T(S?I = 1) = Supy>1 min{#sﬁl(x) =1} = 5”Px21{#s?1 ()} (24)

T(CPI 2 1) = Supys; minfugp; (x) = 1} = Supys, {ugp; ()} (25)

Supposing trapezoidal fuzzy numbers, thus both For scenarios 2 and 4 in Tables 2 and 3, the values
T(SPI = 1)and T(CPI >1) concludes in five of T(SPI = 1) and T(CPI > 1) are depicted in the
scenarios as Tables 2 and 3 show, respectively. In graphical descriptions by black bold lines (as a part
these tables, the vertical line depicts the position of of original red line). Hence, for example in scenario
value 1, as we would like to compare SPI and CPI to 2 of Table 2, the length of the black bold line inside
this value. Regarding to the tables, the degree of the trapezoidal is equal to T(EFI > 1) =

possibility of CPI > 1and SPI > 1,i.e. T(SPI = 1) SuP s (e (0} = 2
= c-1

and T(CPI > 1) are bety\v/een Oand 1. Note that regarding to the fuzzy principles we cannot
The proximity of T(CPI > 1) to 1, for example, draw conclusions for T(CPI <1) based on
explains the project is ahead of budget, and its T(CPI = 1), thus we calculated T(CPI = 1)

Er%ximitx o0 .shov(;/s, tr_e prr:)!'ect is b(?hinddthe separately (see Table 2). This rule applies also
udget. As mentioned earlier, this comparison does toT(SPI < 1) (See Table 3).

not always give crisp decisions, which is more
appropriate and consistent with the basis of the

proposed IVF-EVA model. 5. Application Example
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In this section, an application example from the
recent literature (Naeini et al.,, 2013)has been
brought for explaining the basis of the interval-
valued fuzzy-based EV calculations. This example
refers to a medical research project. Hospital
sampling is the case that has been illustrated in this
section and has consisted of the six activities ‘filling
‘checking-up people’, ‘getting
¢ analyzing sample’ and

questionnaire’,
sample’, ‘testing sample’,
‘refining sample’. In this project, it was needed to

Table 2
The degree of possibility of CPI > 1 and CPI < 1

collect 600 hospital samples. These six activities lay
over a period of 12 weeks which Table 4 indicates
the planned values (PV) and actual costs (AC) up to
data date, i.e. week 6. The information about activity
progress and activity budget at completion (BAC)
are brought in Table 5. As Table 7 indicates, the
progress of all activities is stated using linguistic
terms. These linguistic terms are transformed into
IVF-numbers (F) using Table 1, and they have
brought in Table 6.

No. of State of Degree of possibility of  Degree of possibility of Graphical Description Decision making
scenarios CPI CPI>1 CPI<1
against 1
1 d<1 T(CPI > 1) T(CPI < 1) Behind the budget
= Supysq{ter (0)} = Supysi{ues (0} =1
2 c<1l<d T(CPI = 1) T(CPI <1) Approximately behind
= Zupxlzl{ﬂcﬁ ()} = Supy>i{ues (0} =1 the budget
= d—c
3 b<l<c T(CPI = 1) T(CPI <1) y On the budget
= Supss1 e ()} = Supy>i{ues (0} =1
4 a<l<b  T(CPI=1) T(CPI <1) Approximately ahead of
= Supys1 e ()} = Supy»1{ucs (0} budget
= —a
“b—-a
5 a>1 T(CPI = 1) T(CPI < 1) Ahead of budget
= Supys1{uer (0} = Supya1{ucs ()} =0

=1
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Table 3

The degree of possibility of SPI > 1 and SPI < 1

No. of State of Degree of Degree of possibility of Graphical Description Decision making
scenarios SPI against  possibility of SPI<1
1 CPI =1
1 d<1 T(SPI = 1) T(SPI < 1) Behind the schedule
= Supy>1{psp ()} = Supy-1{psp ()} =1
=0
2 c<1l<d T(SPI=1) T(SPI < 1) Approximately behind
= gupxn{lls'ﬁl(x)} = Supsa1{tgp ()} =1 the schedule
-1
- d—c
d
3 b<1<c T(SPI=1) T(SPI < 1) On the schedule
= Supy>1{psp ()} = Supy-1{psp ()} =1 | \
=1 i i
=
4 a<1l<b T(SPI=1) T(SPI <1) Approximately ahead of
= Sup,-{us (x 1—a schedule
— Pz {Hsp () = Supys1{psy (x)} =
=1 b—a
5 a>1 T(SPI > 1) T(SPI <1) Ahead of schedule
= Supy>1{usp ()} = Supys1{usp (1)} = 0
=1
a b c d
Table 4
The PV and the AC of the example
Week 1 2 3 4 5 6 7 8 9 10 11 12
PV 100 400 750 1200 1700 2300 2950 3600 4150 4650 4850 5000
AC 200 500 1000 1500 2000 2800 - - - - - -
Table 5

The information of work package of the application example
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Activity BAC($) Progress
1. Filling questionnaire 800 Very high
2. Checking-up people 1000 More than half
3. Getting Sample 500 More than half
4. Testing sample 1200 Less than half
5. Analyzing sample 900 Very low
6. Refining sample 600 Not started
Table 6
The percent complete and the EV of activities
Activity(i) BAC(S) Progress 1:5; b:"]:/l
1 800 Very high [(0.85,0.9,1,1;0.6),(0.8,0.9,1,1;1)] [(680,720,800,800;0.6),(640,720,800,800;1)]
2 1000 More than [(0.55,0.6,0.7,0.75;0.6),(0.5,0.6,0.7,0.8;1)]  [(550,600,700,750;0.6),(500,600,700,800;1)]
half
3 500 More than [(0.55,0.6,0.7,0.75;0.6),(0.5,0.6,0.7,0.8;1)]  [(275,300,350,375;0.6),(250,300,350,400;1)]
half
4 1200 Less than [(0.25,0.3,0.4,0.45;0.6),(0.2,0.3,0.4,0.5;1)]  [(300,360,480,540;0.6),(240,360,480,600;1)]
half
5 900 Very low [(0,0,0.1,0.15;0.6),(0,0,0.1,0.2;1)] [(0,0,90,135;0.6),(0,0,90,180;1)]
600 Not started [(0,0,0,0;0.6),(0,0,0,0;1)] [(0,0,0,0;0.6),(0,0,0,0;1)]

In accordance with the BAC of each activity, the EV
of each activity is calculated using Eq.(3). Using
Eqg.(5), we can find the total EV of the work
package, i.e. the total EV for all of the four
activities:

8
Yy
i=1

[(1805,1980,2420,2600; 0.6),
(1630,1980,2420,2780; 1)]

As Table 6shows, the total PV and the total AC for
the work package at the data date, i.e., week 6 are
2300$ and 2800%, respectively. The SPI and CPI of
this work package are interpreted based on Eg. (10)
as follows:
~ EV

I =—
¢ AC

= [(0.64,0.71,0.86,0.93; 0.6), (0.58,0.71,0.86,0.99; 1)]
CPT* = [(0.61,0.71,0.86,0.96; 0.8)]

I

ty
<l

According to Table 2 (see scenario 1), T(CPT* >
1) =0and T(CPI* <1)=1. Thus, the work
package is behind the budget.

Table 7
The summary of EAC; calculations
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i = EV  1(0.78,0.86,1.05,1.13; 0.6),
v | (0.71,0.86,1.05,1.21; 1)

SPT* = [(0.75,0.86,1.05,1.17; 0.8)]

Scenario 3 in Table 3 implies that T(SPT* < 1) = 1
and T(CPT* > 1) = 1, so the work package is on the
schedule. These results illustrate that this work
package is behind the budget and on the schedule.
Now, we will estimate the completion cost of the
work package. Given the trend affecting the CPI is
kept fixed during the rest of the project, the
completion cost of the work package is estimated as
follows. Regarding to Table 7, the total BAC for all
activities is 50008$.

—— BAC
EAC =

CPI
_ [(5035.97,5785.12,7070.71,8588.96; 0.6),
= | (5384.61,5785.12,7070.71,7756.23; 1)
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[ E, N; E; — PVy, PVy,+1 — Py, ES;
=N,
B PV,
PVy.+1 — Py,
1 1805 5 105 600 5.175
2 1980 5 280 600 5.47
3 2420 6 120 650 6.18
4 2600 6 300 650 6.46
5 1630 4 430 500 4086
6 1980 5 280 600 5.47
7 2420 6 120 650 6.18
8 2780 6 480 650 6.46

To calculate the l:f?, each of the eight numbers of the

trapezoidal EV is projected on the baseline and
forms a member of the trapezoidal interval-valued

fuzzy number EsS (Eq.(12)). For example, the
calculations behind the ES; are:

N, = 5asPVs < E; = 1805 < PV, thus

E, — PVs 1805 — 1700
ESi =N+ (PV6 - PVS) =57 (2300 - 1700)
=5.175
Following these calculations,
ES =

[(5.17,5.47,6.18,6.46; 0.6), (4.86,5.47,6.18,6.46; 1)]

, Table 7 also indicates how EAC,should be
calculated in the developed model.

To obtain the E’F\I:t by Eg. (13) and the bﬁ by
Eq.(17) given PFzﬁ ) we have:

— ES  1(0.86,0.91,1.03,1.08; 0.6),
T AD [ (0.81,0.91,1.03,1.08; 1)

_ [(11.13,11.65,13.18,13.94; 0.6),

~ | (11.13,11.65,13.18,14.18; 1) ]

Here, the comparison between the presented IVF
model and the classical fuzzy model that has been
brought in Naeni et. al. (2013) is reported in Tables
8 and 9. In these tables, the maximum amounts of
SPI and CPI are compared against the baseline
amount, i.e. 1 and also against each other to
determine the differences between the results of two
models.

Table 8
Comparative analysis of SPI
Max(SPI) SPI'Vs. 1
Proposed IVF model 1.17 SPI > 1
Classical fuzzy model by Naeni et. al. (2013) 1.21 SPI>1
Table 9
Comparative analysis of CPI
Max(CPI) CPIVs. 1
Proposed IVF model 0.96 SPI<1
Classical fuzzy model by Naeni et. al. (2013) 0.99 SPI <1

According to the results that have been gotten from
the presented model and comparing them to the
classical fuzzy method by Naeni et. al. (2013), it can
be concluded that the results from both models are
coincide and close to each other. Considering the
advantages of IVFSs theory over classical fuzzy sets;
for example, the fact that IVFS is an increasingly
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popular extension of fuzzy set theory where
traditional [0,1] valued membership degrees are
replaced by intervals in [0,1], in which we can
approximate the (partially unknown) exact degrees.
It not only handles vagueness but also addresses a
feature of uncertainty (lack of information)
intuitively by IVFSs. It shows that the results by
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model based on IVFSs are more reliable and
accurate than the classical fuzzy sets.

6. Conclusions

Evaluating the EV is one of the primary stages in
executing the EVA. The EV is based on measuring
the performance of mega projects. To measure the
performance a couple of different techniques have
been developed. The percent complete is the
simplest and the most applicable technique to
measure the EV; however, it has the disadvantages
of using subjective judgments when describing the
percent completed of work. In the other view, the
interval-valued fuzzy (IVF)-estimates of both
completion cost and time can help project managers
to estimate the future position of the mega project in
a more trustable way. Integrating the fuzzy
principles with EV formulas does not have the
limitations of the previous deterministic EVA
models and it can model the mega project in close
proximity with reality. In this paper, we have
proposedthe linguistic terms and new interval-valued
fuzzy approach for evaluating the EVA, namely,
IVF-EVA. We have described comprehensively how
the IVF-EV indices and estimates can be expanded
and clarified. In the clarification of the IVF- indices,
we have benefited from measuring the degree of
possibility of an IVF-number in taking various
values. As it mentioned before, SPI and CPI are two
important indices that help the project managers to
measure and evaluate the schedule and cost of a
project. Also, IVFSs have more advantages rather to
classical fuzzy sets, like being more flexible in

confronting uncertainty conditions. Thus, SPI and

CPI in this paper show that the project is behind the
budget and on the schedule wunder uncertain
conditions. Hence, there should be some correction
decisions from the project team to make it on the
budget. Also, computational results of the presented
model have been compared with classical fuzzy
method from the recent literature. It was concluded
that the results from both models are coincide and
close to each other. Real-life applications of the
proposed IVF-EVA have persuaded the researchers
to continue the study on the application of the
extended fuzzy sets theory in the EVA calculations
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and interpretations. Evaluating EAV indices with
intuitionistic fuzzy sets (IFSs) can be taken into
consideration as future research.
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