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Abstract: The EVM method is an essential project management technique that compares
the work done to the planned values (PVs) to identify project variances. However, the
inherent uncertainties and possibilities in the project introduce uncertainty in the input data.
Despite this importance, the input data for this method is often considered deterministic
in most research, and several researchers have modeled it under fuzzy information. In
this research, we developed a novel approach using a combined model of fuzzy numbers
and grey numbers called interval grey triangular fuzzy (IGTF) numbers. This model is
designed to manage the project’s fuzzy grey value, addressing the two pillars of fuzzy and
grey uncertainty. The findings of the study indicate that by combining the grey degree
of confidence with the triangular fuzzy number (TFN), the results are closer to the real
world and more lenient. Finally, based on the estimation of the actual final cost of the
project, managers are encouraged to use certainty in lowering costs concerning the value
obtained by using the Z-number for the phases of the project. This research provides
practical insights and a new model for managing sustainable project uncertainties using
fuzzy and grey theories, offering a potential solution to this challenge.

Keywords: value management; uncertainty; fuzzy sets; grey theory; cost; schedule
management

1. Introduction

Based on the project management body of knowledge standard, a project is a tempo-
rary effort to produce a unique product, service, or result. The project includes activities
that must be carried out according to a specific time, cost, and quality. Exceeding any
of the three main factors can lead to an unsuccessful or uneconomical project [1]. Using
performance measurement tools and accurately evaluating project performance are among
the success factors of the project. Project-oriented organizations always look for appropriate
approaches to monitor progress and take corrective actions during all project phases. The
EVM system is a tool that project managers can use to investigate this issue. EVM is a
method that has been used since the 1960s when the US Department of Defense proposed
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a standard procedure to measure project performance. EVM is a systematic project man-
agement technique used to find variances by comparing the work done and the planned
amount. The resulting value management examines the actual progress of a project by re-
viewing some often simple criteria, such as completed work, costs related to that work, and
the total number of hours of use [2]. This system measures and evaluates the overall health
of a project and acts as an early warning signal for the timely diagnosis of project problems
or the use of project opportunities [2]. Also, the use of EVM for project time management
reduced the chance of reaching the full potential of sustainable project management. This
issue implies carrying out a project as efficiently as possible and minimizing different kinds
of waste. In other words, the benefits of a sustainable EVM approach stretch beyond the
project schedule control and include having less waste, reduced delivery costs, better use
of resources and their skills, economies of mass production, etc. [3,4]. In addition, there
are always uncertainties in the project, which, if not considered, will lead to the project’s
failure. Therefore, using uncertainty approaches for more successful project management
is inevitable in today’s project management world. There are many methods and tools,
such as fuzzy and grey theories, to manage the effect of uncertainty on project performance
and the resulting value. In this chapter, we will examine the basic concepts and theories
that have been used to consider the uncertainty of projects. Also, the importance of the
problem and research questions, as well as the structure of the thesis, will be presented in
the rest of this chapter. It is crucial to emphasize the need to consider uncertainty in project
management, as this is a pressing issue that can significantly impact the success of a project.
The findings of this research provide a new model for managing project uncertainties using
fuzzy and grey theories, offering a potential solution to this challenge.

According to studies in recent decades, the most popular term for any project is
success. Project management has a critical role in contributing to the sustainable growth
of organizations and society [5]. In general, an essential aspect of achieving success
is performance measurement. The proverb that depicts the importance of performance
measurement is that “unmanageable things are unmeasurable.” Evaluating the performance
of a project during its life cycle is a suitable approach to create early warning signals that
will trigger corrective actions when the project is at risk [6]. Project managers always seek
appropriate tools and techniques for effective project management. Several methods, such
as resulting scheduling (ES), Monte Carlo simulation, and earned duration management
(EDM), have been proposed in project management texts. However, the most famous skill
among them is EVM [7], and this system has been helping project managers achieve this
goal for a long time [8].

Due to the unique characteristics of projects, there are always uncertainties surround-
ing project implementation. Despite the uncertainty of some factors of project activities,
they have been considered specific in all the existing techniques of earned value (EV).
Considering this uncertainty in the interpretations and calculations of the EVM not only
helps in better measurement of the performance and progress of the project but also leads
to the expansion of the application of the resulting value techniques in actual and uncer-
tain conditions. Also, considering these uncertainties will lead to more stable economic
conditions for organizations and bring projects closer to the real world. Therefore, we
should include uncertainty in our results. Many approaches, including fuzzy sets and grey
systems, have been used in research to deal with these uncertainties. Therefore, to consider
the uncertainty in the factors of EVM, this research combines fuzzy sets and grey theories.
Also, a comparison of the results obtained with fuzzy EVM will be presented.

The main objective is to apply the combined method of grey fuzzy resulting value
management under sustainable project activities’ progress uncertainty to manage the
uncertainty and better measure the projects’ performance.
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Sub-goals are listed below:

e  Expanding the application of the EV technique in real-world conditions;

e  Creating more stable economic conditions for organizations, especially project-oriented
organizations;

e Filling the existing research gap in the literature of EVM under conditions of
uncertainty.

The organization of this paper is as follows:

In Section 2, a full review of the literature is given, including the research gap table to
determine the potential research topics that need more focus. Section 3 provides the details
of the research methodology, including the step-by-step procedure for implementing the
proposed method in this paper. In Section 4, all results are provided with excellent insight
into the comparative analysis of the results obtained and the Z-number. Finally, in Section 5,
a deep discussion is given to reveal our novel findings and implications.

2. Literature Review

This section reviews previous studies related to the research topic, summarized in
Table 1. Each row in the table represents a study (by author and year). At the same time,
each column corresponds to a key concept, such as EVM, cash flow analysis, time—cost
trade-offs, multi-criteria decision making, fuzzy/grey systems, and sustainability. Stars (*)
indicate the concepts emphasized in each study. The table shows that topics like project
cost and time control, uncertainty modelling, and decision making under complexity have
received increasing attention, particularly in recent years. While classical models such
as EVM and critical path methods are well-studied, newer research trends highlight the
integration of fuzzy logic, risk analysis, and optimization techniques. However, areas
like supply chain cost management and EDM with sustainability remain less explored,
indicating potential gaps for future research.

As aresult of this literature review and paying attention to Table 1, we realized that the
issue of value management, which was first discussed in 2000 in the project management
body of knowledge, has been expanded over the years by various researchers, and the
concepts and their calculations have been developed. In the following years, to improve the
concepts of EVM and to combine the uncertain nature of projects with the components and
parameters of EVM, the fuzzy and grey set theories were used to estimate more accurately
and closer to the reality of the future state of the project under conditions of uncertainty.
The mentioned theories have been applied in several types of research on various issues
such as production control, cost-time trade-off issues, cost forecasting, project cash flow
forecasting, time and cost performance control in complex projects, decision issues, multi-
objectives, project selection, and many other cases. In addition, the combination of these
two theories, the grey fuzzy forecasting model, can also benefit from less data volume
for forecasting in various subjects, such as stock price forecasting in the stock market and
electricity forecasting every month. Uncertainty prediction and other cases have been used.
By reviewing the literature on the subject and considering the future research proposals
of past studies, we found that the existing research gap in the studies of combining the
uncertainty feature of real-life projects with the EVM technique is the combination of these
two fuzzy and grey theories. The integration of the abovementioned theory has yet to be
investigated and researched in managing the EV.
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Table 1. Studies in a comparative form.
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Zadeh, 1965 [9] * *
Lipke, 1999 [10] * *
Wang et al., 2002 [11] %
Wang, 2002 [12] * * *
Anbari, 2003 [13] *
Kim et al., 2003 [14] *
Henderson, 2003 [15] * *
Henderson, 2004 [16] * *
Lipke, 2004 [17] * *
Cioffi, 2006 [18] *
Chen, 2007 [19] . =
Warburton, 2011 [20] *
Naeni et al., 2011 [21] * * *
Maravas & Pantouvakis, 2012 [22] * * * *
Mortaji et al., 2013 [2] * * *
Pathak & Srivastava, 2014 [23] * * * * *
Khuman et al., 2014 [24] * * %
Ge & Xie, 2015 [25] * * *
Guo et al., 2016 [26] * *
Zhao, 2016 [27] * * *
Moradi et al., 2017 [28] * * * *
Wood, 2017 [29] * * * *
Amirian & Sahraeian, 2017 [30] * * * * %
Amirian & Sahraeian, 2018 [31] * * * T
Mensah, 2018 [32] * * *
Eshghi et al., 2019 [6] * * * * *
Nadafi et al., 2019 [1] * * * *

Mahmoudi et al., 2019 [7] * * *
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Eshghi et al., 2019 [33] * * * * * *
Ali Mirnezami et al., 2020 [34] * * * * * *
Dahooie et al., 2020 [35] *x * * *
Azimirad & Ghodsinya, 2020 [36] * *
Dabbaghi, 2020 [37] * * *
Mahmoudi et al., 2021 [15] * * * *
Leng et al., 2021 [38] * * *
Deng & Jian, 2022 [39] * *
Nejatyan et al., 2023 [40] * *
Barrientos-Orellana, 2023 [41] *
Zaneldin and Ahmed, 2024 [42] * * * *
Mayo-Alvarez et al., 2022 [43] *
Wang et al., 2022 [44] * *

* Research conducted in this area.

Based on the comparative Table 1 of prior studies, several research gaps can be listed
as given below:

1. Scarce Consideration of Sustainability and Uncertainty in Cost and Risk
Management
Although some studies address cost forecasting and risk management, there is a lack
of comprehensive models that incorporate sustainability concerns and uncertainty in
project planning. This issue is particularly relevant in dynamic environments where
uncertainty significantly impacts decision making. This gap is evident in all reviewed
studies except the study conducted by Moradi et al., 2017 [28] and Zaneldin and
Ahmed, 2024.

2. Limited Exploration of Heuristic Optimization in Project Portfolio Selection
Project portfolio selection appears in a handful of studies, but heuristic and optimiza-
tion algorithms are not frequently applied to enhance decision making in this area.
This subject suggests an opportunity to develop more efficient computational models
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for portfolio selection. This gap is evident in all reviewed studies except the study
conducted by Amirian & Sahraeian.

3. Underdeveloped Applications of EDM
While EVM is widely studied, EDM remains underrepresented in the literature. The
potential of EDM in improving project performance evaluation and forecasting re-
mains an area for further investigation.

4. Gap Analysis in Integrating Cash Flow Analysis with Project Scheduling
Several studies focus on cash flow analysis or project scheduling separately, but
few integrate the two. A holistic approach that considers cash flow constraints
within project scheduling decisions could provide valuable insights for financial and
operational planning. This gap is evident in all reviewed studies except the study
conducted by Ali Mirnezami et al., 2020 [34].

5. Minimal Use of Fuzzy and Grey System Models in Risk and Cost Forecasting
Table 1 suggests that fuzzy logic and grey system models are applied sporadically
in project cost forecasting and risk management. A systematic approach integrating
these methods could improve predictive accuracy in complex projects. This gap is
evident in all the articles reviewed.

6. Lack of Research on the Interaction Between Critical Chain and Uncertainty
Management
Critical Chain Project Management (CCPM) is covered in some studies, but its interac-
tion with uncertainty and risk modeling remains relatively unexplored. Developing
frameworks that combine these approaches could enhance project resilience. This gap
is also evident in all the articles reviewed.

In this paper, we have worked on items number 2 and 6 using advanced modeling.

3. Research Methodology Process
3.1. Statement of the Research Problem

As stated earlier, a lot of projects have unknown situations. For example, the daily
drilling required for oil and gas projects is undisclosed. As a result, the progress of the work
is also expressed with uncertainty and with the help of linguistic terms (LTs) such as very
bad, almost good, etc. There is a challenge regarding these LTs used in the development
statement: “What is the confidence level of the assigned linguistic term?” Reliability is
an essential issue in this field. This idea led to modeling the inaccuracy in evaluating the
progress of activities and the judgment reliability used in progress assessment. Due to
the uncertainty in determining these two components (progress and reliability of expert
judgment) by an expert in reality, grey and fuzzy theories are combined. In this way, the
first component (progress) is defined by a fuzzy number and has a membership function.
The second component (reliability) expresses confidence in the progress in grey.

~

®A = ((a1,a2,83), (82, al) 1)

The first part (TFN) and the second part (Interval grey number) of ®;l are not depen-
dent. Grey and fuzzy data represent the uncertain data. In order to describe the concept of
IGTF number, the following terms are shown as examples that can convey judgments:

e  (Sure, very good: real progress)

Since project cost and time forecasting are susceptible to budget and time constraints,
IGTF numbers are recommended for cost-time analysis. Also, grey-fuzzy EVM based
on IGTF numbers uniquely considers uncertainties and probabilities simultaneously. It
uses fuzzy and subjective sets with grey probability and confidence levels, which are
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more similar to real-world data. It is thus summarized that the reason behind choosing
IGTF comes from both the literature review (published papers in this area) and practical
situations in project and operations management, which is an extension of the three-case
scenario, called most likely, optimistic, and optimistic cases.

In the proposed calculation of Grey Fuzzy EVM, which we call GF-EVM for short, the
first component is related to the fuzzy image of LTs, and the second component expresses
the confidence degree of the first part. It is expressed with grey LTs. As a result of the
above explanations, in describing the uncertainty components of the project, such as the
actual progress of the activity, the opinion of the decision-maker and expert is expressed
using the relevant LTs. However, the expressions “high” and “probable” used in the first
and second parts are LTs and are not directly mentioned as Interval triangular grey fuzzy
number components. Therefore, Tables 2 and 3 can transfer LTs to fuzzy and grey numbers.

Table 2. Terminology of triangular fuzzy membership function to determine the actual progress.

Actual Progress

TFN LTs
(0.0,0.1,0.15) Worst (W)
(0.1,0.2,0.3) Very poor (VP)
(0.2,0.35,0.5) Poor (P)
(0.3,0.5,0.7) Fair (F)
(0.5, 0.65, 0.8) Good (G)
(0.7,0.8,0.9) Very Good (G)
(0.85,0.9,1.0) Excellent (E)

Table 3. Grey verbal terms to determine the degree of confidence.

Confidence Degree

LTs Probability
[0.0,0.3] Unlikely (U)
[0.3,0.5] Fairly Impossible (FI)
[0.4,0.6] Maybe (M)
[0.5,0.7] Fairly (F)
[0.7,0.9] Likely (L)

[0.8, 1.0] Most Likely (ML)
[1.0,1.0] Certainly (C)

Table 2 presents the linguistic terms (LTs) used to describe actual progress levels,
along with their corresponding TFNs. These values enable the conversion of qualitative
assessments into quantitative fuzzy inputs for further analysis. Also, Table 3 maps linguis-
tic terms to grey probability intervals to represent different levels of confidence. These
intervals are used to quantify uncertainty in expert judgments during project performance
evaluation.

The membership function is presented in Figure 1.
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m Worst Very Poor Poor Fair Good Very Good Excellent

f { Y ' Y : Y } } \ Actual Progress
0 01 015 0.2 03 0.4 0.5 0.6 0.7 08 085 09 1

Figure 1. Fuzzy membership, including TFNs and related verbal terms.

Algebraic operations in IGTF numbers

According to Yin et al.’s definition [44], considering that there are two IGTF numbers,
the operators between these two numbers are defined as follows. The algebraic formulas of
IGTF numbers will be used to model grey and fuzzy EVM. Below, the relevant standard
operations are given:

®A+ @B = ((a1 + by, a2 + by, a3 + bs), [max(ga, gp), max(ga, 8v))) ()
®A — ®B = ((a1 — by, a2 — by, a3 — b3), [max(ga, &), max(3a, 3p)]) 3)
®1N4 X ®§ = )
((min(a1by1, a1b3, azby, asbs), azby, max(ayby, a1bs, asby, asbs)), [max(ga, &), max(ga, 8v)])
i
®B-uauua ap aq a4z a (5)
((min(2, 2,5, 55, %, max(8, 12, 93, 9)), [max(g,, g0), max(Ts, 7))
bl/bZI b3 7é 0
k® A = ((kay, kay, ka3), [ga3a]) ©)
k>0
(©AY = (@), (@), (@)'), [30.8)) -
r>0

Features of the grey-fuzzy earned value model:

The progress or duration of project activities is always accompanied by uncertainty,
which might be due to various reasons, such as delays in the supply of materials and
reworking of activities. Here, we consider the activities” progress by merging with verbal
and mental probabilities as IGTF numbers. It is applied to remodel the EVM indica-
tors. The parameters of the presented model are defined in Table 4. It should be noted
that the signs on each parameter mean that the corresponding parameter is modeled us-
ing IGTF numbers. For example, it means the total value of the fuzzy triangular grey
interval (Table 4).
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Table 4. The parameters of the presented research model.
Index Description
QEV General IGTF for earned value
QAP IGTF Actual Progression
®EV; IGTF EV of phase i
®SPI IGTF Scheule Performance Index
®CPI IGTF Cost Performance Index
®CR IGTF criticality index
®]§Z/C Estimation in IGTF at completion cost
®?C\P/I Total Performance Index until the completion of IGTF
@f]\f Estimation to completion of IGTF
~ The sign ~ indicates a fuzzy concept for the parameters.

3.2. Research Assumptions, Limitations, and Hypotheses

The following assumptions and limitations are considered in modeling the value

management of the fuzzy grey EVM model:

1.

As we learned in the drilling project example, in some projects, the value of an
operation cannot be measured, so real progress cannot be assigned to it. Therefore, in
this study, it is supposed that the project includes uncertainty about the progress of
the activities. In this way, the expert cannot express the exact amount of progress of
the action and represent the amount of progress with LTs.

The model assumes that a triangular fuzzy membership function represents the
progress of an activity. This function converts the linguistic term ‘Yashraft” into
a numerical value, facilitating its formula use. The choice of the triangular fuzzy
function is driven by the need to create a common ground for comparing the fuzzy
and grey combination model with the EV model of Z-numbers. Notably, the triangular
fuzzy function has been widely used in various research types, including Hendiani’s
article [3], to allocate to real progress.

Another hypothesis is grey uncertainty in the expert’s degree of confidence in com-
menting on the level of progress. In this way, he expresses his opinion about the
activity’s progress with words like sure, most likely, etc.

Since the expert cannot express a specific percentage or probability of his opinion,
uncertainty surrounds the project to a large extent. Grey uncertainty is shown using a
grey number in the interval between zero and one so that the expert can determine
the degree of confidence in a grey interval.

Our limitation in this research is that we consider planned value and actual costs
deterministically. Indeed, it was possible to assume grey planned value; however,
according to the expert’s judgement and the project manager’s opinion, it was decided
to consider it as is. Regarding the actual costs, it is worth mentioning that they should
have been calculated deterministically according to accounting ledgers, as expenses
incurred for every single project can be measured according to the actual data collected
at the end of each cut-off date.

Research hypotheses:

Uncertain conditions need a fuzzy, grey system or a combination of the existing
models. It is not possible to use deterministic models in uncertain circumstances.

In EVM, the most difficult parameters that need to be analyzed in uncertain conditions
are progress and earned value. Those have a significant impact on the project metric
and control system.
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3- ETC, EAC, and all forecasting parameters need substantial data collection and analysis
using EVM metrics such as SPI, CP], etc.

3.3. Research Methodology

Before starting to model the EV of fuzzy grey model, we will outline the path ahead
in the modeling. As can be seen in the flowchart, there are eight steps in the fuzzy grey
EVM model, which starts with expressing the progress of the activity and the degree
of confidence, and finally evaluates the project’s health and, if there are defects, takes
corrective measures. The critical point in the first and second steps is correctly placing
verbal values with IGTF numbers introduced by Yin et al. [45] using Tables 2 and 3.
After converting the LTs into IGTF numbers, we will start modeling the management of
the earned fuzzy grey value, which we will show in detail with its formulas. At the end,
Figure 2 illustrates the structure of the proposed Fuzzy Grey EVM model. It integrates fuzzy
logic and grey theory to handle uncertainty and enhance project performance evaluation.
In this figure:

Step 1: Expressing the actual progress of the activity using expressions and verbal
expressions with the corresponding degree of confidence. For example: the progress of
activity 1 is good with a relatively moderate probability.

v

Step 2: Placement of the linguistic terms of the amount of progress using triangular fuzzy numbers
from Table No. 3-1 and linguistic variables of degree of confidence using Table No. 3-2

v

Step 3: Calculate the grey fuzzy EV of each activity, by multiplying the budget of that activity by
the grey fuzzy progress

v

Step 4: Calculate the overall value of fuzzy grey using the sum of fuzzy grey EV of each activity
{formula 9-3)

Step 5: Calculation of time and cost performance indicators of fuzzy grey (formulas 10-3 and 11-
3)

v

Step 6: Determining the time and cost status of the project by analyzing the scenarios in tables 3-
4 and 3-5

v

Step 7: Assessing the health of the project by multiplying two indicators of cost performance and
fuzzy grey time performance (formula 12-3)

The project is unhealthy The project is healthy

Step 8: Assessing the structure of the
project's failure in a bottom-up manner, Step 9: Finish
identifying activities that have led to
weaknesses in the project, and taking
corrective measures.

Figure 2. Fuzzy grey EVM model flowchart.

Step 1: Describe the progress of each activity using verbal terms and confidence levels.

Step 2: Convert verbal expressions to triangular fuzzy numbers and confidence levels
to linguistic variables.

Step 3: Calculate the fuzzy grey EV of each activity by multiplying its budget by the
fuzzy grey progress.

Step 4: Sum all activity EVs to obtain the total fuzzy grey EV.
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Step 5: Compute fuzzy grey cost and time performance indicators.

Step 6: Determine the project’s time and cost status based on scenario analysis.

Step 7: Evaluate project health by combining the cost and time indicators.

Step 8: Identify root causes and suggest corrective actions.

Step 9: End

The EV of each activity, which is equal to the budget for the work done at a certain
point in time, is obtained by multiplying the actual progress in the budget of that activity.
In the fuzzy grey resulting value model, an actual progress number is an IGTF number
whose progress value and degree of confidence have been converted into an IGTF number.
Below, the mathematical formulations for SPI, CPI, and EAC under IGTF are presented,
in addition to Equation (8) derived from classical EVM. Here, EV is modeled as an IGTF
number (Interval Grey Triangular Fuzzy), allowing the expression of uncertainty in project
progress. Also, Equation (9) is from classical EVM. EV is expressed with uncertainty using
IGTF, while AC is considered deterministic:

fv  ((EVi,EVa,EV3),[gev.8EV]) EVi EV, EV. - DT EV
K = (CUEAEIED (3, 5, 59), Lo o) © 571 = ©
(EV1,EVa,EV3),[gev BBV EV, EV, EV. —
= 2SOV = (b, iE, 52), [8Ev, SEV])
Fv  ((EVi,EVa,EV3),[gev.8EV]) EVy EV, EV. - ~P EV
Sfp = (SRR _ (5, 8% B, (gry, g7]) © CPI = 54 o

_ ((EV1,EV,EV3),[gEv.8EV) ((EVI EV, EVy

= AC = ((ad, aé ad ). 8ev, 8ev])

The critical index of the IGTF number is the project’s product and shows its health.
This amount is calculated using the following formula. Also, this formula is an integrated
indicator of project health. Both SPI and CPI are expressed as IGTF numbers, allowing for
uncertainty representation:

®CR = ®CPI x ®SPI =
. EV;2  EVEV: E5? EV,2 EV;2  EViEV: E5?
((min(zdpy, AckPV ATEPV ), Aszpv'm”x(Ac;xipvr ACKPV / Aciﬂ/))f
[8ev, 8Ev]) = ((CR1,CR2, CR3), [gEV, §EV]) ® CR = ®CPI X @SPI = (10)
. EV;2  EViEV: E5? EV,2 EVi2  EVLEV: E5?
((min( 4dpy  acpy a0epv ) ACePy MOX(ACpy  ACKPY ACPV )

[8ev, ZEv]) = ((CRy, CR2, CRs), [gEV, SEV])

Among the various formulas used to obtain the estimate at completion, assuming that
the cost performance index is constant throughout the project is equivalent to dividing the
budget by the cost performance index. Since in this model, the cost performance index is
an IGTF number, EAC is represented by and is equal to:

®EAC = 24C —
((min(BACxAC BAI(:”:\ZAC )/ BA%ZAC,THCIX(BAS‘EAC, BAI(:;XZAC))’ [mﬂx(lngiv)/max(llgEiv)]) ® EAC (11)
_ BAC _
@CPI
((min( BAE‘ZAC’ BAE\ZAC )/ BAg‘ZAC,maX( BA](:_Z‘>/<1AC’ BAgleC))’ [max(l,gsiv),max(lléﬁsiv)])

In Equation (11), the standard EVM forecasting formula is presented. With CPI as
an IGTF number, EAC also incorporates uncertainty. Another formula calculates time
performance and current cost indicators. More costs should be considered if a project is not
performing well in terms of schedule and cost performance. The reason for this increase in
costs is the potential increase in time or speed of work to complete the project on time:
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A BAC—Q®EVY _ BAC—((EVy,EVo,EV3),[8Ev . SEV])
®EAC = AC + (P2 77) = AC+ (1R, Ry Ry ) frax(T gy ) max(Lze7)])

((BAC—EVl,BAC—EVZ,BAC—EV;;),[gEiV,gW])

= AC+( ((CRy,CR,,CRy),[max(1,ggv),max(1,gev)])

—AC+ ((min(BAgEEvll BAgI;Evll BAgEEV3, BAglzaEvs ), BAEIEZEVZ’
max(BAgglEvll BAgI;3ElV1, BAgE]gV3’ BAgESéw ), [max(1, gev), max(1, g57)])
— ((AC +mm(BAgI;1EV1, BAglstvlr BA(C:EfV3, BAEE;E%),AC I %IEZEVZ’

AC + max( BAC*EVll BAC*EVll BA(C:IEIEVQ,’ BAg]zaEV3))I [max(lrgEV)/ mﬂx(l,@)]) ® EA{?

R, CR;
BAC—((EV1,EV2,EV3),[gEv.SEV])

=AC+ (mgf%w) = AC+ (—(cr, cRy R (1,ggy) 3% (L 8EV)])

— AC + (((BAC—EVl,BAC—EVz,BAC—EV@,[gLigﬁ])
((CRy,CR,CR3),[max(1,gpy ) max(1,8ev)])
= AC + ((min(BAgEEVI, BA(CjEEVI/ BAEEEV3' BA((E“EsEV3), BAEEZEVZI
max(PAeEA, BAEEEV% BA&EFV% BA€§5V3 ), [max(1, gey), max(1, Tev)])
o . +BAC—EVy BAC—EV; BAC—EV3 BAC—EV3 BAC—EV,
A e uad r sl aal g VR
+max(=crt Ter T ory oy ) max(1, gev), max(1,gev)])

(12)

This alternative approach to estimating EAC adds actual cost (AC) to the estimate to
complete (ETC), both of which are possibly uncertain. The performance index until the
completion time is calculated based on the IGTF number using the following formula:

@TCPI — (BAC—®EV) __  BAC—((EVy,EV,,EV3),[gEv.8EV])
(9EAC—AC)  ((EAC|,EAG,EAG)[gev gev])—AC
((BAC—EVy,BAC—EV3,BAC—EV3),[gev ZE7])
((EAC;—AC,EAC,—AC,EAC3—AC),[gv.SEV])
— ((min(BAC=EV, BAC_EV, BAC—LV; BAC_EVy) BAC-EVy
= EAC;—AC’ EAC,—AC’ EAC;—AC’ EAC;—AC /)’ EAC,—AC’ N
BAC—EV; BAC—EV; BAC—EV; BAC—EV, — o\ o TAGT _ (BAC—®EV)
max(FAc—AC: FAC, —AC: TAC,— A FAC,—ac)) [8Ev,8Ev]) ® TCPI = (@EAC—AC) (13)
_ BAC—((EV1,EVp,EV3),[Ev.8EV))
((EACl,EACZ,EAC3),[g57‘/,g57\/])7AC
((BAC—EVy,BAC—EVy,BAC—EV3),[gev.8Ev])
((EAC;—AC,EAC;—AC,EAC3—AC),[8Ev.8EV])
— ((min(BAC=EV, BAC_EV, BAC_EVy BAC-EVy) BAC_El
= EAC;—AC’ EAC;—AC’ EAC,—AC’ EAC;—AC )’ EAC,—AC’
max(BAC-EV, BACEV) BAC-EVy BAC-EV)) | zzvl)
EAC,—AC’ EAC;—AC’ EAC;—AC’ EAC,—AC /)7 |SEV,8EV

This equation is derived from classical EVM. EV is modeled using IGTF; AC and BAC
are crisp values. Also, the estimate until completion is based on the IGTF number, using

the estimate at the time of completion based on the IGTF number, and the definite value of
the Actual Cost (AC) is obtained:

®ETC = ®EAC — AC = ((EAC; — AC,EAC; — AC,EAC; — AC), [gev, 3Ev]) ® ETC = @ EAC — AC
= ((EACl - AC/ EAC2 - ACI EAC3 - AC), [gEV/gEiv])

(14)

ETC reflects the remaining cost, calculated from the IGTF-modeled EAC and crisp AC.
After calculating the EVM method indicators, several scenarios have been presented for the
cost and schedule performance indicators (Tables 5 and 6). These scenarios help determine
the project’s current status, providing a comprehensive view of the project’s performance.
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Table 5. The scenarios of cost performance index evaluation.

No. vs. 1 @CPI®CPI Status of Project Status from a Cost Perspective
1 o<l p{®g <[1,1]} =05 Beyond budget
p{eg < [1,1]} =1 Probably over budget
v ifp<l<c p{®g <[1,1]} =05 Relatively beyond the budget
p{eg < [1,1]} =1 Probably relatively over budget
3 b1 p{®g < [1,1]} =05 According to the budget
p{og < [1,1]} =1 Probably according to the budget
p{®g < [1,1]} =05 Relatively behind the budget
4 ifa<l<b r{eg < 1,1} =1 Probably relatively behind the budget
5 f1<a p{®g < [1,1]} =05 Behind the budget

p{g <[L1]} =1

Probably behind the budget

Table 6. The scenarios of schedule performance index evaluation.

The Status of the Project from the

No. vs- 1 ®@SPIQSPI Status of Perspective of the Schedule

1 o<1 p{®g < [1,1]} =05 behind schedule
p{eg < [1,1]} =1 Probably behind schedule

’ h<1<c p{®g < [1,1]} =05 Relatively behind schedule
p{eg < [1,1]} =1 Probably relatively behind schedule

3 b1 p{®g < [1,1]} =05 According to the program
p{eg < 1,1} =1 Probably according to the program
p{®g < [1,1]} =05 Relatively ahead of schedule

4 ifa<1l<b _ Probably relatively ahead of
pleg<[L1} =1 schedule

5 1 < a p{®g < [1,1]} =05 Ahead of schedule

pig <[L1]} =1

Probably ahead of schedule

The project health status is shown in Table 7. As it is always important to analyze

EVM indexes correctly, this paper presents a new terminology for the interpretation of the

cost and schedule performances.

Table 7. Project health status.

No. vs. 1 ®CR®CR Status of Project Health
1 o<l p{®g <[1,1]} =05 Unhealthy
p{eg <[1,1]} =1 Probably unhealthy
5 l<a p{og <[1,1]} =05 Healthy
p{eg<[1,1]} =1 Probably healthy
3 Otherwise Almost healthy

4. The Obtained Results

In this section, a real-world numerical example is solved using the proposed approach

to clarify the case by GF-EVM and compare it with ZEVM. The results are compared to
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show the superiority of GF-EVM. The case study in [3] is related to one of the largest
equipment manufacturers of manufacturing companies, which is carrying out various
projects such as the provision of pipes, armatures, columns, etc. This company has different
project teams. This study is related to the construction of distillation towers, which have
three phases: engineering, procurement, and construction. Each phase contains several
activities. The project is in progress and is planned to be performed in 9 months. The
engineering department experts obtained the information on each stage based on data from
previous projects. These three phases start simultaneously and continuously. For each
phase, the initial values of the PV and the budget at the time of completion are estimated
based on the plant capacity, total price, access to resources, and other factors. The PV and
AC for the three project phases are shown in Table 8.

Table 8. The PV and AC for the three project phases.

Month
1 2 3 4 5 6 7 8 9
PV (USD 1000) 8 12 14 21 285 36 39 44 55
Phase 1 AC (USD 1000) 9 115 15 17 25 34 41 43
PV (USD 1000) 101 1412 18 215 29 36 43 50 62
Phase 2 AC (USD 1000) 92 126 159 242 276 392 464 497
PV (USD 1000) 74 112 16 19 2 275 294 326 45
Phase 3 AC (USD 1000) 6 7.8 9.1 15 19 23 269 29

®EV1; = ((0.1,02,0.3),]0.7,0.9]) x 13121 = (1312.1,2624.2,3936.3),[0.7,0.9]) ® EV1

Table 9 specifies the budget at completion (BAC) time for each unit related to different
phases. Each activity’s progress is defined based on Tables 1 and 2, based on experts’ ideas
using fuzzy and grey numbers and relevant language terms. On the left side of Table 8, we
can see the conversion of LTs into TFNs and the grey interval for solving by the fuzzy grey
model. On the right side of Table 9, we can see the conversion of terms into numbers for
solving using Hendiani’s Z model. In the following, to solve the problem, we have used
the Z-numbers in the Indian article to compare these two methods. The reader is referred
to the article mentioned to learn to solve the problem with the Z-number method.

In Table 10, the activities” progress rates, estimated by the approaches (IGTF number
and Z-number), are multiplied by the corresponding BAC to calculate the resulting value of
the first phase activities. The sum is the total amount equal to the project phase’s total value.
We explain the solution of row 1 as an example. According to the information on project
activities, activity 1 of phase 1 of the project is subject to a cost of USD 13,121. Also, from
the point of view of the project expert, the level of progress of this activity has been assessed
with a low (L) or very poor (VP) degree of confidence. First of all, using Tables 1 and 2, we
convert the verbal expressions of the project expert into an interval-like grey fuzzy number,
which is equal to ((0.1,0.2,0.3), [0.7,0.9]). Now, this fuzzy grey number is used to calculate
the resulting fuzzy grey value. The fixed budget for activity one is multiplied by the IGTF
number in Equation (15) to calculate the resulting value.

15
= ((0.1,0.2,0.3),[0.7,0.9]) x 13121 = (1312.1,2624.2,3936.3),[0.7,0.9]) (15)
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Table 9. Budget and LTs assigned to activities.

GF-EVM ZEVM
Activity No.  BACj; L‘i;f;i];teic Pgiloor(:l;e:ce Corﬁirgz’nce Fug)’;ggf;ii of Bij Bij Zij=,/Bij ><AA131~]~
Rate AP;; Level

1-1 13,121 (VP L) (0.1,0.2,0.3) [0.7,0.9] (0.7,0.8,0.9) 0.8 0.9 (0.09,0.18,0.27)
2-1 7114 (VG, M) (0.7,0.8,0.9) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.49,0.56,0.63)
3-1 5,596 (E,L) (0.85,09,1) [0.7,0.9] (0.7,0.8,0.9) 0.8 0.9 (0.76,0.81,0.90)
4-1 13,833 (VP Q) (0.1,0.2,0.3) [1,1] (1,1,1) 1 1 (0.10,0.20,0.30)
5-1 12,591 (P, F) (0.2,0.35,0.5) [0.5,0.7] (0.5,0.6,0.7) 0.6 0.77 (0.15,0.27,0.38)
6-1 15,882 (VG, ML) (0.7,0.8,0.9) [0.8,1] (0.8,09,1) 0.9 0.94 (0.63,0.72,0.90)
7-1 10984 (P, M) (0.2,0.35,0.5) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.14,0.24,0.35)
1-2 12,178 (VG, M) (0.7,0.8,0.9) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.49,0.56,0.63)
2-2 16,043 (AG) (0.2,0.35,0.5) [1,1] (1,1,1) 1 1 (0.20,0.35,0.50)
3-2 18,542 (VG, M) (0.7,0.8,0.9) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.49,0.56,0.63)
4-2 18,841 (E, L) (0.85,0.9,1) [0.7,0.9] (0.7,0.8,0.9) 0.8 0.9 (0.76,0.81,0.9)
5-2 12,125 (VG, M) (0.7,0.8,0.9) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.49,0.56,0.63)
1-3 10,821 (E,L) (0.85,0.9,1) [0.7,0.9] (0.7,0.8,0.9) 0.8 0.9 (0.76,0.81,0.9)
2-3 13,663 (VG, M) (0.7,0.8,0.9) [0.4,0.6] (0.4,0.5,0.6) 0.5 0.7 (0.49,0.56,0.63)
3-3 12,692 (VG, ML) (0.7,0.8,0.9) [0.8,1] (0.8,09,1) 0.9 0.94 (0.763,0.72,0.90)

In addition, in order to compare the model of this research with the fuzzy EV model
using Z-numbers, the last two columns of the table have been used from the model men-
tioned by Hendiani et al. [3]. In this method, the expert expresses his opinion about the
project’s progress with a number, both of which are TENs. In the model of the EV of the
number Z, this number is converted into a TFN using the component for ease of calculation.
This component is equal to a TEN.

L =(0.7,0.8,0.9)
_ 0.740.8409 __
p = 07408409 _ 0 g

Zij = \/Bij X APjj = v/0.8 x (0.1,0.2,0.3) = (0.09,0.18,0.27)
ZEV = BAC x Z;; = 13121 x (0.09,0.18,0.27) = (1180.89,2361.78,3542.67)

(16)

In Table 11, the activities” progress rates estimated by the approaches (interval grey
triangular phase number and Z-number) have been multiplied in the corresponding BAC
to calculate the resulting value of the activities of the second phase. The sum of these gives
us the total value (the total value of the result of phase 2).

Table 12 calculates the resulting value of the third phase’s activities and the consequent
value of the entire third phase.

The difference between each EV based on the interval grey triangular phase number
and the EV based on the Z-number is shown in the image below. Note that each diagram
has two types of lines; the dashed line is the indicator, and the line is the indicator. As you
can see, the values of the earned grey fuzzy value are more significant than those of the EV
based on Z-numbers.
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Table 10. Calculation ® EV and ZEV of the activities of Phase 1.

Grey Fuzzy-EVM

ZEVM

Activity BACG;; Linguistic Variable ®AA131-]- ®ﬁlzj=®A/T’Tj X BACy;j Zii=\/Bqj ><1’1VP,-]~ Zﬁ/lFBAClj xilj
1-1 13,121 (VP, L) ((0.1,0.2,0.3),[0.7,0.9]) ((1312.1,2624.2,3936.3),[0.7,0.9]) (0.09,0.18,0.27) (1180.89,2361.78,3542.67)
2-1 7,114 (VG, M) ((0.7,0.8,0.9),[0.4,0.6]) ((4979.8,5691.2,6402.6),[0.4,0.6]) (0.49,0.56,0.63) (2485.86,3982.84,4481.82)
3-1 5,596 (E,L) ((0.85,0.9,1),[0.7,0.9]) ((4756.6,5036.4,5596),[0.7,0.9]) (0.76,0.81,0.90) (4252.96,4532.76,5036.4)
4-1 13,833 (VP, C) ((0.1,0.2,0.3),[1,1]) ((1383.3,2766.6,4149.9),[1,1]) (0.10,0.20,0.30) (1383.3,2766.6,4149.9)
5-1 12,591 (P, F) ((0.2,0.35,0.5),[0.5,0.7]) ((2518.2,4406.8,6295.5),[0.5,0.7]) (0.15,0.27,0.38) (1888.65,3399.57,4784.58)
6-1 15,882 (VG, ML) ((0.7,0.8,0.9),[0.8,1]) ((11117.4,12705.6,14293.8),[0.8,1]) (0.63,0.72,0.90) (10005.66,11435.04,14293.8)
7-1 10,984 (P,M) ((0.2,0.35,0.5),[0.4,0.6]) ((2196.8,3844.4,5492),[0.4,0.6]) (0.14,0.24,0.35) (1537.76,2636.16,3844.4)
Total 79,121 ((28264.2,37075.2,46166.1),[1,1]) (23735,31115.7,40133.5)
Table 11. Calculation ® EV and ZEV of the activities of Phase 2.
Grey Fuzzy-EVM ZEVM
Activity BACG;; Linguistic Variable ®AA131-j ®1§]E=®A/T’Tj X BA Gy Zii=\/B1j foij Zﬁ/lj=BAC1j xil]-
1-2 12,178 (VG, M) ((0.7,0.8,0.9),[0.4,0.6]) ((8524.6,9742.4,10960.2),[0.4,0.6]) (0.49,0.56,0.63) (5967.22,6819.68,7672.14)
2-2 16,043 (A ((0.2,0.35,0.5),[1,1]) ((3208.6,5615.05,8021.5),[1,1]) (0.20,0.35,0.50) (3208.6,5615.05,8021.5)
3-2 18,542 (VG, M) ((0.7,0.8,0.9),[0.4,0.6]) ((12979.4,14833.6,16687.8),[0.4,0.6]) (0.49,0.56,0.63) (9085.58,10383.52,11681.46)
4-2 18,841 (E,L) ((0.85,0.9,1),[0.7,0.9]) ((16014.85,16956.9,18841),[0.7,0.9]) (0.76,0.81,0.9) (14319.16,15261.21,16956.9)
5-2 12,125 (VG, M) ((0.7,0.8,0.9),[0.4,0.6]) ((8487.5,9700,10912.5),[0.4,0.6]) (0.49,0.56,0.63) (5941.25,6790,7638.75)
Total 77,729 ((49214.95,56847.95,65423),[1,1]) (38521.81,44869.46,51970.75)
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Table 12. Calculation ® EV and ZEV of activities of Phase 3.
Grey Fuzzy-EVM ZEVM
Activity BAC,I LTs of Progress ®AP1] ®EV3]'=®AP3]' X BAC3] Zij= ﬁl] XAPi]' ZEV3]-=BAC3]~ ><23]-
1-3 10,821 (E,L) ((0.85,0.9,1),[0.7,0.9]) ((9179.85,9738.9,10821),[0.7,0.9]) (0.76,0.81,0.9) (8223.96,8765.01,9738.9)
2-3 13,663 (VG, M) ((0.7,0.8,0.9),[0.4,0.6]) ((9564.1,10930.4,12296.7),[0.4,0.6]) (0.49,0.56,0.63) (6694.87,7651.28,8607.69)
3-3 12,692 (VG, ML) ((0.7,0.8,0.9),[0.8,1]) ((8884.4,10153.6,11422.8),[0.8,1]) (0.763,0.72,0.90) (7995.96,9138.24,11422.8)

Total 37,176 ((27628.35,30822.9,34560.5),[0.8,1]) (22914.79,25554.53,29769.39)
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EV of Phases 1 and 2 are shown in Figures 3 and 4 respectively.

FEVM and ZEVM of phase 1 are shown in Figure 5. When the ®EV is obtained for
each activity, and the total result value for each phase ®EV is obtained to calculate the
schedule performance index (® SPI) and the cost performance index (¥ CPI).

—  ®EV _ ((28264.2,37075.2,46166.1),1,1])
®SPI = & = 000 = ((0.64,0.84,1.049),[1,1]) (17

Calculation of scheduling performance index using Z-numbers, calculated using the

formulas of this article:

—~ (Ey,E,E 23735.08,31115.75,40133.57
ZSPI, = (Ev Ea Bs) _ | ) _ (0.53943,0.70717,0.91212) (18)

PV 44000

Differences between ®SPI and ZSPI in phase 1 are shown in Figure 6.

®EV _ ((28264.2,37075.2,46166.1), [1,1])

®CPI = = ((0.657,0.862,1.073),[1,1]) (19)

AC 43000
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Figure 3. EV of phase 1.
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Figure 4. EV of phase 2.
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Figure 5. FEVM and ZEVM of phase 1.
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Figure 6. Differences between ®SPI and ZSPI in phase 1.

Also, to calculate the performance index, we will have a cost using Z-numbers:

(E1,Ep, E3)  (23735.08,31115.75,40133.57)
AC o 43000

ZCPL, = = (0.55197,0.72363,0.93333) (20)

The difference between the fuzzy grey performance index and the Z cost performance
index is shown in Figure 7.

Membership Degree

12

Cost Performance Index

Figure 7. Differences between ® CPI and ZCPI in phase 1.

In general, Table 13 presents the calculations of the schedule performance index (and)
and cost performance index (and) for all three phases of the project.
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Table 13. Calculation of time and cost performance indicators for each phase of the project.

Phase —_ = — e P .
No. ®SPI=5 ZSPI=%EY ®CPI=SEY ZCPI=2EY
1 ((0.64,0.841.049),[1,1])  (0.5394,0.7071,0.91212)  ((0.657,0.862,1.073),[1,1])  (0.55197,0.72363,0.93333)

2 ((0.984,1.137,1.308),[1,1]) (0.770,0.897,1.039) ((0.990,1.143,1.316),[1,1]) (0.775,0.902,1.045)
3 ((0.847,0.945,1.060),[0.8,1])  (0.702,0.783,0.913) ((0.952,1.062,1.191),[0.8,1])  (0.790,0.881,1.026)

Below, you can see the difference between phases two and three (the dashed blue line
indicates fuzzy grey values, and the blue line indicates values based on Z-numbers).

The difference between ® CPI and ZCPI in phase 2, ® SPI and ZSPI in phase 2, ® CPI
and ZCPI in phase 3 and ®SPI, and ZSPI in phase 3 are depicted in Figures 8-11.

03 ;N

0.8 / \

0.7 / \
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—
-
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Figure 8. Differences between ® CPI and ZCPI in phase 2.
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Figure 9. Differences between ® SPI and ZSPI in phase 2.



Systems 2025, 13, 484

21 of 29

09
0.8
0.7
06

05

Membership Degree

0.6 0.7 0.8 09 1 11 12 13

Cost Performance Index
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Figure 11. Differences between ®SPI and ZSPI in phase 3.

4.1. The Results of the Health Status of the Project

According to the values obtained for cost and schedule performance indicators and
according to the scenarios mentioned in Tables 5 and 6, Table 13 shows the health status of
the project phases from the perspective of time. It specifies the classification and cost. The
solution results of the same case study have been compared to the method investigated
in this research using the model of Hendiani et al. The expression of the project’s health
status using the fuzzy grey value model is associated with a degree of confidence that we
do not see in the value management model using the Z-number. For example, the phase
status of a project in the model used by Z-numbers shows that it is behind schedule. In
the case of the fuzzy grey model, the number in the schedule performance index shows
that the project is relatively behind schedule with certainty. The status of each phase of the
project in terms of time and cost is shown in Table 14.

Finally, to determine the status of all project phases, a critical index is calculated
using Formula (23) to measure their health status. The following example is a template for
calculating the crucial index of phase one, which shows that phase one is almost unhealthy.

®CR; = ®CPL x ®SPL =
((min(0.422,0.689,0.422,0.689, 1.126),0.726, max(0.422,0.689,1.126)), [1,1]) = (21)
((0.422,0.726,1.126), [1,1])
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These results are used to calculate each phase of the project. For example, the following
two models are provided to explain the solution method:

®EAC; = ((43000 + min(120513.74, 45165.89, 78092.18, 29267.23), 43000 + 57914.32,
43000 + max(120513.74, 45165.89, 78092.18,29267.23), [1,1]) (22)
= ((72267.23,100914.32,163513.74), [1,1])

®ETC; = ®EAC; — AC; = (72267.23,100914.32,163513.74), [1,1]) — 43000

23
= (29267.23,57914.32,120513.74) @)

According to Table 15, the values show that at the project’s endpoint, each of phases
1, 2, and 3 will be completed at whatever cost and with whatever degree of confidence.
Also, the values show how much money will be spent from the current time to the end
of the project and with what certainty. As a result of fuzzy grey value management
modeling in this case study, we observed that the three phases of this project, respectively,
from phase one to phase three, from the point of view of the project schedule, are almost
behind schedule with complete confidence, with nearly full confidence they are ahead of
schedule, and with a confidence of less than one (0.8-1) they are almost behind schedule.
We determined the advantage of using this model at this stage. In addition to knowing
the status of the phases from the perspective of timing and cost, we will also understand
the level of confidence of the expert in expressing this situation. By using the fuzzy grey
EVM model, we can also estimate the cost that each phase will face until the end of the
project, knowing the degree of confidence. For example, we know that phase one will be
completed with total certainty at the cost of (72267.23,100914.32,163513). By understanding
the status of each phase of the project and examining the related activities that make up the
phase that is in an unhealthy state, the project team can take corrective measures to solve
these problems.

Table 14. Status of each phase of the project in terms of time and cost.

Phase No. Status ®§VPI Status ZSPI Status ®C’TP7I Status ZCPI
1 Almost behind schedule behind schedule Almost beyond budget Beyond budget
2 Almost ahead of schedule Almost behind schedule Almost behind the budget Almost beyond budget
Probably almost . Probably almost
3 behind schedule behind schedule behind budget Beyond budget

Table 15. Calculations of ® EAC and ®ETC in the project phases.

Phase No. ®E/EE QETC
1 ((72267.23,100914.32,163513.74),[1,1]) ((29267.23,57914.32,120513.74),[1,1])
2 ((56846.34,65762.34,78975.2),[1,1]) ((7146.34,16062.34,29275.20),[1,1])
3 ((31070.86,35340.41,40831.04),[0.8,1]) ((2070.86,6340.41,11831.04),[0.8,1])

4.2. Research Findings

The research findings can be summarized as follows.

1. The combination of two theories, fuzzy and grey, can express great uncertainty in the
progress of project activities. As evident in the case study, the expert used LTs with
uncertainty to describe the amount of progress and even his degree of confidence.

2. By comparing the resulting value obtained by the fuzzy grey method with the resulting
value of the management method using fuzzy Z-numbers according to forms (3), (4),
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and (5), we found that the resulting value obtained by the combined fuzzy grey
method includes more significant amounts.

3. Asaresult of finding number 2 (larger values of the resulting value) and using forms
(8) to (11), we find that the values of cost and schedule performance indicators in the
fuzzy grey method are larger, as shown.

4.  The status of each phase or activity is expressed with degrees of confidence that are
not possible with other methods using the fuzzy grey method.

Comprehensive Comparative Analysis of EVM Models under Uncertainty

This part presents a comprehensive comparative analysis of various EVM models used
in project performance measurement under uncertainty. The models evaluated include
Traditional EVM (TEVM), Fuzzy EVM (FEVM), Grey EVM (GEVM), Z-number EVM
(ZEVM), and Grey Fuzzy EVM (GF-EVM). The analysis spans three project phases using
three primary metrics: SPI, CPl, and EAC. This part integrates all previous visual and
numerical comparisons into a unified report.

Also, higher SPI and CPI values indicate better schedule and cost performance, respec-
tively. Lower EAC suggests more efficient cost forecasting. The SPI and CPI comparisons
across EVM models are depicted in the next part.

Comparative Visual Analysis with Data Labels

The SPI across EVM models for phase 1 is depicted in Figure 12.

1.0

0.86

0.8

0.6

SPI

0.4

0.2

0.0 TEVM FEVM GEVM ZEVM GF-EVM

EVM Model
Figure 12. The SPI across EVM models for phase 1.
GF-EVM achieves the highest SPI in Phase 1, indicating superior schedule forecasting

under uncertainty.
The CPI across EVM models for phase 1 is depicted in Figure 13.
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Figure 13. The CPI across EVM models for phase 1.
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GF-EVM also leads in CPI for Phase 1, showing better cost efficiency and forecasting
precision. The SPI across EVM models for phase 2 is depicted in Figure 14.

121
101

0.8

0.4r

0.2r

0.0

GEVM
EVM Model

Figure 14. The SPI across EVM models for phase 2.

In phase 2, GF-EVM'’s SPI surpasses others, showcasing adaptability to schedule
changes. The CPI across EVM models for phase 2 is depicted in Figure 15.

00 TEVM FEVM GEVM ZEVM GF-EVM

EVM Model
Figure 15. The CPI across EVM models for phase 2.

GF-EVM continues to excel in CPI for phase 2, suggesting robust cost control capabili-
ties. The SPI across EVM models for phase 3 is depicted in Figure 16.
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Figure 16. The SPI across EVM models for phase 3.
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SPI comparison in phase 3 confirms GF-EVM'’s consistent lead in schedule perfor-
mance. The CPI across EVM models for phase 3 is depicted in Figure 17.

04r

0.2F

0.0 TEVM FEVM GEVM ZEVM GF-EVM

EVM Model
Figure 17. The CPI across EVM models for phase 3.

CPI comparison in phase 3 illustrates GF-EVM’s sustained edge in cost estimation accuracy.
Also, aggregate SPI and CPI performance across phases is shown in Figure 18.

TEVM
FEVM
GEVM

Aggregate SPI & CPI Performance Across Phases

Figure 18. Aggregate SPI and CPI performance across phases.

Finally, the comparison of EAC across models and phases is illustrated in Figure 19.
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Figure 19. The comparison of EAC across models and phases.
GF-EVM projects the lowest EAC in all phases, indicating optimal cost prediction.

4.3. Summary and Recommendations

The Grey Fuzzy EVM (GF-EVM) model proves to be the most effective in mod-
eling uncertainty within project management. It surpasses traditional and individual
fuzzy/grey/Z-number approaches in both schedule and cost dimensions. For projects
with high uncertainty, GF-EVM should be the recommended approach. ZEVM provides a
conservative middle ground and can be helpful where risk aversion is prioritized.

5. Discussion and Conclusions

In the current research, the combination of grey and fuzzy theories was used to
consider the uncertainties in the expression of the management factors of the resulting
value, including the project’s progress. For this purpose, TFNs were used to express the
progress of the project, and grey numbers were used to express the uncertainty of the
progress amount. In the continuation of this research, using other types of fuzzy numbers,
like trapezoidal fuzzy numbers, to express the model’s fuzzy progress is suggested. As the
following suggestion, if comparing the model of this research with the resulting value model
using Z-numbers infers that ZEVM is stricter, the results will be obtained by comparing
this model with the grey resulting value model of GEVM. Also, as was said, this research
investigated the uncertainty of progress to benefit from the combination of grey theory
in the uncertainty of the budget of project activities. The following discussions can be
listed below:

- One of the significant uncertainties in the project management context comes from
the uncertainty of progress. This subject could lead to serious financial claims. So,
by incorporating the proposed methodology given in this paper, actual progress and,
consequently, invoices and financial claims should be efficiently managed.

- This research provides excellent insight for high-level managers who are willing to
address the problems that arise due to the uncertainty of progress between the client
and contractor.

- The research provides a significant comparative analysis between EV Management
under Fuzzy and Grey (FGEVM) and EVM under Z-number (ZEVM) in different
situations. The results reveal the superiority of our proposed method.
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- The research not only provides an in-depth analysis of cost control systems but also
yields proper frameworks for final cost forecasting.

The following further research can be addressed in future studies.

- Addressing fuzzy type 2 integrated with Grey EVM to include the latest advanced
fuzzy grey modeling in EVM, not only for cost control purposes but also for forecasting
and complex future analysis.

- Developing a decision support system for the research methodology proposed in this
paper to automate the process step by step.

- Developing integrated fuzzy grey EVM with the stochastic process to address stochas-
tic conditions in complex project management systems.

Future Research

Although the current study focuses on enhancing the reliability and realism of cost and
schedule evaluations under uncertainty through the integration of grey and fuzzy theories,
it does not incorporate explicit environmental or sustainability-related performance metrics,
such as resource utilization efficiency, energy consumption, waste generation, or carbon
emissions. These dimensions are critical components of comprehensive sustainability
assessment. They are increasingly relevant in contemporary project environments, particu-
larly in the infrastructure, manufacturing, and energy sectors, where environmental impacts
are significant. The term “sustainable” in this research primarily reflects the methodologi-
cal robustness of the proposed GF-EVM approach in handling epistemic uncertainty and
supporting informed, reliable decision making. However, the scope of sustainability can
and should be broadened in future work. Specifically, subsequent research could extend the
proposed model by embedding quantifiable sustainability indicators into the earned value
framework. For example, new metrics could be introduced to measure the environmental
cost of delays, the efficiency of resource deployment, or the alignment of project execution
with green supply chain practices and regulatory compliance. Furthermore, multidimen-
sional performance indicators—covering economic, environmental, and social pillars of
sustainability—could be integrated using advanced MCDM techniques along with the
grey-fuzzy structure. This issue would enable project managers to assess trade-offs not only
between cost and schedule but also across broader sustainability objectives, thereby moving
towards a more holistic and future-ready model of sustainable project management.
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