
Research Article
Enhanced Fuzzy Delphi Method in Forecasting
and Decision-Making

Majed G. Alharbi 1 and Hamiden Abd El- Wahed Khalifa 1,2,3

1Department of Mathematics, College of Science and Arts, Methnab, Qassim University, Buraydah, Saudi Arabia
2Department of Operations Research, Faculty of Graduate Studies for Statistical Research, Cairo University, Giza 12613, Egypt
3Department of Mathematics, College of Science and Arts, Al-Badaya, Qassim University, Buraydah, Saudi Arabia

Correspondence should be addressed to Hamiden Abd El- Wahed Khalifa; ha.ahmed@qu.edu.sa

Received 21 May 2021; Revised 12 July 2021; Accepted 4 October 2021; Published 31 October 2021

Academic Editor: Bekir Sahin

Copyright © 2021 Majed G. Alharbi and Hamiden Abd El- Wahed Khalifa. /is is an open access article distributed under the
Creative CommonsAttribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided
the original work is properly cited.

/eDelphi method is a process where subjective data are transformed into quasi-objective data using statistical analysis and are converged
to stable points. /e Delphi method was developed by the RAND Corporation at Santa Monica, California, and is widely used for long-
range forecasting inmanagement science. It is amethod by which the subjective data of experts aremade to converge using some statistical
analyses. /is article proposes a variation of the Delphi method using triangular fuzzy numbers, where the communication method with
the experts is the same, but the estimation procedure is different. /e utility of the method is illustrated by a numerical example.

1. Introduction

In the Delphi method, experts with high qualifications are
first requested to give their opinions separately, without any
intercommunication, regarding predicting and realizing
certain events in science and technology. /en, a statistical
analysis is conducted to assess these subjective data, and
their first, second, and third quartiles are computed. /is
statistical information is transmitted to the experts. Fur-
thermore, these new estimates are then analyzed, and the
first, second, and third quartiles are recalculated. /e new
information is sent out to the experts once again, and this
process of restoration is continued until the process con-
verges to a reasonable stable solution. Grisham [1] provided
project management students with an example of the Delphi
research approach applied to a recent doctoral research
thesis, reviewed the literature on the Delphi approach, and
explained the researchmethod tool. Many authors have dealt
with the Delphi method such as Story et al. [2], Kauko and
Palmroos [3], Skinner et al. [4], and Beiderbeck et al. and
Lawnik and Banasik [5, 6]. Piecyk and McKinnon [7]
reviewed applications of the method to the field of freight
transport and logistics, assessed the usualness of Delphi-

derived predictions of long-term freight, and associated
environmental trends. /ey introduced a case study, the
experience of a large two-roundDelphi survey undertaken in
the UK to elicit projections of long-term trends in a number
of road freight and logistics variables. Revez et al. [8]
demonstrated the transformative potential of combining
participatory action research approaches with a modified
Delphi method to understand energy transition issues,
particularly beyond forecasting instruments.

In the literature, first of all, Zadeh [9] proposed the
philosophy of fuzzy sets. Decision-making in a fuzzy en-
vironment, developed by Bellman and Zadeh [10], has been
improved, enhancing themanagement of decision problems.
Zimmermann [11] introduced fuzzy programming and
linear programming withmultiple objective functions./en,
several researchers have worked on fuzzy set theory. /e
theory and applications of fuzzy sets, systems, and fuzzy
mathematical models were studied by many authors [12–19].
Cheng et al. [20] investigated a new fuzzy Delphi method
(FDM) to fit membership functions and examined the
stability of the process of the technique. Roy and Garai [21]
used a triangular intuitionistic fuzzy number to introduce a
new and improved version of the FDM. Moreover, Habibi
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et al. [22] applied the FDM to the single round for screening
criteria. Hsu et al. [23] summarized the key courses in the
education of construction engineers, where the evaluation
aspects and index are established using the FDM. Ciptono
et al. [24] classified and identified scientific research and
analyzed the current literature on the FDM to gain a broad
and detailed understanding of education.

Furthermore, He et al. [25] proposed a method to select
the proper green supplier successfully. Huang et al. [26] used
the FDM to identify the key input variables with the deepest
influence on the prediction of peak particle velocity (PPV)
based on the expert’s opinions and applied the effective pa-
rameters on PPV in hybrid artificial neural network-based
models, i.e., genetic algorithm, particle swarm optimization,
imperialism competitive algorithm, artificial bee colony, and
firefly algorithm, for the PPV prediction. Kabir and Sumi [27]
proposed a new forecasting mechanism modeled by inte-
grating the FDM with an artificial neural network technique
to manage the demand with incomplete information. Many
researchers have used the FDM in their works [28–30].

/is article proposed a variation of the Delphi method
using triangular fuzzy numbers, where the communication
method with experts is the same, but the estimation pro-
cedure is different.

Having motivation from the above literature, in this
study, a variation of the Delphi method using triangular
fuzzy numbers, where the communication method with the
experts is the same, but the estimation procedure is different,
is studied.

/e rest of the paper is outlined as shown in Figure 1.

2. Preliminaries

In order to easily discuss the problem, the basic rules and
findings related to fuzzy sets, fuzzy numbers, triangular
fuzzy numbers, and arithmetic operations are recalled.

Definition 1 (see [31]). Let M � X1 × X2 × . . . × Xn be the
Cartesian product, μi be the fuzzy set in Xi, and f: X⟶ Y

be the mapping. /en, the fuzzy set 􏽥A in Y can be defined
using the extension principle as follows:

􏽥A(y) �

Sup
x1 ,...,xn( )∈f− 1(y)

min μ1 x1( 􏼁, . . . , μn xn( 􏼁􏼈 􏼉, f
− 1

(y)≠∅,

0, f
− 1

(y) � ∅.

⎧⎪⎪⎨

⎪⎪⎩

(1)

Definition 2 (see [31]). Let 􏽥A and 􏽥B be two fuzzy sets; the
algebraic operations are defined as follows:

(1) Addition: 􏽥A(+)􏽥B:

μ􏽥A(+)􏽥B
(z) � Sup

z�x+y

min μ􏽥A
, μ􏽥B􏽮 􏽯, x ∈ 􏽥A, y ∈ 􏽥B. (2)

(2) Subtraction: 􏽥A(− )􏽥B:

μ􏽥A(− )􏽥B
(z) � Sup

z�x− y

min μ􏽥A
, μ􏽥B􏽮 􏽯, x ∈ 􏽥A, y ∈ 􏽥B. (3)

(3) Multiplication: 􏽥A(.)􏽥B:

μ􏽥A(.)􏽥B
(z) � Sup

z�x.y

min μ􏽥A
, μ􏽥B􏽮 􏽯, x ∈ 􏽥A, y ∈ 􏽥B. (4)

(4) Division: 􏽥A(/)􏽥B:

μ􏽥A(/)􏽥B
(z) � Sup

z�x/y
min μ􏽥A

, μ􏽥B􏽮 􏽯, x ∈ 􏽥A, y ∈ 􏽥B. (5)

Definition 3 (see [9]; fuzzy number). Fuzzy number 􏽥F is a
fuzzy set with a membership function defined as follows.

π􏽥F(x): R⟶ [0, 1], satisfying the following:

(1) 􏽥F is fuzzy convex, i.e., π􏽥F
(δx + (1 − δ)y)≥min π􏽥F(x), πF(y)􏽮 􏽯, ∀x, y ∈ R,
; 0≤ δ ≤ 1

(2) 􏽥F is normal, i.e., ∃x0 ∈ R for which π􏽥F(x0) � 1
(3) Supp(􏽥F) � x ∈ R: π􏽥F(x)> 0􏽮 􏽯 is the support of 􏽥F

(4) π􏽥F(x) is upper semicontinuous, i.e., for each
α ∈ (0, 1), the α− cut set 􏽥Fα � x ∈ R: π􏽥F ≥ α􏽮 􏽯 is
closed

Definition 4 (see [32]). Fuzzy number 􏽥F � (a, b, c) is called a
triangular fuzzy number (TFN) if its membership function is
given by

μ􏽥F(x) �

0, x< a,

x − a

b − a
, a≤ x≤ b,

c − x

c − b
b≤ x≤ c,

0, x≥ c,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

and illustrated by Figure 2 [15].

Definition 5. Let 􏽥F � (a, b, c) and 􏽥G � (e, f, g) be two tri-
angular fuzzy numbers. /e arithmetic operations on 􏽥F and
􏽥G are as follows:

(1) Addition: 􏽥F⊕ 􏽥G � (a + e, b + f, c + g)

(2) Subtraction: 􏽥F⊖ 􏽥G � (a − g, b − f, c − e)

(3) Inverse: 􏽥F
− 1

� (1/c), (1/b), (1/a)

(4) Symmetric (image): − (􏽥F) � (− c, − b, − a)

3. Notations and Remarks

3.1. Notations. In the FDM, the following notations may be
used:

(Pi, Qi, Ri): sheaf of experts’ opinion
(Pi, Qi, Ri): mean of the sheaf
δ(Mi, Mj): normalized distance between the two tri-
angular fuzzy numbers Mi and Mj

2 Advances in Fuzzy Systems



3.2. Remarks. /e following important remarks should be
noted [15]:

(i) A long-range forecasting problem must be consid-
ered an uncertain problem but not random. /e
direct use of the probabilisticmethods is not suitable.
/e use of fuzzy numbers and fuzzy methods seems
to be more compatible and well suited.

(ii) /e experts use their individual competency and
subjectivity, which is why we propose the concepts
of fuzzy.

(iii) If an expert was asked the following question,
Consider the realization of a scientific or technological
fact in the near future. What type of dates for its
realizationwould you give?/e expert will certainly be
more comfortable answering this question using three
types of dates: the earliest date, the maximum pre-
sumption date, and the latest date, rather than giving
an answer regarding the probability of realization.

(iv) Using TFNs, it is easy for an expert to study the
realization dates, which are nested within each
other.

(v) /e sheaf of fuzzy numbers concept is an aggre-
gation process that appears to be very convenient
for the objectification of various subjective
opinions.

(vi) Comparisons between expert answers using TFNs
are simple, and the distance matrices can be easily
computed. /is matrix is a dissemblance relation
decomposable into similarity relations. Using this
approach, finding a nondisjunction subgroup of
experts, who are favorable to studies in public
opinion, is very convenient.

(vii) Many forecasts need multistage processes. By
considering the partial and necessary realization,
the critical pathmethod can be applied to obtain the
composite extremal dates.

4. Fuzzy Delphi Method

In this section, the steps of the application of the FDM can be
explained as follows.

Step 1. /e expert i ∈ (1, n) is requested to give a possible
realization date (the earliest date, the maximum presump-
tion date, and the latest date) of the project using a TFN:

P
i
1, Q

i
1, R

i
1􏼐 􏼑, (7)

where i indicates the index attached to the expert and 1
indicates that this is the first phase of the forecasting process.

Step 2. /e responses from n experts from a sheaf are as
follows:

P
i
1, Q

i
1, R

i
1􏼐 􏼑, i � 1, n. (8)

/e mean of this TFN sheaf is then computed:

P1, Q1, R1( 􏼁. (9)

Moreover, for each expert, the divergence is computed as
follows:

Di � P1 − P
i
1, Q1 − Q

i
1, R1 − R

i
1􏽮 􏽯, (10)

Section 2

Introduces some preliminaries related to the traingular fuzzy numbers, and
its arithematic operarions.

Section 3
Notation and remarks. 

Section 4
FDMs steps in forecasting and decision-making problems.

Section 5
Presented the stability set of the second kind.

Section 6
a numerical example is given for illustration.

Section 7
Paper is summarized with future directions.

Figure 1: Outline of the paper.

0 a b c x

μF (x)~

Figure 2: Triangular fuzzy number representation.
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where these divergence numbers can be positive, null, or
negative in sign. /is information is then sent to each in-
dividual expert.

Step 3. Each expert now gives a new TFN:

P
i
2, Q

i
2, R

i
2􏼐 􏼑. (11)

Furthermore, the process, starting with phase 2, is
repeated.

Step 4. If necessary, a study of partial group opinions is
realized using the distance between the TFN and the de-
composition of the dissemblance relations in the maximal
subrelation of similarity./e information about these results
(nonnominative) can be sent to interested experts.

Step 5. When themean TFN becomes sufficiently stable (i.e.,
the mean TFN that fixed the solution and decision maker is
satisfactory), the process is stopped. Of course, later, if
necessary, or if important discoveries or realizations take
place, the forecasting can be reevaluated by repeating the
process outlined above.

5. Numerical Example

Consider a technological realization problem of a cognitive
information processing computer in the near future. Let us
request a group of 12 computer experts to give us a sub-
jective estimation using TFNs to realize this new computing
technology. /e experts’ estimations are listed in Table 1.

/e computation from this sheaf gives the mean TFN:

P1, Q1, R1( 􏼁 � (2027.83, 2034.17, 2040.25) � (2027, 2034, 2040).

(12)

In Figure 3, by comparing (P1, Q1, R1) with the sheaf
(P1

1, Q1
1, R1

1), the divergence yields

P1 − P
1
1 � 2027 − 2024 � +3,

Q1 − Q
1
1 � 2034 − 2032 � +2,

R1 − R
1
1 � 2040 − 2049 � − 9.

(13)

/is information is given to each expert, and each re-
considers his/her previous forecast and gives a new TFN,
thus obtaining a new sheaf. /is process is continued until a
stable solution according to certain criteria is reached. Of
course, the number of such iteration phases can be limited a
priori. Many variations of this procedure are possible. For
instance, the experts can be advised not to increase the
divergence, but this is only a suggestion because an expert
must give their own unbiased opinion.

Definition 6. /e normalized distance between two TFNs is
defined as follows:

δ Mi, Mj􏼐 􏼑 �
1

2 c2 − c1( 􏼁
Δl Mi, Mj􏼐 􏼑 + Δr Mi, Mj􏼐 􏼑􏼐 􏼑,

(14)

where Mi and Mj are the TFNs given by experts i and j; Δl

and Δr are the left and right distances, respectively; and c2
and c1 are arbitrary values at the right and left, respectively,
chosen with the condition δ ∈ [0, 1].

Using formula (14), the results of the computation are
inserted in Table 2 for the arbitrary values of c1 � 2021 and
c2 � 2049.

As shown in Table 2, we see that theminimum distance is
δ(7, 11) � 0.03, and the maximum distance is
δ(4, 11) � 0.87.

Let us assume that we are interested in a pair of experts
for whom the distance δ(Mi, Mj)≤ 0.15. /e matrix in
Table 3 gives these pairs. /e corresponding pairs are shown
in Figure 4.

A direct examination of Figure 4 gives the maximum
subrelations of similarity. For example, we have the
following:

(1, 5, 8), (1, 8, 9), (1, 10), (2, 4), (3, 5, 8), (3, 8, 9), (5, 6, 8), (7, 11), (9, 12). (15)

Table 1: Sheaf of experts’ opinions for the technological realization
of the cognitive information processing computer.

Expert no. Earliest
date

Maximum presumption
date

Latest
date

1 2024 2032 2049
2 2021 2024 2000
3 2029 2034 2039
4 2021 2022 2023
5 2029 2034 2044
6 2024 2034 2039
7 2039 2047 2049
8 2024 2036 2042
9 2024 2031 2036
10 2037 2038 2049
11 2039 2049 2049
12 2023 2029 2034

1

0 2024 2029 2034 2039 2049

0.5

(P1,Q1,R1)

(P1
1,Q1

1,R1
1)

Figure 3: Comparison of a sheaf (P1
1, Q1

1, R1
1) with the mean

(P1, Q1, R1).
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If we consider, for instance, experts (1, 8, 9) and (3, 8, 9),
we find that δ(1, 3) � 0.16. We can assume, therefore, that
experts (1, 3, 8, 9) have given almost the same estimation. A
similar situation appears with (1, 5, 8), (3, 8, 9), and
(1, 3, 8, 9) that have almost the same estimation. /erefore,
we can aggregate experts (1, 3, 5, 8, 9).

6. Discussion of the Results

If we consider δ ≤ 0.20, we find this aggregation directly. In
fact, using a convenient algorithm, the problem can be
studied with various values of δ, that is, δ ≤ 0.2, 0.25, . . .. If

we wish to consider the similarity problem, then a value
smaller than (1 − δ) gives the level of similarity, which is an
important point in any a posteriori discussion between
experts. /e maximal subrelations of similarity in a re-
semblance relation play the same role as classes in a simi-
larity relation./e second one is always disjointed, but this is
not the case for the first one.

7. Conclusions and Future Works

A variation of the Delphi method using TFNs has been
proposed, in which the method of communication with
experts is the same, but the estimation procedure is different.
Of note, in many cases, a forecasted success requires various
steps of operations; therefore, using the critical path method
for forecasting is more efficient in such cases. In fact, many
other ways can be used for forecasting using fuzzy numbers,
which we may investigate in the future. Future work may
include the further extension of this study to other fuzzy-like
structures, i. e., interval-valued fuzzy set, intuitionistic fuzzy
set, Pythagorean fuzzy set, spherical fuzzy set, picture fuzzy
set, neutrosophic set, etc., with more discussion on real-
world problems.
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