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ABSTRACT

This study develops prediction models for smart management system of construction
projects by identifying the parameters that influence project cost and duration. Among
sixteen parameters, the Fuzzy DEMATEL model is applied to a sample of ten construction
projects to estimate the net influence weights (D-R) of these parameters on cost and
duration of these projects. The outcomes indicated that the model demonstrated high
accuracy in predicting the key parameters affecting cost and duration. In particular, both the
"application of sustainability standards" and "effective coordination between contractors"
significantly impact project cost and duration. On the other hand, "the availability of raw
materials” was found to be a parameter with lower influence. Based on these outcomes, the
model offers a visualization of causal relationships, which supports in prioritizing smart
project efficiency. This study highlights the importance of fuzzy-based methodologies in
construction project analysis and offers a practical framework for decision-making to
enhance planning and implementation in smart construction projects.

Keywords: Smart city projects, Fuzzy DEMATEL model, Construction project analysis,
Project cost and duration, Sustainable development strategies.

1. INTRODUCTION

Smart management systems and renewable energy solutions are a key component of smart
construction projects. The smart processes used during the whole project life cycle make
better use of resources and improve the quality of life in cities (Balasubramanian, 2020;
Ding, 2008). Cost and duration are the most critical for success in the construction of smart
city projects (Yang et al., 2021). The project design and the availability of raw materials are
the most important parameters that influence the final project cost and delivery timeline
(Hwang et al., 2014; Wu, 2011; Ali and Burhan, 2024).

The complexity in the interdependence of these parameters, along with the uncertainty in
human judgment, leads to challenges for decision-makers in the smart construction project
(Zingraff-Hamed et al., 2021; Mohammed and Altaie, 2025). Therefore, there is an
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increasing demand for advanced analytical models capable of uncovering causal
relationships among these factors and systematically prioritizing them. From another
context, the previous studies attempt to overcome these challenges by applying a decision-
making (FMCDM) system (Tzeng et al., 2011; Chen-Yi et al., 2007).

Therefore, in this study the fuzzy Decision Making Trial and Evaluation Laboratory
(DEMATEL) method is proposed which has demonstrated strong effectiveness in
construction project management, particularly in disentangling the multifaceted
interactions of parameters (Wu and Lee, 2007). The conventional DEMATEL systems
produce crisp numerical values which limits their ability to accurately replicate the nuances
of human decision-making. Based on that the integrating fuzzy theory with the DEMATEL
method may addressing fuzzy multi-criteria decision-making (FMCDM) problems (Hussain
and Hussain, 2023). The fuzzy DEMATEL model is a developed tool for analysing complex
systems under uncertainty (Gabus and Fontela, 1972; Kaufmann, 1988). By combining
fuzzy set theory with the DEMATEL framework developed, it translates linguistic expert
judgements into fuzzy numerical values. Based on that model, raises enable a systematic
evaluation of cause-effect relationships among criteria (Zadeh, 1965; Rajab and Breesam,
2025).

This study applies the Fuzzy DEMATEL model to analyze 16 critical parameters. Experts
identified the parameters through consensus, Delphi rounds, and the Fuzzy Analytical
Hierarchy Process (FAHP) to provide a clear understanding of their impact on the cost and
duration of the projects. By mapping the relationships among these parameters, decision-
makers can make informed choices that enhance smart project management.

2. FUZZY DEMATEL MODEL

The Fuzzy DEMATEL model is a robust tool for evaluating relationships among variables
across multiple fields (Bavafa et al.,, 2018; Mahdiyar et al.,, 2018). The conventional
DEMATEL technique identifies the relationship criteria based on the multi-criteria decision-
making (MCDM) approach (Lin et al.,, 2018). Nevertheless, Battelle Memorial Institute
(Gabus and Fontela, 1973) developed the DEMATEL to identify integrated solutions by
integrating fuzzy set theory with decision analysis methods. Based on that, Fuzzy DEMATEL
is able to map the structure of causal relationships among parameters. The outcome of the
DEMATEL is the classification of parameters into two groups, cause and effect (Nilashi et
al.,, 2019), which supports the decision-making process. The technique operates on
directional graphs, which display directional relationships between subsystems. According
to the literature (Lafta et al., 2025; Abidali and Ali, 2018), the most common approach to
handle uncertainty in DEMATEL is by using ordinary fuzzy sets.

The fuzzy approach uses linguistic terms along with predefined membership functions,
usually represented as triangular fuzzy numbers. This approach enables handling of
ambiguous expert expressions and judgements. Fig. 1 illustrates the theoretical structure
(general framework) adopted for constructing the Fuzzy DEMATEL model (Nilashi et al.,
2019; Dikmen and Tas, 2018).

3. RESEARCH METHODOLOGY

3.1 Fuzzy Sets

Fuzzy sets are an approach that uses linguistic terms with membership functions to set the
degree in a range between 0 and 1. Based on that partial membership to represent
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uncertainty, unlike classical sets where elements are either 0 or 1 in a decision-making
system (Bashan and Demirel, 2019). The triplet A= ([, m, u) can be used to represent a
triangular fuzzy number, where 1, m, and u stand for the lower, middle, and upper numbers
of the fuzzy, which are real values (x <y < z). A triangular fuzzy function can be explained as
follows (Kumar et al., 2017; Jiang et al., 2016).

(o, x<1
)] =D/(m-1), I<x<m .
& (w—x)/(u—m), m<x<u (1)
0, X=u

In Fig. 2 the triangular fuzzy funiction is illustrated, showing the relationship between
linguistic terms and their corresponding triangular fuzzy numbers. Based on that, Fig. 3
provides fuzzy ratings for each membership function.
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Figure 1. General framework for the Fuzzy DEMATEL Model (Nilashi et al., 2019;
Dikmen and Tas, 2018)
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Figure 3. The membership function of fuzzy ratings (Bashan and Demirel, 2019)

Table 1. Pairwise comparison of evaluation criteria using a fuzzy scale.

No Degree of impact Linguistic Fuzzy Value (TFNs)
) (Influence) Terms L M U
1 “Very low influence” Noi 0 0 0.25
2 “Low influence” VLi 0 0.25 0.5
3 “Moderate influence” Mi 0.25 0.5 0.75
4 “High influence” Hi 0.5 0.75 1
5 “Very high influence” VHi 0.75 1 1

3.2 Data Collection

The study relied on the parameters identified as the most influential in implementing
sustainable smart city projects. These criteria were determined through the Delphi method,
and then a fuzzy hierarchical analysis was applied, which led to 16 criteria with the most
significant impact on smart city projects. A questionnaire has been used to collect judgments
from six experts in planning, consulting, and construction management. The evaluation form
is set to collect the opinions, comments, and recommendations on pairwise comparisons of
choice parameters. Table 2 lists the parameters that need to be evaluated by the experts.

155



Y. A. Ali and A. M. Burhan Journal of Engineering, 2026, 32(2)

Table 2. The respondents’ answers are summarized.

No. Parameters NOi |VLi |Li |Hi |VHi
1 |Preparing all drawings and documents for the project and

ensuring the absence of ambiguity in them.

2 | Accurately defining the scope of the specification for the SSCP.

3 | The suitability of the Feasibility Study for the planning stage.

4 |The extent of applying the Sustainability Criteria in

implementing sustainable smart projects.

5 |The influence range of designers’ experience in the design of

SSCP.

6 | The extent of complex design in the implementation of the SSCP.

7 |The suitability of designs for safety procedures such as fire,
earthquake, flood, radiation, and eco-environmental accidents

8 |The availability of sustainable raw materials used in project
implementation.

9 |The extent of Quality control, monitoring and recording the
results of quality activities for SSCP.

10 |The extent of effective coordination between the contractors
and subcontractors for project activities.

11 |The extent of application of the optimal use of material
resources (minimising resource usage, primary material input
and output, waste recovery and disposal operations) in the
SSCP.

12 | The extent of application ICT approach in SSCP.

13 |possibility of Eco-efficiency implementation (Green business
orientation in terms of products and services) in SSCP.

14 |The possibility of implementing alternative sources of energy
in the implementation of the SSCP.

15 |The extent of application safety management system and urban
health.

16 |Ensure project implementation within the specified cost and
schedule time.

3.3 Fuzzy DEMATEL Model Steps

Fig. 4 below illustrates the detailed research methodology to implement the proposed fuzzy
DEMATEL model. This flowchart includes five main steps detailed in three key phases
adopted in this study, from extracting expert knowledge using linguistic variables (phase 1)
through the computational processing to construct relationship matrices (phase 2), and
ending with calculating the net weight influence (D-R) for the sixteen parameters on the
research sample (ten projects) in (phase 3).
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Figure 4. Research methodology for the implementation of Fuzzy Dematel Model

The five main steps are (Seker and Zavadskas, 2017):

Phase 1

Phase 2

Phase 3

1. The first step is creating an orthogonal fuzzy direct-relation matrix sized NxN to
determine the relationships among the parameters. In this matrix, the impact of each
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row's element on each column's element can be stated as a fuzzy number. The arithmetic
mean of all of the experts' judgments is used to build the direct relation matrix z (Seker
and Zavadskas, 2017). The fuzzy scale utilized in the model is shown in Table 1.
0 e Zin
Znsn = [Zij]n*n = [ : g : ]
[ AURS 0
Where: 0 < Zij <1, and i,j=1,2,3,...n
2. The next step is normalized the matrix; this step is done to transform the “fuzzy criteria
scale” to “comparable scales” by using the following formulas (Wu and Lee, 2007;
Bashan and Demirel, 2019):

(2)

C~lij: er'l=1 Zij :[ ]r'l=1 l 12}21 m, 2?:1 U] ’ Where: r = 1rgzas>r(z Z7=1 Ujj 3)

>4 ~ . . . ~ 13 L L 13

Xnen = [xij]n*n P |, Whereiky; = = (7]’7]’7]) (4)
Xn1 " Xan

So the fuzzy matrix of the normalized initial direction relation is (Dikmen and Tas,
2018; Opricovic and Tzeng, 2003):

lij = —max (5)
min

(mfj— min lit]-)

S (%)
min

ut.— min tt;

ug‘ ( UAmax U) (7)

min

m

o

max :
Sothat.. A - = max u;; — min f; (8)

3. Calculate the total-relation matrix with fuzziness. By considering
X = (%), = Ly My ),
where: Xl = (lij)n*n' Xm (ﬁiij)n*n' Xu = (ﬁij)n*n N
So the elements of these matrices are extracted from X as follows (Siet al., 2018):

0 - iy
P ] (9)

iy 0

0 - I,
Xl= ~ y Xm=

I, - 0O

0 - My,
D, x, =

mp ves 0

Then the fuzzy total- relation matrix T is obtained as follows (Mohammed, 2021):

_ t11 tin
T=lim & +x+ +x)=[: -~ (10)
K-+ ~

th1 - tan

If each element of the fuzzy total-relation matrix is expressed as the f; =
(l"ij,m"l-j, u"l-j)lt can be calculated by a normalized matrix (X;, X,,, X;,) is subtracted

from matrix I, and multiplied by the normalized matrix as follows (Ibtisam, 2017;

Mohammed, 2021) :
158



Y. A. Ali and A. M. Burhan Journal of Engineering, 2026, 32(2)

("] =X x U= Xx)7! (11)
[m"ij] = Xm x I = X;n)™? (12)
[u"ij] = Xu x U —X)7? (13)

4. Then, produce a crisp value of the matrix through defuzzification. By calculating the
normalized value upper and lower bounds (Ibtisam, 2017):
llS] = m"ij / (1 + m"ij - l"ij) (14)
'U,f] = u"ij / (1 + u"ij - l"ij) (15)

Crisp values are the result of the algorithm. Total normalized crisp values calculation
(Ibtisam, 2017; Lin, 2013):

() uxu)
M T ) (16)

5. A causal relationship diagram calculated by summation of rows (D) and columns (R)
(Ibtisam,2017; Talib and Rezouqi,2023):

D
n
- Z T;; (17)
j=1
R
n
=1 (18)
i=1

Then calculate the values of D+R and D-R. D+R signifies the degree of importance of
factor i in the overall system, and D-R denotes the net influence of factor i on the entire
system.

4. FUZZY DEMATEL ANALYSIS

The Fuzzy DEMATEL Online Software is used to analyze the relationships and determine the
weights among the criteria. First, the parameters relevant to the research problem were
defined. Then, six experts evaluated the effects among parameters using pairwise
comparisons, and rated the impact relationships between parameters as very low influence,
low influence, moderate influence, high influence, and very strong influence.

After that, pairwise comparisons were converted into a numerical scale and based on the
fuzzy scale described in Table 1, the first direct relationship matrix was generated. Table 3
displays the direct relation matrix derived from the average of the six experts’ evaluations.
Then, initialize a direct connection matrix to normalize the fuzzy direct-relation matrix. The

normalized matrix was calculated using equations in step 2, because of the (maxufj =

: , max )
1 & min lfj = 0inTable3sothe A . =1) therefore, the (%, m%, uj;) remain the same
min 7y T
in the normalized fuzzy direct-relation matrix in Table 4.
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Table 3. The direct relation matrix (average of the six respondents' opinions).

Main Ex; Ex; Ex3 Exs Exs Exe
Exi “0,0,0” “0.522,0.811,1”| “0.5,0.75,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1”
Ex; “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”|“0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”
Ex; “0.522,0.811,1” | “0.5,0.750,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1” “0,0,0”
Exs “0,0,0” “0.522,0.811,1”| “0.5,0.75,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1”
Exs “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”|“0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”
Exe “0.522,0.811,1” | “0.5,0.75,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1” “0,0,0”

Table 4. The normalized fuzzy direct-relation matrix

Main Exi Ex; Ex3 Exs Exs Exe

Exi “0,0,0” “0.522,0.811,1” “0.5,0.75,1” “0,0,0” “0.522,0.81,1” “0.5,0.75,1”
Ex; “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”| “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”
Exs “0.522,0.811,1”| “0.5,0.75,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1” “0,0,0”

Exy “0,0,0” “0.522,0.811,1” “0.5,0.75,1” “0,0,0” “0.522,0.811,1”| “0.5,0.75,1”
Exs “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”| “0.25,0.5,0.75” “0,0,0” “0.522,0.811,1”
Exs | "0.522,0.811,1”| “0.5,0.75,1” “0,0,0” “0.522,0.811,1"| “0.5,0.75,1” “0,0,0”

Then, the total-relation fuzzy matrix is computed using the equations in step 3, and shown

in Table 5 below.
Table 5. The fuzzy total-relation matrix.
Main Exy Ex Ex3 Ex4 Exs EXe
Ex; |“0.122,0.512,5" | “0.4,1.170,8” |“0.427,1.152,8” |“0.122,0.512,5" | “0.4,1.170,8” |“0.427,1.152,8”
Ex; [“0.267,0.889,6.6(“0.122,0.512,5” |“0.411,1.072,7.3|“0.267,0.889,6.6|“0.122,0.512,5” |“0.411,1.072,7.3
67" 33” 67" 33”
Exz [“0.411,1.072,7.3|“0.427,1.152,8” |“0.122,0.512,5” |“0.411,1.072,7.3|“0.427,1.152,8” |“0.122,0.512,5.6
33" 33” 67"
Ex, |“0.122,0.512,5” | “0.4,1.170,8” |“0.427,1.152,8” |“0.122,0.512,5” |“0.451,1.170,8” | “0.427,1.152,8”"
Exs [“0.267,0.889,6.6(“0.122,0.512,5” |“0.411,1.072,7.3|“0.267,0.889,6.6|“0.122,0.512,5” |“0.411,1.072,7.3
67" 33" 67" 33”
Exe¢ [“0.411,1.072,7.3|“0.427,1.152,8" |“0.227,0.882,7.6|“0.411,1.072,7.3|“0.427,1.152,8” | “0.122,0.512,5”
33” 67" 33”

Then, the crisp value is calculated using the equations in step 4, where Table A1 represents
the crisp total-relation matrix for the 16 parameters in Appendix A.
Finally, the totals for each column(D) and row(R) of the sixteen-parameter matrix were
computed using the equation in step 5 for each of the ten projects, and these values were
then used to determine (D + R) and (D - R) for the ten projects. The value of (D + R) indicates
the overall degree of relationship among the criteria, whereas (D - R) represents the net
influence of each parameter on the (Y cost and Y duration) of the projects.

5. RESULTS AND DISCUSSION

The fuzzy DEMATEL matrices were developed based on an expert opinion poll to evaluate
the sixteen parameters, and this analysis led to the final crisp total-relation matrix, which
was used to calculate the influential weights and their impact of these parameters on the Key
performance indicators of the projects (cost, duration). The positive values of (D + R) and (D
- R) presented in Table 6 indicate that selected parameters show in Table 2 exhibit strong
interrelationships and have a significant impact on the cost and duration of the ten smart
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construction projects. In the decision-making process, the Fuzzy DEMATEL model is
considered an appropriate method for identifying the effect of these parameters involved in
implementing sustainable smart city projects. Accordingly, decision-makers rely on
Absolute Accuracy (AA%), Mean Percentage Error (MPE%), and Root Mean Square Error
(RMSE%). Based on that, the Fuzzy DEMATEL technique provides a more accurate and
practical means of predicting the net influence(D-R) of these sixteen parameters on cost and
duration of the projects under uncertainty. Furthermore, the Fuzzy DEMATEL approach
serves as an effective tool for prioritizing selection criteria and, through its methodological
structure, offers a clearer visual and graphical representation of the complex
interrelationships among system parameters. The final results for the ten projects are shown
in Table 6.
Table 6. Final Output for Fuzzy Dematel model for ten projects

Projects Code Y. Ya D R D+R D-R weight (Y)
Proj (Exi.......Exg) 0.1 0.08 3.68 3.26 6.94 0.42
Proj; (Exi.......Exg) 0.15 0.06 3.41 3.26 6.67 0.15
Projz (Exi.......Exg) 0.1 0.1 3.65 3.44 7.09 0.21
Proj. (Exi.......Exg) 0.15 0.04 4.52 4.42 8.94 0.1
Projs (Exi.......Exg) 0.16 0.05 3.96 3.82 7.78 0.14
Projs (Exi......Exg) 0.15 0.05 4.56 4.27 8.83 0.29
Proj; (Exi......Exg) 0.15 0.06 4.13 3.57 7.7 0.56
Projs (Exi......Exg) 0.2 0.15 3.93 2.94 6.87 0.99
Projs (Exi......Exg) 0.1 0.18 3.25 3.172 6.422 0.078
Proj1o (Ex1.......Ex¢) 0.15 0.17 4.67 4.08 8.75 0.59

Checking result
FDM MPE MAPE AA% RMSE
FDM Duration 56.68 56.68 96.6 3.36
FDM cost 51.9 519 75.45 3.08

6. CONCLUSIONS

The results of this study demonstrate that the DEMATEL fuzzy model is an effective
analytical tool for examining the parameters that influence the cost and duration of
sustainable smart city construction projects. The application of the 16-critical parameter
model clearly identified the causal relationships between these factors. The application of
sustainability standards and effective coordination among contractors are the most
influential parameters on project costs and duration. Furthermore, the results suggest that
the availability of raw materials has a relatively minor effect. Furthermore, the DEMATEL
fuzzy model provides causal relationships among the parameters to allocate resources
efficiently, optimize project performance, reduce costs, besides achieve sustainability goals.
Based on the results of the statistical analysis, it is recommended that the DEMATEL fuzzy
model be adopted as the primary decision support tool during the planning and execution
phases of sustainable smart city construction projects.
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Appendix A
Table A1 represents the crisp total-relation matrix for the 16 parameters.

Table A1. The crisp total-relation matrix for the sixteen parameters
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