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In construction project management, there are several factors influencing the final project cost. Among various approaches, estimate
at completion (EAC) is an essential approach utilized for final project estimation. The main merit of EAC is including the probability
of the project performance and risk. In addition, EAC is extremely helpful for project managers to define and determine the critical
throughout the project progress and determine the appropriate solutions to these problems. In this research, a relatively new
intelligent model called deep neural network (DNN) is proposed to calculate the EAC. The proposed DNN model is authenticated
against one of the predominated intelligent models conducted on the EAC prediction, namely, support vector regression model
(SVR). In order to demonstrate the capability of the model in the engineering applications, historical project information obtained
from fifteen projects in Iraq region is inspected in this research. The second phase of this research is about the integration of two input
algorithms hybridized with the proposed and the comparable predictive intelligent models. These input optimization algorithms are
genetic algorithm (GA) and brute force algorithm (BF). The aim of integrating these input optimization algorithms is to approximate
the input attributes and investigate the highly influenced factors on the calculation of EAC. Overall, the enthusiasm of this study is to
provide a robust intelligent model that estimates the project cost accurately over the traditional methods. Also, the second aim is to
introduce a reliable methodology that can provide efficient and effective project cost control. The proposed GA-DNN is dem-

onstrated as a reliable and robust intelligence model for EAC calculation.

1. Introduction

1.1. Research Background. The importance of early planning
to final project outcomes is emphasized widely in the lit-
erature [1, 2]. However, these plans generally cannot be
applied entirely, and they are revised throughout the project.
Therefore, a constantly reviewed plan is required for an
effective project management which must reflect the actual
condition of the project; thus, the required actions can be
taken when the project is going out of the control. Other-
wise, cost overruns are noticed towards the end of the
contract, and at this stage, remedial approaches may be
ineffective and late. However, during the early phase of
projects, the construction companies usually focus on the
budget planning and generally ignore the other areas such as
changes in cost, information update, and cost management

[3]. In addition, construction companies mostly engage with
computer systems which are reasonably powerful in the
analysis of construction budgets. However, these computer
systems cannot respond to cost changes at each stage of
construction [4].

Cost project control is a crucial concern in the con-
struction projects engineering. However, controlling cost is a
time-consuming and difficult process. This is due to a high
number of factors that affect the cost of projects and the
influences of these factors which should be considered in-
dividually at each stage of the project [3]. Estimate at
completion (EAC) is one of the important indicators to
perform cost control [5-7], and the accuracy of the EAC is
critical to identify the problems and develop appropriate
responses; therefore, different methods for improving the
accuracy of EAC are proposed in the literature. One of the
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widely used methods among the project managers to cal-
culate EAC is earned value management (EVM) [8-10]. In
this methodology, project cost, schedule, and scope metrics
are integrated into a single measurement system to measure
and analyze project actual status against its baseline and
estimate the project total cost and duration at completion
[11]. In the traditional EVM, there are three essential
components required for project control, these are plan
value (PV) or budget cost of work scheduled (BCWS),
earned value or budget cost of work performed (BCWP),
and finally actual cost (AC) or actual cost of work performed
(ACWP). The EVM uses these indexes and different indexed
formulas to calculate the EAC; however, methods developed
by using index-based methodology are criticized due to the
usage of just past information and performance index in the
calculation of the remaining budget [12]. In addition, these
models provide unreliable cost forecasts at the early stages of
project life due to the limited number of EVM data [10].
Further, although accurate predictions in EAC are achieved
with the traditional EVM methods when used on some
special projects, there are obvious errors in most of the cases.
This has led to an industrial situation of not knowing the
right prediction approach to be selected for a specific project.
In addition, the stability of the performance indexes should
be provided to calculate reliable EAC, since the index-based
approach can be performed using the data obtained from the
cost management data provided to the project owner by the
contractor in the form of a monthly project report [13].
Another drawback of the application of EVM is that re-
visions must be manually conducted as it is applied to each
process of a construction project, thereby making EVM a
complicated and time-consuming method.

1.2. Literature Review. A various regression-based approach
has also been proposed as an alternative to the index-based
approach as advantageous methodologies for performing
cost estimation activities [11, 14, 15]. The computation of the
EAC using the intelligence analysis usually involves the
regression of dependent attribute variables (typically the
actual project cost) against an independent variable (a
predictor, typically time) using the linear or nonlinear model
to establish the respective relationship between the predictor
and the response. With the mimicking concept of the data-
intelligence models, the issues inherent in the index-based
techniques can be overcome, and thus can be used in a range
of applications. Although the regression-based method is
more sophisticated compared to the index-basedcost-
forecasting method, it yields better predictions at the ini-
tial phase of a project [13].

Recently, advanced methods are proposed to overcome
the traditional methodologies drawbacks. For instance,
Caron et al. [16] developed a Bayesian model integrated with
the EVM framework aiming to calculate the EAC. The
proposed model was tested on oil and gas projects. Bayesian
model evidenced its applicability and effectiveness on
modeling the estimation at completion for the investigated
case study. Narbaev and De Marco [11] developed a new cost
EAC methodology by integrating the ES method and four
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growth models and concluded that the EAC formula based
on the Gompertz model outperforms the other formulas
developed in this study. Babar et al. [17] developed a new
framework by integrating key performance indicators to the
risk performance index to calculate EAC. Although there are
advances in the calculation of EAC, systems development
using advanced modern Al models is highly necessary to
make progress in cost control; however, the use of Al is very
limited in project performance control [18]. AI techniques
can be used to handle complex and ill-structured problems
by simulating the human inference capability. The devel-
opment of Al techniques has been found in several areas of
science and engineering such as in pattern recognition,
computational learning, and solving the nonlinear and
nonstationary problems [19, 20]. Computer systems fitted
with machine learning techniques can efliciently perform
without the need for an explicit programming, can construct
data-trained algorithms, and can make data-driven pre-
dictions and decisions.

In one of the earlier investigations conducted by Iran-
manesh and Zarezadeh [21], the authors tried to use the
potential of the artificial neural network (ANN) technique to
estimate the actual cost of an engineering project for the
purpose to improve the EVM system. However, ANN has
some disadvantages such as the selection of network
structure, availability of local solutions leading to non-
optimal solutions, and time-consuming processes for
training. Cheng and Wu [22] used a support vector machine
(SVM) and fast messy genetic algorithm (fmGA) AI tech-
niques to implement the Evolutionary Support Vector
Machine Inference Model for construction management.
The proposed model was validated for estimating buildings
costs, and the model showed superior performance in
conceptual cost estimation. In another study, Cheng et al. [4]
used the same model for the EAC and obtained good and
stable predictions compared to common EVM prediction
methods. Cheng and Hoang[23] integrated least square
SVM with machine-learning-based interval estimation and
differential evolution to develop a new model for calculating
the EAC. This model provides interval results with lower and
upper prediction limits. However, SVM is criticized because
the equal weights are given to all training data. The study was
followed by another accomplishment on the implementation
of the evolutionary fuzzy neural inference model for cost
estimation [24]. The proposed model made the accurate
prediction of the conceptual construction cost during the
early stages of the project processes. Similarly, Cheng et al.
[3] conducted a study on the conceptual cost estimation
using the evolutionary fuzzy hybrid neural network for
industrial project construction. The research outcomes
showed another optimistic finding for the precise cost es-
timation of the early stages. Another investigation on the
EAC determination was conducted by Feylizadeh et al. [25]
using the fuzzy neural network. The modeling piloted was
based on various factors including qualitative and quanti-
tative that influence the EAC value. The results demon-
strated a good outcome for the contractors and managers
perspective. Wauters and Vanhoucke [26] developed a
method based on SVR for performing EVM, and they
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concluded that their model outperforms the available best
performing EVM and ES methods when the training set is
identical to the test set. Most recently, an automated pro-
gramming approach based on ANN model was developed
for predicting the EAC of dam projects by Golizadeh et al.
[27].

Although there have been several investigations since
2008 on the EAC estimation using soft computing models, the
topic is still limited and required more attention by the ex-
perts, especially there is a limited number of studies about
project cost control with AI techniques. It has been reported
several limitations of the AI model exist such as black-box
nature, the requirement of a significant amount of data,
overfitting, models’ interaction, and time consumption
[28, 29]. Especially, the traditional machine learning tech-
niques such as ANN, SVM, evolutionary computing (EC),
and adaptive neurofuzzy inference system (ANFIS) present
several limitation performances compared to the deep ma-
chine learning techniques. The deep learning algorithms
which are inspired by the deep hierarchical structures were
introduced in the late twentieth century [30]. Since Hinton
et al. [31] suggested the deep belief network (DBN) in 2006,
several signs of progress have been achieved in deep learning.
There were rapid developments in deep learning techniques
over the past decade, with significant progress on several
engineering applications. Consequently, in order to overcome
the limitations of traditional machine learning techniques
used in the calculation of EAC, a new model is developed by
using deep learning algorithms. A brief description of the
project information data is described in Figure 1.

1.3. Research Significance and Objectives. Considering the
mentioned drawbacks and conclusions, it is imperative to
design a fast and effective system which considers the issues
of cost control during project execution for the prediction of
project EAC by using AI methods. The aim of this study
rallies on resolving the identified issues in project cost
management through the collection of relevant historical
data and studies about project cost management for the
identification of the factors that significantly affect project
cost. The historical data are collected from several con-
struction projects located in the Iraq region. This project
information is used to set up the trend of a project cost flow
and the relationship between project EAC, and monthly
costs were mapped based on historical knowledge and ex-
perience. Based on historical data, a new intelligent model
called deep neural network (DNN) model is developed for
the prediction and control of EAC variation during project
execution. The suggested DNN model validated against the
support vector regression (SVR) prediction model. The
second phase of the current research devoted to the
implementation of a hybrid evolutionary model called ge-
netic algorithm (and brute force) integrated with deep
neural network GA-DNN (and BF-DNN). The aim of ap-
plying the evolutionary phase as a prior stage for the pre-
dictive model is to allocate the correlated attributes to build
the accurate predictive model. Again, the modeling of the
hybrid intelligent model is authorized with the GA-SVR and
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BF-SVR. This step ensured that the identification of potential
issues for effective measures to be timely implemented.

2. Research Methodology

2.1. Deep Neural Network. Several problems can be solved
using the application of neural networks due to their ability to
calculate any computable function. They are mainly useful in
solving problems that can tolerate some levels of error or
problems that are laden with several historical data but cannot
be easily handled via the application of the hard and fast rules
[32, 33]. The study on the ANN over the past few decades
formed the basis for the deep learning concept. Neural
networks (NNs) are constructed from several layered inter-
connected nodes called neurons. In a typical feedforward
neural network, there is at least an input layer, a hidden layer,
and an output layer. The number of features or attributes to be
fed into a neural network corresponds to the number of nodes
in the input layer and is analogous to the covariates or in-
dependent variables that will be incorporated in a linear
regression model. The number of items to be predated or
classified is represented by the number of nodes in the output
nodes. The nonlinear transformation of the original input
attributes is performed using the hidden layer nodes.

The construction of standard NNs requires the use of
neurons to produce real-valued activations, and the NNs can
behave as expected by adjusting the weights of the neurons.
There may be several chains of computational stages during
the training of NNs depending on the problem to be solved.
Since 1980, backpropagation, an efficient gradient descent
algorithm, has played a significant role in NNs by its capability
of training ANN via a teacher-based supervised learning
method [34]. The performance of backpropagation during the
testing of data is not usually satisfactory although it presents a
high training accuracy. One issue with backpropagation is
that it is often trapped in local optima because it is based on
local gradient information with a random initial point.
Furthermore, there is a problem of overfitting if the training
data are not reasonably large enough. Based on these issues,
several effective machine learning algorithms such as SVM,
ANFIS, and genetic programming which attain global opti-
mum at lower power consumption have been used.



The layer-wise-greedy-learning method was proposed by
Hinton et al. [31] to mark the introduction of deep learning
techniques. This learning method was proposed based on the
fact that a network should be pretrained via an unsupervised
learning process before being subsequently trained by the
layer-by-layer training. The dimension of the data can be
reduced by extracting features from the inputs to obtain a
compact representation. The samples will then be labeled by
exporting the features to the next layer, and the labeled data
will be deployed to fine tune the network. There are two
reasons attributable to the popularity of deep learning
methods: (i) the issue of data overfitting can be addressed by
the development of the big data analysis techniques and (ii)
nonrandom initial values will be assigned to the network
during the pretraining procedure prior to the unsupervised
learning. Therefore, a faster coverage rate and a better local
minimum can be achieved after the training process.

Though several types of deep learning model exist, the
focus of this discussion is on the deep neural networks that
are constructed from multiple hidden layers often known as
backpropagation neural networks. Deep learning is histor-
ically based on how to use backpropagation with gradient
descent and a large number of nodes and hidden layers. This
type of backpropagation neural network is indeed the first
deep learning approach that showed a wide range of ap-
plication. A typical DNN comprised of closely embedded
input, output, and several hidden layers. The input and
hidden layers are directly connected and operate together to
weigh the input values to produce a new set of real numbers
that will be transmitted to the output layer (Figure 2(a)).
Finally, the output layer, based on the transmitted values,
classifies or predicts the outcome of the process.

The main merit of the DNN is that the deep multilayer
neural network is made up of several levels of nonlinearities
which made them applicable to the representation of highly
nonlinear and/or highly varying functions. They can identify
complicated patterns in data and can be applied in natural
complex problems. The connection weights connections
between the layers, as in the single layer neural network, are
updated to ensure the closeness of the output value to the
targeted output.

Figure 2(a) describes the general architecture of DNN
predictive model with more than one hidden layer (mini-
mum two); input variable layer is denoted as 0 layer, and L
layer represents the output variable layer. The mathematical
procedure can be described as follows:

M = f(wlgol_1 +bl), forO<I<L, (1)

where f is the activation function, w is the weight matrix,
and b is the bias. In this study, the implemented activation
function for the excitation vector is sigmoid function owing
to its applicability for regression problem:

1
1+e?

0(z) = (2)

Note that the outcome of ¢ (z) is limited between (0-1),
that emphases the sparse. However, it is the systematic
activation function.
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2.2. Support Vector Regression Model. Vapnik [35] proposed
the support vector machine (SVM) as an optimization
method which tries to separate a given training set by
establishing a hyperplane within the original input space and
allowing enough distance from the nearest instances on both
sides to the hyperplane. In the regression problem, SVR
model approximates the error between the input and output
variables [36]. The errors are equal to the limited marginal of
the SVR learning range as denoted in Figure 2(b) adapted
from [37]. The investigated problem in this research is
featured by nonlinearity pattern in which the mapping of the
SVR model characterized by high-dimensional space also
known as feature space. The notation presentation of the
SVR model can be expressed as follows. Assuming there is
given a set of training dataset represented by M:

M:{xpyl)’ x2’y2)""> xn’yn)}’ (3)

where x and y are the input and output information. The
regression nonlinear function implemented here to be
solved is [38]

fx)=uw"p x,)+b, (4)

where w denotes the weight vector and ¢ (x,) presents the
high order of the feature space, whereas the last variable of
the function is the bias (b). Well, the main goal of this
regression function is to determine the output based on the
training dataset M, with a certain deviation of error called
loss function ¢ from the actual observation of the whole
training dataset. Hence, this can be described by the con-
strained convex optimization function [39]:

I
minimum ¢ (w, &) = 0.5 w|* + C<Z ff)?’ x1) +b,

i=1

subjected to Mi(wa,» + b) >1-¢, &>0,

(5)

where ¢ is the slag variable and C is the positive regulari-
zation. Note that £ penalizes the training error through the
loss function for the selected error tolerance, whereas the
positive parameter shrinks the weight variables during the
optimization process.

The optimization problem of the SVR model is usually
elucidated using the Lagrangian multipliers, sequential
minimal optimization [40]. Radial basis kernel function is
employed for the feature mapping of the training datasets.
The internal parameters of the radial basis function are
tuned using the grid-search approach.

2.3. Genetic Algorithm (GA) Optimization. GA is a very well-
known optimization technique that can be classified as an
evolutionary method based on biological process [41].
Among various input variable selection approaches, GA
exhibited a reliable and robust approach to multiple science
and engineering applications [42-44]. The effectiveness of
this optimization approach is discussed comprehensibly in
terms of solving the nonlinearity and stochasticity by
Goldberg et al. [45]. The main processes involved the
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FIGURE 2: (a) The slandered architecture of deep neural network description and (b) the support vector regression model structure.

implementation of the heuristic GA includes the re-
production of chromosomes, crossover, and mutation. Note
these processes are applied to satisfy the probability of the
discretization of the input variables that are coded into
binary strings [46-48]. The GA processes integrated with the
DNN predictive model are presented in Figure 3.

In Figure 3, the evolutionary algorithm (i.e., GA) was
used as an optimization approach that mimics the concept
of natural evolution. In the evolutionary algorithms, three
basic concepts are involved: firstly, the parents create the
offspring via crossover; second, the individuals within a
generation have the chance of undergoing mutation
(changes); and finally, the fitter individuals have a higher
chance of survival (natural selection). It is now certain that
attribute subsets can be represented with bit vectors; thus,
there is a possibility of selecting all the features of a dataset
with 10 features suchas (1 11111111 1). The third

attribute of the dataset can be represented using a bit vector
in the form of (0010000 0 0 0).

In the evolutionary algorithm, the first step is the creation
of a population of individuals which evolves over time. This
initial step is known as the initialization phase of the GA. In
the starting population, the individuals are randomly gener-
ated and represented as a bit vector like earlier described.
These individuals can be created via tossing a coin for any
available attribute, and based on the outcome of the proba-
bility toss, the attribute to be included in the population can be
determined. There are no rules governing the size of the initial
population; however, there must be at least 2 individuals in a
GA population to proceed to the crossover phase. A perfect
rule of thumb is the acceptance of between 5 and 30% of the
total number of attributes as the size of the initial population.
Having created the initial population, several steps need to be
performed to reach the stopping criterion.
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FIGURE 3: The proposed hybrid genetic algorithm deep neural network (GA-DNN) predictive model.

2.4. Brute Force Input Selection. Brute force (BF) is a sys-
tematic selecting approach that solves problems which re-
quire the enumeration of all the possible features [49]. This
is for the sake of achieving a solution to specific problem
and checking the suitability of each option towards satisfying
the problem statement [50]. It has been selected in the
current research as a benchmark input variable abstraction
approach for the genetic algorithm. BF usually performed to
find the divisors of a number n would list all the integers
from 1 to n and check that each integer will perfectly divide n
without any remainder. Although a BF search is easy to
implement and will always establish a solution to the
problem, its cost is directly related to the number of options
considered, and this number tends to grow with the size of
the problem in many practical situations. BF is therefore
applicable in situations where the size of the problem is
limited or in the absence of a specific heuristic method that
can be used effectively to reduce the number of solutions to a

considerable size. BF approach can also be used as a
yardstick for benchmarking the performance of other al-
gorithms. It is considered as one of the simplest searching
approaches. The selection of this searching approach to be
integrated with the developed predictive model was inspired
from its potential in feature selection problem.

2.5. Modeling Development and Prediction Skills Metrics.
The current research is conducted on fifteen construction
projects executed in Baghdad city, Iraq. The detailed in-
formation about those projects is provided in Table 1. The
construction duration of the projects ranges between nine to
fourteen months. The established construction projects are
related to residential projects.

The collected information of the projects includes
cost variance (CV), schedule variance (SV), cost perfor-
mance index (CPI), schedule performance index (SPI),
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TaBLE 1: The biodata of the inspected construction projections.
Project name Total , Underground  Ground Buildings  Start date  Finish date Duration  Contract Predi.ction
area (m”) floors floors (days) amount ($) periods
A 7,854 2 2 2 4/22/2007 4/17/2008 361 4,319,000 9
B 6,238 1 1 1 01/03/2008  10/24/2009 295 3,512,900 12
C 7,284 0 1 1 09/28/2006  08/31/2007 337 5,119,050 10
D 6,824 0 2 1 02/15/2005  01/17/2006 336 4,519,050 13
E 6,453 1 1 2 06/05/2005  07/02/2006 392 4,812,800 10
F 7,471 2 1 2 10/05/2008  08/12/2009 312 3,627,300 12
G 7,864 1 1 1 03/03/2009  01/27/2010 330 4,423,050 11
H 6,678 1 1 1 05/01/2007  02/24/2008 299 3,627,300 9
I 9,340 1 2 3 06/23/2007  08/13/2008 417 6,339,350 11
] 10,628 0 2 2 10/09/2004  11/29/2005 416 6,128,150 13
K 8,245 0 1 3 08/15/2010  07/13/2011 332 5,111,350 11
L 8,782 0 2 3 01/10//2006  01/05/2007 360 3,914,600 12
M 6,625 1 2 1 01/01/2008  02/28/2009 424 7,529,350 14
N 5,441 1 1 2 08/25/2007  08/18/2008 359 5,223,100 13
(@] 5,730 1 1 1 04/01/2005  02/27/2006 332 5,522,500 14
Total 174
Training 131
Testing 43
subcontractor billed index, owner billed index, climate effect " 2
index, change order index, and construction price fluctua- RMSE = \/Zi—l(EAca ~ EACP)
tion (CCI). However, the estimate at completion is the main n ’
targeted variable to be estimated. The nine factors are used as
predictors to determine the EAC. The 15 projects comprised Yin
174 periods, 75% of the total periods (131 periods) are MAE = n
performed for the training phase, and 25% (43 periods) for
the testing phase of the predictive models. The modeled 1 <[ EAC, -EAC,
historical data are processed through normalization linear MRE =~ Z ’
p & n i=1 a
scale between (0 and 1). This is for the purpose to supply the
data. for the programming environment with scaled nu- I:Z 1 E AC, —EAC )
merical. The normalization is performed as follows: —1-|2=
Y x Y, EAC,—EAG,)’|
x w=0.8*(—m‘“)+0.1, (6)
Xmax ~ ¥min
\/«z ' (EAC, -EAC,) )/ )

where x, ., is the normalized value of the calculated EAC, x X
is the observed EAC, and x,,,, and x,,;, are the maximum
and minimum values of the EAC. As an advance phase to the
predictive model, GA and BF optimization algorithms are " (E AC. —EAC )2
established to select the highly correlated variables to the WI=1- i=1 a P at
EAC parameter and the p.ro.cedure started from two vari- Z?:1< +|EACa —WCJ)
ables. Then after, the predictive models DNN and SVR are
applied. Two different software used to conduct the mod- (7)

eling strategies are Rapidminer and Neurosolutions. A
simple structure for the proposed predictive hybrid model is
exemplified in Figure 4.

Following various engineering applications and within
prediction problems [51-53], the applied predictive models
are examined using several numerical indicators that present
the absolute error evaluation (the closest to zero) and the
best goodness (the closest to one). In that way, more jus-
tification can be done on the optimal model for the best
input combination. The numerical indicators are root-
mean-square error (RMSE), mean absolute error (MAE),
mean relative error (MRE), Nash-Sutcliffe coefficient (NSE),
scatter index (SI), and Willmott’s index (WI). The mathe-
matical can be described as follows:

where EAC, is the actual observation, EAC, is the predicted
value, and EAC, and EAC,, are the mean values of the actual
and predicted value.

3. EAC Estimation Results and Analysis

As an advanced stage for the prediction process, the cost
database of the selected projects was determined. The data
represent the planned and the actual cost values for each
month and the computed difference between them. The
mathematical relationship between the nine (the abstracted
input combinations) attributes and the EAC is explored using
the potential of the AI expertise learning. The motivation of
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FIGURE 4: Input-output variables system structure using the hybrid intelligent GA-DNN predictive model.

applying the AI models in computing the EAC is to overcome
the drawbacks of the classical indexed formulations since Al
models can mimic the human brain intelligence in solving
complex real-life problems.

The primary prediction modeling was conducted for the
stand-alone proposed DNN and its comparable SVR pre-
dictive model. Table 2 tabulates the performance prediction
skills indicators using all nine declared variables. It is ob-
servable that DNN outperformed the SVR model through
the prediction skills. In quantitative terms, DNN attained
(RMSE-MAE) and (NSE-WI) as (0.130-0.077) and
(0.496-0.741), respectively, whereas SVR attained the pre-
diction indicators as (0.136-0.085) and (0.451-0.693). There
is a notable augmentation between the proposed and pre-
dominated data-intelligence SVR predictive model.

The enthusiasm on coupling the input selection ap-
proach to the predictive model is to explore the predominant
input combination correlated to the EAC magnitude. Note
that, this is highly magnificent to recognize the main
influenced variables during the project progress that affect
the variance of the EAC results. The nature-inspired genetic
algorithm was hybridized with the DNN to abstract the
suitable input combination. On the other hand, brute-force
selection procedure is used as a benchmark for the GA
comparison.

The input combination and the prediction skill results
of the hybrid model GA-DNN are indicated in Tables 3
and 4, respectively. By studying the archived modeling re-
sults in Table 4, Model 2 exhibited the excellent input
combination for predicting EAC through including CV, SV,
and CPI variables as inputs for the prediction matrix. The
results showed minimum absolute error metrics (e.g., RMSE-
MAE) (0.056-0.444) and best-fit-goodness (e.g., NSE-WI)
(0.905-0.954). The hybrid BE-DNN model behaved differ-
ently (Tables 5 and 6); seven input variables represented in
CV, SV, CPI, SPI, subcontractor billed index, change order
index, and CCI gave the optimal prediction skills with
minimum RMSE = 0.040 and WI=0.97. Note that BE-DNN

surpassed the capability of the GA-DNN model, however,
with more features for comprehending the internal mapping
relationship between predictors and predicted.

The modeling input combinations and prediction skills
results of the GA-SVR and BF-SVR are tabulated in
Tables 7-10. In comparison with GA-SVR model, GA-DNN
demonstrated that a remarkable enhancement in terms of
the quantitative units measurable (RMSE-MAE) are de-
creased by (26.3-20.1%), whereas NSE-WT is augmented by
8.8-4.2%. This proved the capability of the GA-DNN model
on mimicking the actual relationship of the project elements
on the EAC phenomena.

Scatter plot graphical exhibition is one of the excellent
ways to visualize the correlation between the actual obser-
vations and predicted value. Figure 5 presents the diversion
from the ideal line of the 45°. The presentation showed a
noticeable agreement for the hybrid NN over the hybrid SVR
model.

Figure 6 demonstrates the graphical presentation of
three metrics including standard deviation, correlation, and
root-mean-square error. The presented two-dimensional
graph is known as Taylor diagram. In this diagram, a
clear visualization can be determined from the optimal
model input combination in accordance with the distance
from the benchmark observed EAC data. Figure 6(a) shows
DNN more accurate than SVR based on the magnitudes of
the correlation and standard deviation. Figure 6(b) indicates
that GA-DNN prediction model with Model 2 input com-
bination attained the closest prediction value to the observed
EAC. Model 6 presented the best input variables for the BF-
DNN model (Figure 6(c)). Figures 6(d) and 6(e) denote a
notable consistence with the optimal input combination
with four variables (i.e., CV, CPI, owner billed index, and
CCI) for the GA-SVR and (i.e., CV, SV, CPI, and SPI) for
BF-SVR model. Finally, Figure 7 reveals the testing phase of
the modeling for all the established predictive models. GA-
DNN and BF-DNN showed a noticeable matching with the
actual EAC.
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TaBLE 2: The numerical evaluation indicators for the DNN and SVR predictive models “stand-alone versions” over the testing modeling
phase.

Predictive models RMSE MAE MRE NSE SI BIAS WI
DNN 0.1303 0.0778 5.7468 0.4964 0.8313 0.0162 0.7419
SVR 0.1360 0.0857 11.4615 0.4514 0.8676 -0.0026 0.6931

TaBLE 3: The input combination attributes used to determine the value of the EAC using GA-DNN model.

Number of inputs Models Input variables
2 Model 1 CV, SV EAC
3 Model 2 CV, SV, CPI EAC
4 Model 3 CV, SV, CPI, subcontractor billed index EAC
5 Model 4 CV, SV, SPI, owner billed index, CCI EAC
6 Model 5 CV, SV, CPI, SPI, change order index, CCI EAC
7 Model 6 CV, SV, CPI, SPI, subcontractor billed index, owner billed index, CCI EAC
3 Model 7 CV, SV, CPI, SPI, subcontfactor bqled index, 0.wn6r billed index, EAC
change order index, climate effect index
TaBLE 4: The numerical evaluation indicators for the GA-DNN predictive model over the testing modeling phase.
Method RMSE MAE MRE NSE SI BIAS WI
Model 1 0.0843 0.0555 —0.1082 0.7890 0.5382 0.0229 0.8710
Model 2 0.0566 0.4446 0.1392 0.9050 0.3612 0.0137 0.9545
Model 3 0.0910 0.0620 0.2943 0.7541 0.5809 0.0036 0.8722
Model 4 0.0919 0.0629 —-0.1093 0.7493 0.5865 0.0334 0.9106
Model 5 0.1010 0.0629 0.0671 0.7049 0.6268 0.0288 0.8561
Model 6 0.0777 0.0510 -0.1594 0.8253 0.4823 0.0175 0.9182
Model 7 0.1002 0.0595 0.2029 0.7020 0.6394 0.0102 0.8404
TaBLE 5: The input combination attributes used to determine the value of the EAC using the BF-DNN model.
Number of inputs Models Input variables
2 Model 1 CV, SV EAC
3 Model 2 CV, subcontractor billed index, CCI EAC
4 Model 3 CV, SV, CPI, SPI EAC
5 Model 4 CV, SV, SPI, subcontractor billed index, climate effect index EAC
6 Model 5 CV, SV, CPI, SPI, owner billed index, climate effect index EAC
7 Model 6 CV, SV, CPI, SPI, subcontractor billed index, change order index, CCI EAC
3 Model 7 CV, SV, CPI, SPI, subcont%ractor bqled index, owner billed index, change EAC
order index, climate effect index
TaBLE 6: The numerical evaluation indicators for the BE-DNN predictive model over the testing modeling phase.

Models RMSE MAE MRE NSE SI BIAS WI
Model 1 0.0843 0.0555 -0.1082 0.7890 0.5382 0.0229 0.8978
Model 2 0.0712 0.5721 0.4154 0.8494 0.4546 ~0.0086 0.9229
Model 3 0.0750 0.0537 0.2552 0.8333 0.4783 0.0020 0.9179
Model 4 0.0802 0.0527 0.0250 0.8091 0.5118 0.0155 0.9038
Model 5 0.0890 0.0594 0.4141 0.7651 0.5678 0.0034 0.8778
Model 6 0.0399 0.0260 —0.1873 0.9527 0.2555 0.0143 0.9791
Model 7 0.1009 0.0607 0.5762 0.6981 0.6437 0.0168 0.8654

To conclude the discussion section of the application, = modeling phases. GA indicates the evolutionary nature

the main contribution of the authors highlighted the ro-  inspired for the feature input selection and the DNN
bustness of the hybrid GA-DNN that denotes two  model as predictive model. The proposed methodology



10

Advances in Civil Engineering

TaBLE 7: The input combination attributes used to determine the value of the EAC using the GA-SVR model.

Number of inputs ~ Models Type of input variables
2 Model 1 CV, CCI EAC
3 Model 2 CV, subcontractor billed index, change order index EAC
4 Model 3 CV, CPI, owner billed index, CCI EAC
5 Model 4 CV, subcontractor billed index, owner billed index, change order index, CCI EAC
6 Model 5 CV, CPI, SPI, subcontractor billed index, change order index, CCI EAC
7 Model 6 CV, SV, CPI, SPI, change order index, CCI, climate effect index EAC
3 Model 7 CV, SV, CPI, SPI, subcontractor billed index, qwner billed index, change order index, climate EAC
effect index
TaBLE 8: The numerical evaluation indicators for the GA-SVR predictive model over the testing modeling phase.
Method RMSE MAE MRE NSE SI BIAS WI
Model 1 0.0923 0.0571 0.3860 0.7473 0.5889 ~0.0064 0.8710
Model 2 0.0847 0.5820 0.3972 0.7874 0.5401 ~0.0016 0.8925
Model 3 0.0767 0.0468 0.4033 0.8254 0.4895 —0.0064 0.9106
Model 4 0.1014 0.0588 0.4669 0.6948 0.6471 ~0.0001 0.8359
Model 5 0.1056 0.0641 0.6324 0.6772 0.6555 0.0074 0.8241
Model 6 0.1096 0.0652 0.5087 0.6523 0.6803 0.0244 0.8359
Model 7 0.1121 0.0629 0.7884 0.6271 0.7154 -0.0229 0.8187
TaBLE 9: The input combination attributes used to determine the value of the EAC using the BF-SVR model.
Number of inputs Models Type of input variables
2 Model 1 CV, SV EAC
3 Model 2 CV, SV, CPI EAC
4 Model 3 CV, SV, CPI, SPI EAC
5 Model 4 CV, SV, CPI, SPI, subcontractor billed index EAC
6 Model 5 CV, SV, CPI, SPI, subcontractor billed index, owner billed index EAC
7 Model 6 CV, SV, CPI, SPI, subcontractor billed index, owner billed index, change order index EAC
8 Model 7 CV, SV, CPI, SP], subcontractor billed index, owner billed index, change order index, CCI EAC
TaBLE 10: The numerical evaluation indicators for the BF-SVR predictive model over the testing modeling phase.
Method RMSE MAE MRE NSE SI BIAS WI
Model 1 0.0853 0.0497 0.2128 0.7840 0.5445 0.0062 0.8871
Model 2 0.0778 0.5431 0.3569 0.8204 0.4964 —0.0063 0.9147
Model 3 0.0658 0.0427 0.2612 0.8715 0.4199 —0.0007 0.9346
Model 4 0.0966 0.0576 0.3964 0.7235 0.6160 —0.0004 0.8590
Model 5 0.0970 0.0501 0.4953 0.7208 0.6190 0.0070 0.8533
Model 6 0.0961 0.0593 0.4255 0.7262 0.6148 0.0228 0.8802
Model 7 0.1148 0.0638 0.5869 0.6088 0.7327 0.0316 0.8236

displayed a very positive result in which contributes the
construction engineering project managers to monitor
the cost at completion during the whole progress of the
project.

4, Discussion

The applied methodology in the current research was in-
spired from the motivation of exploring new reliable ap-
proach for modeling EAC in construction projects. The
proposed model distinguished itself by the capability
of comprehending the actual mechanism of the related
variables to the targeted variable with more solidity man-
ners. This is a main essential perspective for practical

implementation from construction project management.
Overall, having the hybridization of the evolutionary opti-
mization algorithm as a selective procedure, the pre-
predictive model (i.e., deep neural network) attained
convincing results for the perspective of the scientific re-
search and innovative modeling strategy exploration.
Based on the various statistical indicators, the best results
indicated an outstanding evaluation performance with re-
spect to the minimal absolute error measures and the best fit-
of-goodness (RMSE and correlation value (R?)) equal to
(0.056 and 0.91) using only three input attributes (i.e., CV,
SV, and CPI). These findings are evidencing the capacity of
the proposed hybrid model to achieve reliable prediction
accuracy with less input variables. It might be noticed that
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Model 3
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(d)

F1GURE 5: The scatter plot graphical visualization between the actual observation of EAC and the intelligence predictive models: (a) optimal
input combination for GA-DNN; (b) optimal input combination for GA-SVR; (¢) optimal input combination for BE-DNN; (d) optimal

input combination for BF-SVR.

BE-DNN model attained the performance indicators (e.g.,
RMSE and R?) equal to 0.039 and 0.95; however, this model
required seven input variables information (i.e., CV, SV,
CPI, SPI, subcontractor billed index, change order index,
and CCI) to attain this level of accuracy. From the engi-
neering perspective, GA-DNN is more robust data-
intelligence model to be implemented in actual cases; as
for project construction engineering, not all the time, in-
formation are available, and allocating such possibility of
model give more credit for the engineering prospects.

5. Conclusion

In this research, a new hybrid data-intelligence predictive
model called GA-DNN is explored for facilitating the
construction managers with the reliable and robust

methodology that control project cost and attain accurate
estimation for the EAC. The implementation of this
methodology is provided as an automation system where the
project activities can be monitored, controlled, and any
defective consequences can be avoided. The intelligence
system comprises two phases: (i) the evolutionary phase of
the genetic algorithm to abstract the influenced input at-
tributes for the modeled prediction matrix and (ii) the
DNN prediction model that uses the abstracted variables for
each input combination to module the EAC. The BF input
section procedure is used as a benchmark for the GA op-
timizer and SVR as a comparable prediction model. The
results confirmed the predictability of the DNN over the
SVR stand-alone models. In addition, the hybridization with
nature-inspired input algorithm selection boosted the pre-
diction outcomes. The devotion for future research is highly
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applicable for the current study where this methodology can
be implemented on other construction projects as a real-
time application where the contribution can be recognized
in the form of a practical solution. This can be distinguished
as the advantage of monitoring the project life in more
reliable manners and subjective to the status of the project.
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