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Abstract. Reliable and accurate cost estimates are essential to construction projects. They are 
even more critical in infrastructure projects as they require more time, cost, and public 
constraints. Therefore, a better cost model is required for infrastructure projects. An extensive 
literature review was carried out to identify various statistical modelling techniques and models, 
as well as models developed using these techniques. The literature identified seven statistical 
modelling techniques. They are; regression analysis, Monte-Carlo simulation, support vector 
machine, case-based reasoning, reference class forecasting, artificial neural networks, and fuzzy 
logic. These techniques were all used in various cost models developed for construction projects. 
According to the analysis of results, neural networks and support vector machine-based models 
displayed better performance in their cost estimation models. However, it was found that 
combining several techniques into a hybrid model, for example, the neuro-fuzzy hybrid, can 
significantly increase these results. Thus, the reliability and accuracy of the current estimation 
process can be improved with these techniques. Finally, the techniques identified as having better 
performance can be used to develop a cost estimation model for the preliminary stage. This is 
because these techniques perform well even though the availability of information is lower. The 
results of this research are limited to the seven identified techniques and the literature used in the 
review.  

1.  Introduction 
Cost overrun is considered a global phenomenon in the construction industry, especially in long-run 
mega-scale projects such as infrastructure projects. [1] researched infrastructure projects in Hong Kong 
and identified a mean percentage of cost overrun of 32.52% in road projects, 34.83% in rail projects, 
and 37.48% in bridge and tunnel projects. Considering that infrastructure projects usually experience 
increased extended construction periods; a proper cost forecasting model is strongly needed for large-
scale construction projects worldwide. For example, the project management survey done by KPMG 
New Zealand observed that the number of projects delivered within budget decreased from 48% to 29% 
from 2010 to 2017 [2]. It is evident that cost estimation at the pre-contract stage plays a significant role. 
However, [3] explained that, compared to the other industries, construction projects face difficulty in 
anticipating the characteristics and the work to be done in the future, considering the time taken for the 
work. Therefore, it is not straightforward to achieve a reliable and accurate estimate for the project. 
Furthermore, they emphasized the importance of cost estimation to project development. Researchers 
also found two types of cost overruns: avoidable and unavoidable. The avoidable costs are the matters 
that could have been foreseen by the management beforehand. Conversely, unavoidable costs are caused 
by events that cannot be foreseen beforehand [4]. According to [5], due to this, construction projects 
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must deal with various issues; mainly the waste of funds and investments, losing the expected end-
product quality of the outcome, and several other issues that arise due to project delays. Budget 
estimation at the preliminary stage is commonly developed using historical data. Various traditionally 
used estimation methods are available at the preliminary stage, where information availability is minor 
and uncertainty is high [3]. However, the reliability of these traditional models is often questioned 
because proper judgment is critical in estimation. This statement was emphasized by [6] who suggested 
both historical trend-based data and competed judgment, based on construction knowledge and 
experience, are vital components of a proper cost forecasting technique. Thus, in the past few years, 
researchers have focused on developing new cost models that can incorporate both these components 
while minimizing the errors and biases of the judgments resulting from the human mind's cognitive 
behaviour. Hence, researchers adopt various statistical modelling techniques into cost estimation 
models. 

2.  Literature review 
In recent years there has been an increasing amount of research focused on new cost modelling 
techniques. This is due to the lack of accuracy in traditional methods. As a result, there were seven basic 
cost modelling techniques identified through literature: regression analysis, Monte-Carlo simulation, 
support vector machine (SVM), case-based reasoning (CBR), reference class forecasting (RCF), 
artificial neural networks, and fuzzy logic [7]. While some researchers developed models based on these 
basic techniques, it was observed that some studies were performed by combining these techniques or 
adopting the basics while developing custom-made models. The following sections will review the 
studies examining each technique. 

2.1.  Regression analysis 
Regression analysis is recognized as a technique that estimates the relationship between the parameters. 
It considers the relationship between each dependent variable against one or more independent variables. 
In other words, the model includes the identification of the impact on a dependent parameter when an 
independent parameter is varied and all other independent parameters are fixed [7]. In contrast, a large 
and growing body of literature has investigated the drawbacks of regression analysis and emphasized 
that the technique lacks a straightforward approach to compare the new project with the historical data 
to identify the most suitable model for the estimation. Also, certain assumptions will have to be made 
related to the equations to make them suitable for the regression equations. Furthermore, there is 
difficulty in using a larger number of variable inputs [8]. Furthermore, surveys such as those conducted 
by [9], emphasized that the regression technique is based on linear nature while the cost data of 
construction projects are generally non-linear. However, the researchers highlighted that the technique 
is comprised of analytical and predictive capabilities. In contrast, [10] argued that the relationship 
between project parameters could be either linear or non-linear. 

Using the regression model concept,[11] developed a model to forecast the costs of highway projects 
using cost indices and historical cost data and it was stressed that a cost forecasting model should be 
based on price escalation and other influencing factors. [12] developed a linear regression-based cost 
model to predict the percentage of cost overruns using 46 highway projects. An average percentage error 
of 30.42% was found in the model. The same research also included a statistical fuzzy-based model 
using the same data set. The conclusion was that the regression-based model showed better performance 
than the fuzzy-based model. In another significant study, [13] highlighted the need to have a custom 
model based on project type rather than using a generic formula for all. Furthermore, the researchers 
developed a regression model with a 95% probability of accuracy. This was done using 140 building 
projects in Jordan, including residential villas, apartments, commercial buildings, plants, military 
projects, and infrastructure projects.  

Another investigation was carried out by drawing on the concept of regression analysis; [14] 
developed six cost models which differ from each other based on the number of variables used in each 
model. This was based on cost data from 286 building projects in the United Kingdom. Out of the six 
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models, the model that performed best was the log of cost backward model which had an error of 19.3%. 
The researchers compared the model against Artificial Neural Network (ANN) using the same data and 
variables to validate the model. The best outcome of the ANN utilized 41 variables and showed a 16.6% 
of error This implied that the ANN technique is better than the regression model. [15] emphasized that 
regression analysis displays poor performance when used with the early-stage design parameters. [8] 
and [16] compared ANN, regression, and SVM. They emphasized that the ANN models produced better 
output results than the regression models. However, [8] achieved a significantly lower MAER of 5.68 
for their regression model. Unlike the other models, [17] focused on variables significant to cost, with 
numerical relationships that are challenging to identify. For example, the complexity level, the project's 
importance, on-time competition, and construction complexity level were numerically comprised in the 
model. However, the model displayed an error of 23.8%. 

2.2.  Monte-Carlo simulation 
By drawing on the Monte Carlo simulation concept, [18] emphasized that considering factors of 
uncertainty in a project will lead to quantifying the project cost overruns. The previous studies agreed 
that the simulation could predict any complicated systems where the uncertainty of available information 
is higher [4][7] adapted the Monte Carlo simulation to develop a cost estimation model for building 
projects that forecasts the cost overrun percentage. Simulation models are time-consuming in 
optimization, but they allow for quicker and easier complex approximations through stage-wise 
refinements. The model they developed predicted that 65 out of the 500 projects would be expecting a 
27.49% cost overrun relative to the contract sum. Rather than providing a single outcome, they proposed 
a range of cost overrun possibilities against the respective occurrence probability. 

2.3.  Support vector machine (SVM) 
This technique is based on structural risk minimization and statistical learning theory. Additionally, 
models can be developed based on SVM to identify the factors, data sample collection, and the training 
process [19]. Researchers identified several benefits of using SVM as a cost model. For example, convex 
optimization issues can be solved quicker than other models and with a reliable and accurate solution 
[20]. [20] further emphasized that many research studies that developed SVM-based cost models 
displayed better performance than traditional cost models. Also, the generalization capabilities and 
sparse representation of SVM are better than other models such as neural networks. Additionally, SVM 
comprises six significant properties identified by [20] who resolved that SVM is the best modelling 
technique in conceptual cost estimates. Finally, the research concluded with a conceptual stage cost 
estimation model for road projects in the Gaza strip. This was done using seventy projects and with a 
95% accuracy performance. Contrarily, in an investigation comparing SVM with other models, [8] 
identified several disadvantages of SVM. The algorithmic complexity required for the model is 
significantly higher than other models, and thus a widespread memory is essential. Also, the model 
needs a trial-and-error period to determine a suitable mathematical function, defined as kernel, and the 
variables of the selected kernel function. Researchers highlighted that the SVM models performed either 
equally as well or notably better when comparing its results to neural network and fuzzy system-based 
models. However, the SVM-based model developed for the school building projects in Korea, in the 
research described above, achieved a MAER of 7.48. In contrast, the ANN model, developed using the 
same data, achieved better results. 

2.4.  Case-based reasoning (CBR) 
CBR is the process of solving a new case or a project based on previously resolved cases using the 
knowledge base of the model. Therefore, this model compares the new project with the old data set and 
finds a similar case [21][22][23]. Several studies investigating this technique described four steps of the 
CBR model: retrieve, reuse, revise, and retain [7][10][24]. Furthermore, researchers emphasized that the 
model is based on the hypothesis that similar cases will have similar problems with similar solutions. 
However, [10] argued that this technique encounters barriers such as distance measurement, selection 
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of characteristics, assigning the weightage, and thresholds of cases in reuse. In contrast, [24][25][26] 
suggested that CBR can override most of the shortcomings that regression and neural networks come 
across by utilizing the lessons learned from historical data to solve issues in future projects. 

This technique was demonstrated by [21] when the cost model was developed. In the study, it was 
developed a model with a MAER of 14% using the cost data from 143 sports field construction projects 
in Poland. One of the key focuses of this study was the sustainable development factors accounted for 
by the model, which most other models were lacking. On the other hand, a broader perspective was 
adopted by [10]. Firstly, several distance measurement tools were adopted, such as the Mahalanobis 
concept, Euclidean concept, arithmetic summation-based similarity measure, and fractional function-
based similarity measures. Then a cost model was developed using 99 multi-family housing complex 
projects in Korea as the knowledge base. In their study, 3 test rounds were carried out on the several 
models developed using the measurement concepts. All the models except the Mahalanobis-based model 
performed well showing a MAER between 0.085 and 0.096. However, the model based on the 
Mahalanobis concept showed a MAER of 0.31 to 0.47. In their investigation into optimizing the weights 
of the cost factors of models, [24][26] adopted a genetic algorithm for the CBR model. The former 
researchers developed a model for building projects in Korea with a minimal error rate of 5.6%. The 
latter developed a cost model for river facility construction projects with an average error rate of 15.49% 
using only eight parameters. These findings were also supported by [25] who demonstrated the high 
forecasting capability of their model with a low MAER of 47.9% for building projects based on the data 
from South Korea. In another study, [23] developed a cost model based on CBR for sports field 
construction works while accounting for a MAER of 5.7%. This study further stressed that the model 
encounters more significant errors in quantifying the numerical impact of the location and inflation 
factors. The evidence presented regarding this model collectively suggests that it is essential to have a 
more extensive knowledge base of cases to achieve the desired results. 

2.5.  Reference class forecasting (RCF) 
The concept of RCF is similar to the CBR model. This technique also analyses future cases and finds 
solutions using historical data of a similar case (Shabniya & Dilruba, 2017). However, [27] highlighted 
that RCF and CBR differ to certain degrees as CBR does not consider the irrationality of human 
behaviour, rather, its outcome depends on expert judgment. Furthermore, [28] recommends RCF at the 
early stage of estimation when the uncertainty is at its highest. These findings were supported by [28] 
in their model for estimating cost overruns of public construction projects in Turkey. They found the 
average cost overrun to be 11.33% but this could vary between 22.94% to 133.48%. Another study 
conducted by [29] identified that 60% of the Icelandic transportation projects face 95% cost overruns 
from their initial cost plan. Although the RCF model developed in the study provides a comprehensive 
insight into this matter, the researchers emphasized that the current method used in Icelandic Road 
Administration (ICERA) cost forecasting was able to address the matter. This was with a 6% cost 
overrun for the five years of the study.  In contrast, [30] studied RCF model application in a Danish 
mega railing project. In his study, he concluded that the model did not support the estimation accuracy 
while the project faced cost and time overruns. The research further emphasized that the model was not 
able to prevent strategic misrepresentation as well as optimism bias. 

2.6.  Artificial neural network (ANN) 
According to [31][32], ANN is one of the most sophisticated models capable of non-linear 
approximation and modelling complex functions. However, a lot of research has stressed that most of 
the modelling techniques, such as regression, are not capable of non-linear approximation, thus, most of 
the previous models are not valid. It was also identified that ANN could use the lessons learned from 
previously completed cases and generalize the knowledge to future projects [19][32][33]. Additionally, 
[19] stated that the training process of ANN is overly complex as it is attained through a gradient descent 
algorithm on the error space. Furthermore, they also found that the genetic algorithm and Particle Swarm 
Optimisation (PSO) can be used to overcome this issue. The ANN model comprises the input, hidden, 
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and output layers. The input layer may consist of several neurons depending on the input parameters 
selected for the model. The hidden layer calculates the cost based on the input parameters provided 
being compared against each parameter's relationship to the cost. Finally, the output layer typically 
consists of one neuron which provides the project's estimated cost [8][15]. Further, the research 
emphasized the three stages of model development: the modelling phase, the training phase, and the 
testing phase. The modelling phase involves analyzing the collected projects' cost data, variable 
establishment, network relationship design, and rules. The model will be prepared based on the data in 
the training stage, and then its performance during the testing phase will be evaluated. Considering these 
facts, [34] developed a cost model which adapted the ANN concept using 18 highway projects in 
Canada. This predicted the cost with a weighted error of 0.98. Another study was carried out by [33] 
who developed a model based on ANN using the data from 75 highway projects in Egypt. The study 
carried out several training, evaluation, and validation tests to measure the model's performance, the 
results were found to be 4.51%, 5.8%, and 16.0%, respectively. All were within the valid range. 
Meanwhile, [32] identified fifteen variables in his research developing two models for predicting the 
time and cost overrun based on the ANN technique through the "NeuroSolutions (6.12) (2012)" 
software. The model was based on the data from 56 highway projects in Egypt. The average error was 
concluded to be 39.8%. This is comparatively more accurate than the model developed by [12] using 
the same data set based on linear regression and fuzzy statistical models. 

[35] took a different approach to neural networks. They combined genetic algorithms and neural 
networks to optimize the model in selecting the number of neurons in the hidden layer. In this study, 
several models adjusted the number of layers and neurons. The best model consisted of 2 hidden layers, 
the number of neurons was 12 in the input layer, 18 in the first hidden layer, 12 in the second hidden 
layer, and 1 in the output layer. This model achieved a MAER of 2.62. The study concluded that the 
genetic algorithm is better for selecting parameters than the trial-and-error method. As discussed 
previously, the primary study carried out by [8], comparing three modelling techniques, concluded that 
the neural network was better for cost forecasting than regression and SVM. This is because it can deal 
with multifaceted problems while producing user-friendly models. The model developed in the study 
done by [8] which was based on neural networks achieved a MAER of 5.27. Similarly, [36] compared 
ANN with regression analysis by developing two models with the same data set from Poland and 
Thailand. As expected, the ANN-based model exhibited a lower estimation error rate than the 
regression-based model. However, the model developed by [15] achieved the lowest error of +3.8%. 
This model was developed for the early-stage cost estimation of apartment buildings; however, this 
model was focused on design and site-related variables only. Therefore, the contract-related parameters, 
such as tendering strategy, contract type, procurement methods, and the like, were not considered. 

2.7.  Fuzzy set theory 
Fuzzy logic is recognized as a model used for human communication, reasoning, and decision-making 
abilities in a formalized way where the information is conflicting, incomplete, and uncertain [31][37]. 
Nevertheless, [37] further added that the fuzzy models are used in risk assessment, range estimating, 
forecasting construction performance, contractor selection, working condition assessment, and the 
determination of cost estimating relationships. 

2.8.  Neuro-fuzzy hybrid model 
In recent years, researchers have started combining several modelling techniques to compare their 
performance with the mono-technique models. [31] developed a model by combining the ANN and 
fuzzy set theory and considering the data of 98 water infrastructure projects completed between 2007 to 
2011 in Scotland. They adapted ANN’s learning and generalization capabilities and combined them with 
the positive advantages of fuzzy logic. This includes reasoning and decision-making abilities of the 
human brain with incomplete information. The model forecasted the final cost with 0.6% of 
underestimation error and 0.8% of overestimation error, this is a significantly low marginal error. 
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3.  Research methodology 
Initially, relevant research articles were gathered from the databases. Then, significant articles were 
selected from the database. Following this, an in-depth literature review was carried out using significant 
research articles. Finally, the findings were drafted using the content analysis, and conclusions were 
made. 

4.  Findings and discussion 
Table 1 displays the finding of the previous studies. It summarises the models used for infrastructure 
projects identified in the study, the variables considered in the models, and their performances.  
According to the results, ANN’s show lower performance when the model considers more variables. 
For example, the two ANN models developed by [38] reflect six primary and five secondary variables. 
However, the models show a higher rate of errors ranging from 33% – 50%. However, [33] created a 
model that achieved significantly better performance using only six technical variables. Similar 
behaviour was noticed with regression analysis and SVM. The regression model with fewer variables 
achieved ±5% marginal error [39]. Conversely, [36] model shows a +24% error, although it considers 
only seven numerical variables. Meanwhile, it was observed that the two hybrid models achieve better 
results than all the other models. For example, one model combines ANN and fuzzy logic, while the 
other combines regression analysis, SVM, and data mining techniques. Furthermore, it was noticed that 
combining several modelling techniques helps to mitigate the disadvantages of one technique with the 
advantages of the other technique [31][40]. This research is expected to extend toward developing a 
reliable model for road/ highway projects in New Zealand. This literature review emphasised several 
vital areas that need to be addressed by future models. Firstly, the selection of variables is crucial. A 
thorough study is required to identify specific variables that will significantly contribute to the project's 
cost. The second step is to select the proper techniques. According to the results of this review, it is 
better to combine several techniques into one model, however, it is not easy to select which techniques 
should be combined. Therefore, an in-depth study of each technique will be required to identify the best 
methods suitable for the model. 

Table 1. Models developed for infrastructure projects 
Model Reference Project type Variables Performance 

ANN [33] Highways Project scope, project duration, year of 
construction, project region, mainline 
length, mainline classification 

Training - 
+4.51%; 
Evaluation- 
+5.8%; 
Validation - 
+16.0% 

[32] Highways Independent variables –  
Inadequate project planning and execution, 
inadequate cost planning and monitoring, 
lack of communication between 
construction parties, price fluctuations, lack 
of proper technical study before the tender 
by the contractor, errors in project quantities 
measurements, slow decision-making 
process, equipment failures, lack of 
adequate field visits before tendering by the 
contractor, inappropriate use of project site, 
improper use of materials, inaccurate 
drawings and contract documents, material 
monopoly by suppliers, inflation, and 
rework.  
Dependent variables -  

+39.8% 
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Percentage of cost overruns of the 
constructed highway projects. 

[36] Roads Predominant work activity, work duration, 
pavement width, shoulder width, ground 
rise fall, average site clear, earthwork 
volume, surface class, and the base 
material. 

+24% to +26% 

[38] Urban 
railways 

Primary parameters 
Percentage of tunnel section over the total 
length of the rail, percentage of total length 
of elevated stations over the total rail length, 
percentage of total length of at-grade 
stations over the rail length, percentage of 
total length of cut-and-fill method over the 
main line length, supply and installation of 
the rails, and number of underground 
stations. 
Secondary parameters 
Contract type, number of at-grade stations, 
number of elevated stations, the main line 
length, and percentage of total length of 
depressed-open sections (ramps) to the 
total rail length. 

Model 1 - 
+49.8%; Model 
2 - +33.3% 

Regression 
analysis 

[39] Highway 
projects 

Final cost, awarded bid, days used, actual 
contract time, and initial duration. 

±5% 

[12] Highway 
projects 

Same as [32] +30.42% 

[36] Road 
projects 

As mentioned under ANN. +30% to +36% 

[38] Urban 
railway 
projects 

As mentioned under ANN. +35.2% 

SVM [20] Road 
projects 

Road area, road surface type, base course 
type, base course thickness, interlock 
thickness, asphalt thickness, pipe diameter, 
manhole depth, cut quantity, fill quantity, 
curb length, electrical 

-5% average 

error 

Fuzzy logic [12] Highway 
projects 

Same as [32] +40.37% 

ANN & 
Fuzzy 
hybrids 

[31] Water 
infrastructure 

Tendering strategy, site access, type of 
location, project type, Contractor’s need, 
soil type, initial cost, the initial duration. 

+0.6% to +0.8% 

Regression, 
SVM & 
data 
mining 
hybrids 

[40] Water 
infrastructure 

Tendering strategy, procurement option, 
ground condition, soil type, delivery 
partner, scope, the purpose of the project, 
and operating region.  

+2.33% to -
3.83% 

5.  Conclusion and further research 
A construction project's cost estimation must be accurate and reliable, especially when the project's 
uncertainty is high and little information is available. Therefore, it is crucial to develop a realistic budget 
as it affects most decisions related to design, construction, and technology. Cost overrun in construction 
projects is a global phenomenon due to a lack of accuracy in traditional estimation techniques. 
Therefore, in the past few year’s researchers have focused on developing cost models using statistical 
techniques. Seven powerful techniques have been utilized: regression analysis, Monte Carlo simulation, 
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CBR, RCF, SVM, ANN’s, and fuzzy logic. These techniques were used either as a single technique-
based model or multi-modelling techniques combined as hybrids. It was found that these techniques 
could improve estimation accuracy compared to traditional methods. Moreover, the most reliable 
modelling techniques with better performance were ANN’s, SVM’s, regression analysis, and hybrids. 
Although CBR and RCF are also good modelling techniques, they must have a larger number of project 
cost databases to provide more reliable output. Based on the performance of these techniques against 
the infrastructure projects, the Neuro-Fuzzy hybrid can be identified as the most accurate model overall, 
while ANN and SVM techniques also showed better results as mono-technique-based models. 
Therefore, to mitigate the issues in initial budgeting and estimation of infrastructure projects, it is 
recommended to incorporate these techniques in estimation. 
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