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Abstract: Decision making is a relevant task in the building construction sector, and various systems
and methods for decision support are emerging. By means of a systematic literature review, this article
identifies the methods for decision making in building construction and the lifecycle phases for
which decision support systems are proposed. The selected articles are analyzed and grouped
according to the adopted decision-making methods and the defined lifecycle phases. The findings
show that multiple criteria decision analysis is the most used method for decision support in building
construction and that the construction phase is the most addressed phase within the relevant existing
works. The findings related to the construction phase are further refined by grouping the articles into
application areas and by reviewing in detail the proposed methods therein. The scarce availability of
data and project cases is identified as the most common barrier for the successful development and
implementation of decision support systems in the building construction sector. This work provides
a basis for scientists and practitioners for identifying suitable methods for decision-making support
in a specific lifecycle phase of a building.

Keywords: decision support systems; decision making; building lifecycle; construction phase;
methods; applications

1. Introduction

The adoption and development of computer and information technology for supporting
decision-making activities is gaining importance in many business sectors. In particular, the increasing
availability of digital data leads to an increased demand for computer technologies that can support
decision making [1]. Construction is a business sector where adequate decision making is one of the
key factors to achieve success [2]. Here, decision making is characterized by a high complexity [3],
and there is an increasing need for adopting systems that can support these operations [2]. The use of
computer technology for decision support is thus promising to improve the quality and efficiency of
building construction processes.

Decision making is based on available knowledge and information and can be considered as an
evaluation of the potential effects of alternatives [3]. As construction projects are usually one of a
kind, the available alternatives are evaluated on a project basis. The evaluation of alternatives should
consider not only available information, but also the preferences and the knowledge of experts [4].
Decision making in such an environment is a challenging task and computerized systems for decision
making can support decision makers in the evaluation and the assessment of the available alternatives.
Computer technologies that support decision-making activities are called information systems for
decision support or decision support systems. The term information systems for decision support was
first introduced by Gorry and Scott Morton in 1971 [5]. Nowadays, decision support systems can be
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defined as ‘interactive computer-based systems that help people use computer communications, data,
documents, knowledge, and models to solve problems and make decisions’ [6] (p. 1). Traditionally,
decision support systems consist of the following four fundamental components: (i) the user interface
component, that contains the necessary information for the interaction with the user; (ii) the database
component, that stores data and knowledge; (iii) the model component, that contains the models
and the inference engine; and (iv) the communications component, that contains the architecture
and the network of the decision support system [6]. These interactive computer-based systems
evaluate available alternatives by employing formal and non-formal methods for decision making.
These methods of decision making can facilitate decision making in every lifecycle phase, from the
development of the first concept to deconstruction [7]. Multiple criteria decision analysis (MCDA) is
a formal method for decision making that finds many applications in the construction sector [2,7,8].
This method supports decision making in situations with multiple and often conflicting objectives [2]
with the aim of identifying the best compromise. These formal methods have already been widely
implemented in engineering systems and are broadly applied in decision-making problems of the
construction sector [7]. Additionally, many non-fully formal methods for decision making are employed
in building construction. Within this review, we consider the following non-fully formal methods:
fuzzy methods, that handle uncertain information by measuring degrees of truth of propositions [9];
machine learning techniques, that can be used for learning [10], extraction of information and making
predictions [11]; genetic algorithms, that emulate processes of natural selection [12] for engineering
optimization problems [13]; Bayesian methods that solve problems under uncertainty and form the
basis for probabilistic reasoning approaches in the field of artificial intelligence [14]; mixed methods,
where two or more methods are combined; and several other methods that found only a few or
individual known applications.

As the number of publications in the field of decision support systems in the construction sector is
growing, it is advantageous to exploit this existing knowledge for the conception and the development
of new systems for decision support. Existing decision support systems employ different methods for
decision making to address specific problems in the construction lifecycle. To make this information
on existing decision support systems available, we provide a comprehensive review of the application
areas of decision support systems and the most used methods for decision making in the building
construction sector. To achieve this objective, we systematically analyze the literature in this field by
addressing the following main research questions:

RQ1: Which methods for decision making are employed within decision support systems in
the building construction sector? Rationale: Decision support systems employ different methods for
decision making. The objective is to identify which methods for decision making are used, to categorize
them and to show which are the most prevalent.

RQ2: In which phase of the building lifecycle phases are existing decision support systems applied?
Rationale: Decision support systems can be applied throughout the whole lifecycle of a building.
The objective is to identify which is the most suitable building lifecycle phase for decision support.

The results of this first part of the review are presented by organizing the relevant literature
according to decision-making methods and building lifecycle phases. This categorization and a
compact representation of the results provides immediate information on the type of methods for
decision support adopted (RQ1) and of the phases (RQ2) in which these are applied. Preliminary results
of the review showed that most of the decision support systems are dedicated to the construction
phase. For this reason, this phase is further analyzed, and the following additional research questions
are formulated:

RQ3: Which are the proposed applications of decision support systems in the construction phase?
Rationale: Most of the existing decision support systems are proposed for the construction phase.
The objective is to identify the most suitable applications for decision support in the construction phase
and to highlight the gap for future applications.
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RQ4: Which are the strengths and limitations of the methods proposed for the construction phase?
Rationale: Additionally, in the construction phase, different methods are proposed for decision support.
The objective is to highlight potential benefits of the specific methods applied in the construction phase.

The results of this detailed analysis of the construction phase are presented by means of a matrix
that represents the selected literature according to methods and application areas. This representation
enables us to detect which are the most suitable application areas (RQ3) of decision support systems in
the construction phase. The strengths and limitations of the employed methods (RQ4) are highlighted
to offer support in the selection of suitable decision-making methods for the construction phase.
The remainder of this article is structured as follows: Section 2 depicts the research strategy and
describes the adopted steps. Section 3 describes the results of the analysis and provides the answers to
the research questions. Section 4 discusses the results, and Section 5 draws the conclusions.

2. Research Strategy

A systematic literature review is chosen as a research method. This research method requires the
formulation of research questions and an exhaustive explanation of the performed steps that provide
the answer to such questions [15]. The research strategy is described within a review protocol that
is defined before performing the research and the review [16,17]. Our adopted review protocol is
shown in Figure 1 and consists of three main phases: (i) data collection, where we collect the available
literature in our field of study; (ii) screening, where we select the relevant literature by applying
inclusion criteria; and (iii) analysis, where we refine our selection by applying additional inclusion
criteria, define the data that need to be extracted to allow the classification of the selected literature,
and create the basis for providing the answers to the research questions. The steps performed within
the review are described in detail in the following subsections.

Review protocol

Selection of the database
Scopus

Y

Definition of the search string: DSS, construction
803 articles

v

Filter by exact keywords: DSS
451 articles

Data collection
Subsection 2.1

A

First level screening — Inclusion criteria: construction sector
337 articles

Y

Second level screening — Inclusion criteria: subsector buildings
226 articles

Screening
Subsection 2.2

Y

Classification — Inclusion criteria: statement of method and phase | RQ1
94 articles RQ2

!

§ o
-
2 2 Applications — Inclusion criteria: construction phase RQ3
g9 31 articles
<2
¢
Analysis — Inclusion criteria: availability of full text RQ4

17 articles

Figure 1. Our adopted review protocol.
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2.1. Data Collection

This phase of the review aims at collecting the relevant literature in our field of study. To ensure
the quality of the selected data, we considered the Scopus database for the collection of the relevant
literature. According to the subject of study and the defined research questions, the main keywords
are “Decision Support System” and “Construction”. The literature is collected by searching the fields
article title, abstract and keywords from January 2010 until March 2020. The research is limited to
English articles within the subject area engineering. The resulting search string contains the Boolean
operators “AND” and “OR” for searching the main keywords. The search items and the resulting
search string are represented in Table 1. After inserting and applying the search string in the selected
database, we find a total of 803 articles. Next, the collected data are limited to documents that contain
the exact keyword “Decision Support System” or a corresponding synonym. The following synonyms
were accepted: “Decision Support Systems”, “Decision Support Tools” and “Decision Support System
(dss)”. This reduces the number of articles to 451. These articles are admitted to the screening phase.

Table 1. Search items and search string.

Item Content
Keywords Decision Support System, Construction
Database Scopus
Search fields Article title, abstract, keywords
Years January 2010 to March 2020
Subject area Engineering
Language English
Document type Article
(TITLE-ABS-KEY (decision AND support AND system AND construction)
Search string AND LANGUAGE (english)) AND (LIMIT-TO (SUBJAREA, “ENGI”)) AND

(LIMIT-TO (DOCTYPE, “ar”))

2.2. Screening

We consider two levels of screening. The first level of screening has the objective to select the
articles that are dedicated to the construction sector. Title and keywords are screened and articles
that are not related to the construction sector are disposed. This reduces the number of articles to
337. The second level screening has the objective to select the articles that are related to the building’s
subsector. The screening of title, abstract and keywords allows us to identify and dispose articles that
are dedicated to the subsectors of infrastructure construction and industrial construction. This leaves us
with a selection of 225 articles that are related to the subsector of building construction. These articles
are admitted to the analysis phase.

2.3. Analysis

This phase of the review concerns the analysis of the selected articles and forms the basis for the
formulation of the answers to the research questions. First, the criterion for inclusion in the analysis is
applied. The criterion for inclusion to the analysis is that title, abstract or keywords contain a clear
statement of the method applied within the decision support system. The analysis of title, abstract and
keywords allows us to select 94 articles that respect the previously defined criterion. These articles
are analyzed and categorized to provide the answers to RQ1,2. Next, the 31 articles related to the
construction phase are selected. An in-depth analysis of title, abstract and keywords allows to provide
the answer to RQ3. Finally, full papers are collected, and the available 17 full texts are analyzed to
formulate the answer to RQ4. The results of the analysis phase are presented in Section 3.



Buildings 2020, 10, 170 50f18

3. Results

In this section, the selected literature is described and categorized, and the answers to the research
questions RQ1-4 are provided. The results section is divided into the following subsections: (i) data
description; (ii) decision support in building construction (RQ1-2); and (iii) decision support in the
construction phase (RQ3-4).

3.1. Data Description

The bibliometric analysis of the selected 94 articles provides information about the trends in this
research topic. Figure 2 shows the number of articles from 2010 to 2019. The selected data also contain
10 articles from January to March 2020 that are not included in Figure 2.

20

18

18
6 13

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Number of articles
— — — —
B o e O R e o

S

Figure 2. Selected articles organized by year of publication.

All the selected articles belong to the subject area engineering and to additional subject areas
such as business, management, and accounting, followed by the areas of computer science and
environmental science. Figure 3 shows how the articles are distributed by subject areas that differ
from engineering. The bibliometric analysis of the literature shows an increasing interest towards the
adoption of decision support systems for decision problems in the field of management and automation
in construction.

Decision Sciences Other

Mathematics 4%
6% :

Energy
10%

Business, Management
and Accounting

Social Sciences 31%

10%

Environmental Science
14%

Computer Science
17%

Figure 3. Articles per additional subject area.
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3.2. Decision Support in Building Construction

This subsection provides the answers to the research questions RQ1 and RQ2. First, we introduce
the categories of methods for decision support and the lifecycle phases that we identified within the
review. These categories are considered for the organization of the articles according to the method
and the lifecycle phase for which the decision support systems are proposed. The categorization forms
the basis for the formulation of the answers to the research questions.

3.2.1. Existing Methods for Decision Support

The analysis of the selected articles allows us to define seven categories of methods. In the
following subsection, the identified categories are introduced.

MCDA is a discipline of operations research and supports decision making in complex situations
when multiple and conflicting objectives are present [2]. Many different approaches and techniques are
proposed in literature, often also in combination one another. Within this group of methods, the decision
maker plays an important role, as they aid the identification of the best compromise by incorporating
subjective information, leading to different outcomes for every decision maker [18]. MCDA methods
can be classified by linking them to the decision problems that they solve. Ishizaka and Nemerey
group the most popular methods into methods that aid choice, ranking, sorting and description
problems, and introduce already available software packages [18]. Other authors group MCDA into
two main categories of methods: (i) multi attribute methods, in which a utility function is maximized,
and (ii) outranking methods that consider pairwise comparisons of actions [19,20]. The analytical
hierarchy process (AHP) belongs to the multi-attribute category and has received much scientific
interest. This method found large applications in construction using both single and hybrid application
approaches [2]. Within the category of outranking approaches, we find PROMETHEE, that provides
rankings of the available actions based on preferences, and the group of ELECTRE methods, that can
be applied to a wide range of decision problems [18]. A comprehensive overview of MCDA methods
can be found, e.g., in [18,19].

Fuzzy methods include fuzzy logic and fuzzy set theory. Fuzzy logic has its origins in fuzzy
set theory proposed by Lotfi Zadeh in 1965 [21]. The aim of this technique is to emulate imprecise
or approximate human reasoning under uncertainty by enclosing partial truths [9]: traditionally,
a proposition can be either true or false, and in fuzzy logic the uncertainty is represented by attaching
numerical values that allow us to measure the degree of correctness of a proposition. Machine learning
techniques are used for filtering, searching, detecting and predicting data in many different application
areas [11]. Machine learning comprises not only the extraction of information but also learning from
data with the aim to develop a program that is able to represent the data [10]. These techniques
use also concepts from probability theory to model uncertainty in engineering problems [10,11].
Genetic algorithms are a subset of evolutionary algorithms that are inspired by the evolution of
living organisms [13]. John Holland introduced this programming technique in the 1960s and further
developed it to define a classifying system that reacts when specific conditions are satisfied by data [12].
Genetic algorithms were developed for optimization problems in engineering and rely on biologically
inspired operators that are called crossover, mutation and inversion [13] and aim at emulating the
processes of natural selection [12]. Bayesian methods are statistical techniques for solving problems
under uncertainty. Bayesian statistics is a field of statistics that is based on Bayes interpretation of
probability. Reverend Thomas Bayes (1702-1761) proposed a new rule that allows one to calculate
posterior probabilities given evidence [22]. This rule is called Bayes’ rule and is the basis for many
probabilistic reasoning approaches in the field of artificial intelligence [14]. The category of mixed
methods comprises methods that use two or more techniques in combination. Within this category,
the most used group of methods are fuzzy MCDA and fuzzy methods in combination with other
techniques. Furthermore, other main methods are combinations of these methods. The category of
other methods encloses all the techniques that are proposed less than three times and according to
the first screening do not fit within the other categories. In this category fall, for instance, case-based
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and rule-based reasoning, programming techniques, critical path methods, analytical algorithms,
multiagent systems and building information modelling (BIM)-based decision support.

3.2.2. Lifecycle Phases

For the categorization of the selected articles, we consider a division of the building lifecycle
in phases. The building lifecycle consists of closely connected stages and there exist many different
processes or plans that divide the lifecycle in phases. Variations of the building lifecycle depend on
the type of project, the type of client, and on the delivery system. Often, the building lifecycle is
simply broken down into the following main phases: project inception or brief, design, construction,
and operation and maintenance [23-27]. Even if there exist several differences between process maps
or plans of work, the core phases are the same [27]. According to the proposed divisions of the lifecycle
in the literature, we consider the following phases:

e Development: This phase concerns the definition of the strategy to meet the client requirements
and the initiation of the project. We consider applications that are relevant for the project
development and for the client team.

e  Design: Within this phase, the architectural concept, the spatially coordinated design, and the
technical design with all the information that is necessary to construct the building are defined,
regardless of the procurement strategy. Within this phase, we consider the applications that are
relevant for the building design and for the design team.

e Construction: Within this phase, the building system is manufactured, constructed,
and commissioned. We consider the applications that are relevant for the construction of
the building and for the construction team.

e  Operation and maintenance: Within this phase, the activities related to handover, and the use,
operation and maintenance of the building are considered. Within this phase, applications are
relevant for different actors in the building lifecycle.

e  Cross-phase: It is likely that there will be an overlapping between different phases. For this reason,
we use this category for collecting all the applications that cannot be associated to one phase.

3.2.3. Categorization of Articles

The selected 94 articles that passed the inclusion criteria are used for the categorization of
methods and building lifecycle phases. The in-depth analysis of titles, abstracts and keywords
allows us (i) to identify the techniques used within decision support systems and to group them
into methods for decision making (RQ1) and (ii) to identify the main building lifecycle phases in
which the decision support systems are applied (RQ2). The matrix in Table 2 represents our proposed
categorization of the 94 articles according to method and lifecycle phase. For the categorization of
the articles, we consider the following main methods: MCDA, fuzzy methods, Bayesian methods,
machine learning, genetic algorithms, mixed methods, and other methods. We consider the simplified
division of the building lifecycle into the following main phases: development, design, construction,
operation and maintenance, and the category cross-phase. In Figure 4, we show the number of articles
per lifecycle phase and method.

Table 2. Categorization of articles with methods and phases.

MCDA Machine Fuzzy Genetic Bayesian Mixed Other
Learning Methods  Algorithms Methods Methods Methods
Development [28-33] [34,35] [36] [37-40] [41-43]
Design [44-51] [52] [53-55] [56-64] [65-68]
Construction [69-75] [76] [77-79] [80-82] [83-93] [94-99]
Operation and [100-104] [105] [106,107]  [108,109]

Maintenance
Cross-Phase [110,111] [112] [113,114] [115] [116,117] [118-121]
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Figure 4. Number of articles per lifecycle phase and method.

3.2.4. Methods for Decision Support Employed within Decision Support Systems (RQ1)

The proposed categorization and the analysis of the articles identifies the most common methods
for decision support and shows how frequently they are proposed within decision support systems.
The results show that formal MCDA methods are predominant in building construction. The second
most used category in terms of frequency of application are mixed methods. With respect to the
proposed categorization, we see that we have a homogeneous distribution of the applications of the
remaining methods for decision making. Fuzzy methods, machine learning, genetic algorithms and
Bayesian methods are rarely employed within decision support systems compared to the application of
formal methods. Within the category other methods, we find several individual or limited applications
of decision-making methods.

3.2.5. Applications of Decision Support Systems in the Building Lifecycle Phases (RQ2)

The results of the analysis show how frequently decision support systems are proposed in a specific
building lifecycle phase according to our proposed categorization. Most of the applications of decision
support systems are proposed for the construction phase and the design phase. Less applications are
proposed for the development phase and for the operation and maintenance phase. In the following,
we list the applications that are proposed for the different lifecycle phases.

Development phase:

e  Cost estimation, budgeting, and profitability assessment [31,34,38,39,43];

e  Urban planning [29,35,36,42];

e  Early evaluation of modularization and industrialization strategies [28,30,33];
e  Sustainable project selection and classification [37,41];

e  Determination of the appropriate procurement method [32];

e Dispute classification in the initial phase of private public partnerships [40].
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Design phase:

e Sustainable planning and design [52,56,57,59,60,62,63];

e Building envelope design, optimization, and selection [45,49,54,66-68];
e  Material selection [48,50,51];

e  Evaluation of design alternatives [47,55];

e Installation of solar thermal power [44];

e  Policy selection for the planning phase [46];

e Automated design and modelling [53];

e  Mitigation of decision-making problems faced by a design team [58];
e  Design optimization [61];

e  Design team selection for design firms [64];

e  Management of design changes [65].

Construction phase:

e  Supply chain management and material procurement [71,75,86,90,91,94];

e  Construction contracts and bidding [73,74,76,81,97];

e  Equipment and logistics [72,83,89,99];

e Hazard analysis and safety planning [78,92,95,98];

e  Project duration and scheduling [70,79,82,85];

e  Optimization, performance and management of modular construction projects [69,80,84,96];
e  Making decisions regarding overseas construction projects for companies [77];

e Environmental assessment and optimization [87];

e  Software selection for the execution phase [88];

e  Entropic risk analysis [93].

Operation and Management:

e Renovation [102,107,108];

e  Retrofit and modernization strategies [100,103,104];
e  Refurbishment [101];

e  Predicting the remaining compressive strength [105];
e  Assessment of building energy performance [106];

e  Sustainable renewal of the building stock [109].

Cross-phase:

e Time and cost optimization [115,118-121];

e Contractor prequalification and selection [113,116];
e  BIM software selection [110];

e Knowledge management [111];

e  Evaluation of alternatives [114];

e Differing site condition litigations [112];

e  Conflict resolution [117].

3.3. Decision Support in the Construction Phase

This subsection provides the answers to the research questions RQ3 and RQ4. The articles
dedicated to the construction phase are selected from Table 2, and the results are further detailed. First,
introduce the application areas for decision support in the construction phase that we identified within
the review. These categories are considered for the organization of the articles according to method
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and the application area for which the decision support systems are proposed. This categorization
allows us to show the most common application areas in the construction phase (RQ3) and forms the
basis for the analysis of the most common and effective methods for decision support (RQ4).

3.3.1. Application Areas and Categorization (RQ3)

The analysis of the remaining 31 articles allows us to identify the proposed application areas in the
construction phase. According to the application list identified in Section 3.2.5, we use the following
main application areas for further categorization and analysis of the construction phase: supply chain
and materials, contracts and bidding, equipment and logistics, hazards and safety, scheduling and
duration, modular construction, and other applications. The categorization of the articles according to
application areas and methods is represented in Table 3. Furthermore, we show the number of articles
per application areas and method in Figure 5. We find an equal distribution of the applications in the
different phases.

Table 3. Construction phase. Categorization of articles with application areas and methods.

MCDA Machine Fuzzy Bayesian Mixed Other
Learning Methods Methods Methods Methods
Supply chain and materials [71,75] [86,90,91] [94]
Contracts and bidding [73,74] [76] [81] [97]
Equipment and logistics [72] [83,89] [99]
Hazards and safety [78] [92] [95,98]
Scheduling and duration [70] [79] [82] [85]
Modular construction [69] [80] [84] [96]
Other applications [77] [87,88,93]
o o0 w =} ) )
< &£ % 3% .t L%
§ %% g2 i I3 i s
P =3 £ = &5 g3 c= e
Supply chain
& materials z : : :
Contracts &
bidding z 1 3 . b
Equipment &
logistics Z z - :
Hazards &
safety ! i 2 2
Scheduling &
duration 2 L : z :
Modular
construction 4 2 5 3 1
Other
applications 1 > i
Total 7. 1 2 3 11 6

#  Number of articles

Figure 5. Construction phase. Number of articles per application area and method.
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3.3.2. Strengths and Limitations of Decision Support Methods for the Construction Phase (RQ4)

Seventeen full articles are available for the analysis of strengths and limitations of the proposed
methods for decision making in the construction phase. Genetic algorithms do not longer appear
among the methods. The following paragraphs present the results of this analysis for each of the
proposed methods.

MCDA is the most used method for decision support in the construction phase. Two full papers are
available for the analysis. Both are dedicated to the application area supply chain and materials. Here,
this method finds application in the sustainable selection of concrete supplementary materials [71]
and in the selection of appropriate suppliers [75]. It is shown that AHP can represent dependencies
appropriately and that the analytical hierarchy process is efficient in comparing alternatives when the
requested accuracy is low [75].

Machine learning is proposed within one paper dedicated to the area of contracts and bidding.
Here, a neural network model is used for estimating project overheads based on past project cases [76].
When past project cases are available, the proposed decision support system can provide quick
estimates also when data are imperfect [76].

Three applications of fuzzy methods are proposed, and one full paper is available for the analysis.
The paper proposes an application for quantifying the probability of delay for contractors [79]. The main
strength of the method is the ability to deal with incomplete and uncertain data and the consideration
of expert knowledge [79].

Bayesian methods are proposed within three papers, and one full paper is available for the
analysis. Bayesian inference with the Markov chain Monte Carlo-based numerical approach is used for
updating input models in the construction phase [82]. This approach allows to deal with uncertainties,
to integrate expert knowledge, and to use past data in combination with new observations [82].
The practical application is challenging because of the large amount of data and information that must
be considered within this approach [82].

Mixed methods are the second category in terms of frequency of applications in this phase,
and seven full articles are available for the analysis. Here, techniques are combined or applied
in different modules of a decision support system to optimize results. Within the area materials
procurement and supply chain management, a hybrid Bayesian fuzzy game is proposed to support
price negotiation between contractor and supplier [91]. This combination allows one to use incomplete
past data for making prediction on preferences [91]. Within the area of equipment and logistics,
mixed methods are used for the selection [89] and the re-planning of lifting paths [83] of tower cranes.
The combination of genetic algorithms, oriented bounding boxes and BIM models allows one to develop
a decision support system that can operate with dynamic environments [83]. Within the selection
problem of tower cranes, the results can benefit from the combination of BIM, genetic algorithms and
AHP [89]. The combination of machine learning methods with MCDA is used for making predictions
based on experience in the field of occupational accidents [92]. The combination of the analytical
network process with different mathematical models allows one to integrate expert knowledge and
rank variables for making predictions on the project duration considering the impact of weather [85].
The combination of fuzzy methods with equivalent noise summation and algorithmic mapping is
used to develop a BIM-based framework for comparing the performance of modular and conventional
construction methods [84]. Within the area other applications, lifecycle assessment and particle swarm
optimization are combined to select construction schemes based on environmental metrics [87]. Here,
the integration of additional methods in traditional lifecycle evaluations allows one to enhance and
support computation and assessment of many alternatives [87].

Other methods are proposed within five full articles. Many individual applications of methods
are proposed. Within the area of material procurement and supply chain, BIM is proposed for the
selection of sustainable construction material sources [94]. Within the area of equipment and logistics,
the traveling salesman problem is used for optimizing crane operations [99]. Within the field of
modular construction, programming models can be applied for optimization problems as they can
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account for uncertainties and determine the optimal supply chain configuration [96]. Within the field
of hazards and safety, the application of reasoning systems supports in the design of fall protection
systems [98], and BIM supports the automation in safety planning [95].

The limitations of the methods, when discussed, are consistent between the different methods.
One common limitation is the availability and the processing of data and project cases [76,82,87,98].
The ability of processing and considering expert knowledge and preferences is considered as a
strength [79,82,85,91] but in some cases also a challenging task [82].

4. Discussion

The review confirms an increasing interest towards development and application of decision
support systems in the field of management and automation in construction. The complexity and the
relevance of decision support systems for this sector is reflected by the wide range of applications
that are proposed for every lifecycle phase. Several methods and approaches are already successfully
employed within decision support systems. For the development of decision support systems, it is
crucial to select the appropriate method given the problem at hand, because every method has different
abilities and limitations.

The results show that formal MCDA approaches are the preferred methods for building decision
support systems in every lifecycle phase. This result is confirmed also by other studies in this
field [2,7,8]. The findings of this review show that these methods are used for the identification of the
best compromise when multiple conflicting objectives are present [33,50], and they are used to order,
rank, and prioritize the available alternatives [33,51,71]. The results also show extensive use of mixed
methods for addressing decision problems in the building lifecycle. The combination of two or more
methods allows us to optimize results or to apply different techniques in different modules of a decision
support system. Moreover, within in this category, MCDA is frequently adopted in combination with
other methods [48,71,75,85,89,92]. This extensive use of hybrid MCDA approaches in construction is
also confirmed by previous studies [2,7,8]. The large popularity of MCDA can be exemplarily described
by highlighting the key features of AHP. AHP has been identified as the most popular MCDA method
in the construction sector. AHP convinces through its ease of use and its flexibility that allows the
application to a wide range of problems without the need for great expertise [2]. AHP can be easily
combined with other methods and is frequently used for defining the importance of the decision
criteria [2,8]. MCDA methods are more successful when they are easy to use and when they have
already had large applications, because this generally leads to time savings, but the increasing use of
mixed methods also shows that they are often insufficiently equipped to address decision problems as
a single approach [2].

Less applications are found for all the other methods. Machine learning techniques are useful for
making estimations and predictions based on past data and project cases [76,105,112]. These techniques
have the ability the ability to handle large amounts of datasets [34]. Fuzzy methods and Bayesian
methods are used when uncertainties are considered. The main strength of these methods is their
ability to deal with incomplete and uncertain data [79,82,113] and to integrate expert knowledge [79,82].
The combination of both methods allows one to consider past data for making predictions on
preferences [91]. The limitations of the used methods are rarely discussed within the analyzed
literature. The most common barrier for the successful development of decision support systems is
the low availability of data and project cases. This gap could be filled by the increased use of BIM,
which is fundamentally changing processes in the whole building lifecycle. In fact, BIM has already
been successfully integrated within decision support systems for applications in the field of design
and planning [42,53,54,95].

The results show that decision support systems can be successfully employed within every lifecycle
phase of a building. The most addressed phase is the construction phase, where decision support
systems aid decision making in different application areas that vary from supply chain management
to optimization of logistics and decision problems related to scheduling problems. As applications
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are mainly dedicated to decision problems for administrative and managerial activities, we see the
ground for potential developments in the field of construction site operation Here, the predominance of
MCDA methods is lower, and more methods that account for uncertainty are used. Furthermore, in the
design and development phase, decision support systems are widely employed. Less applications
are found for the operation and maintenance phase where applications are mainly dedicated to
modernization measures of existing buildings. Within this phase, there is therefore still a lot of ground
for developments.

5. Conclusions

Methods for decision support and applications of decision support systems in building construction
are identified by performing a systematic literature review. Relevant literature is selected, screened,
analyzed, and classified according to categories of methods and applications. This provides immediate
information on the current use of methods and existing applications of decision support systems in the
building lifecycle.

For every lifecycle phase, several applications of decision support systems exist, with the most
addressed phase being the construction phase. Methods for decision support present substantial
differences in terms of needed input and provided output. The selection of the most suitable method
for decision making in building construction is a crucial task in the development of dedicated decision
support systems. Within the selection, the boundary conditions and the nature of the decision problem
must be considered. Handling of expert knowledge and scarce availability of data have emerged as a
common limitation that authors of the most relevant existing works stress. This problem could be
overcome by the increasing adoption of BIM in the construction sector. Further research in this field
could account for the roles that different decision makers can have in the building lifecycle and on
different types of delivery systems.

The results shed light on the most common and most effective methods and their use for decision
support in building construction. The compact representation of the results provides information for
the preliminary evaluation of the most suitable method for a specific decision problem. The findings of
the review offer a basis for identifying the gap for future applications and show in which field we find
still a lot of ground for new developments.
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