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Abstract

:

The SCOPUS and Wed of Science bibliometric databases were searched for papers related to the use of multi-criteria methods in civil engineering related disciplines. The results were analyzed for information on the reported geographical distribution of usage, the methods used, the application areas with most usage and the software tools used. There was a wide geographical distribution of usage with all northern hemisphere continents well represented. However, of the very many methods available, a small number seemed to dominate usage, with the Analytic Hierarchy Process being the most frequently used. The application areas represented in the documents found was not widely spread and mainly seemed to be focused on issues such as sustainability, environment, risk, safety and to some extent project management, with less usage on other areas. This may be due to individual engineer’s choices in relation to if and how to disseminate the results of their work and to their choice of keywords and titles that determine if their publications are selected in bibliographic searches and thus more visible to a wider readership. A comparison with more topic focused searches, relating to Bridge Design, Earthquake Engineering, Cladding, Sewage Treatment, Foundation design, Truss design, Water Supply, Building Energy, Route selection and Transport mode showed very different results. Analysis of the papers in this area indicated that the full range of supporting software available for multi-criteria decision analysis (many listed in this paper) may not be fully appreciated by potential users.
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1. Introduction


Multi-criteria decision analysis (MCDA) is used in a wide variety of decision support applications. In keeping with the theme of this Special Issue, the hypothesis examined in this paper is that such methods are underutilized in the disciplines normally associated with civil engineering, i.e., those relating to structures, transportation, geotechnics, environment, water, and waste. This may be because information about the potential of these methods and about the tools available to implement them is not as widely known amongst practicing engineers, suggesting a communications lacuna. In this regard, the published technical literature is an important communications channel and here we investigate whether its use in disseminating information on MCDA can be improved. The methodology is to undertake a series of searches and reviews of the published literature relating to the use of MCDA in these disciplines and to address the hypothesis by analyzing the number and patterns of documents emerging from the different searches. The paper begins with (i) a short concise introduction setting out the background to MCDA, and (ii) a summary of previous surveys or comparisons of some MCDA methods related to civil engineering. Then, the main contribution of this paper follows in three further sections; (iii) a description of the methodology used in the literature review followed by (iv) a detailed analysis and discussion of the results, (v) a short description of MCDA software and (vi) a summary of the conclusions arising from this analysis.



This analysis is motivated, in part, by the realization that, not only should the engineer make good and appropriate design choices, but that she or he should be able to explain and justify those choices to (i) other professionals, (ii) project funders and increasingly to (iii) the legal profession when there are court challenges to the choices made, and (iv) to the general public, particularly where environmental, health and safety matters are concerned. In situations where many factors, both quantitative and qualitative, must be considered, systematic MCDA methods that are well regarded and algorithmically sound are becoming essential for this purpose. Thus, it is essential that civil engineers are familiar with the key methods and tools and this is assessed here based on technical publications on this topic.




2. Background


In planning large infrastructure projects, engineers are often faced with discrete, multi-criteria decision or choice problems. These arise when there are n feasible options (a1, a2, …, an) each of which must be assessed on m criteria (c1, c2, …, cm), typically related to cost, performance, sustainability, environmental impact, reliability, aesthetic value, expandability, risk, health, safety, etc. A two dimensional (n by m) array of assessments can be generated, in which each element, si,j, contains the assessment of option ai for criterion cj. Sometimes, all si,j elements of the array are numbers but this is not always the case and some criteria are more naturally assessed qualitatively, for instance aesthetic value. Many methods have been developed to support decision making based on the information in this array of assessments. One way of classifying these methods is:



“Compensatory analysis methods” [1] that produce a single score for each decision or design option so they can be ranked, or at least the best or a set of better options can be identified. The principal differences between the methods in this category are mainly on how the assessment information is used to generate the single score for each option and in what additional information is required for this, e.g., importance weights and how such information is obtained. Such methods reduce all aspects of the problem to a single one-dimensional index or score, usually financial, i.e., related to costs, or to the concept of utility [2] or some other index, that, for each option, that combines its performance under all the criteria and allows options to be directly compared. In these methods, the performance of a particular design option or choice evaluated for each of the criteria are effectively traded-off amongst each other., i.e., a bad performance in one criterion can be offset by good performances in other criteria. The type of trade-off is common for all the compensatory methods and these include cost–benefit analysis (CBA) [3], simple additive weighting (SAW) [4], multi-attribute utility theory (MAUT) [5], the Analytic Hierarchy Process (AHP) [6] and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) [7].



In contrast, “non-compensatory methods” [8], sometimes called “outranking methods” focus on the options and do a series of individual comparisons of pairs of options to determine, from the assessment array, whether one of them is better, worse, or equivalent to the other. This is done for all possible pairs of options, producing a matrix of outranking relationships which can be used to select options. The approach maintains the multi-dimensionality of the criteria and allows them to influence the final choice or ranking of option(s) without an explicit trade-off of one criterion against another. Concordance-Discordance based methods such as the various forms of ELECTRE [9,10] and PROMETHEE [11] are examples of the second group, and there are a number of other methods following a similar approach [12]. The important difference between this and the first group is there is no explicit trading-off or ranking of the importance of the individual criteria.



The third category is “other” methods that do not fit neatly into either of the first two categories, such as decision-rule-based techniques [13]. These tend to be less widely used than the first two groups so will not be discussed further here.



The technical details of the individual methods are not described here, and, for these, the reader is referred to the key citations listed above and in Table 1. Instead, their use in practice is inferred from a search of published literature, described below. Note that fuzzy number versions of many of these methods have been developed.



It is interesting to consider what each approach assumes about the preferences and internal decision processes of the decision maker(s) and which represents these best. Many of the compensatory methods used weighted averages and thus assume that the “value” the decision maker places on a certain level of any criterion is independent of the levels of the other criteria. This is an essential requirement for the method justifying adding together the individual, scaled, impacts of all criteria. However, a human decision maker does not always make a decision in this way, [23]. Of the compensatory methods, MAUT is an exception to direct weighted sums as it uses a multi-dimensional utility function in which the level of one criterion can influence the impact of other criteria. However, the complexity of forming this multidimensional function and the information required to implement in practice limits the number of criteria that can be reasonably managed, although there are techniques for mitigating this limitation [24]. Compensatory methods also imply that a very good performance in one criterion can compensate for a very poor performance in another and the weights used should be interpreted as trade-off coefficients. On the other hand, non-compensatory methods do not make this assumption, and most will take account of the criteria for which an option performs poorly as well as those for which it performs well. The weights used can be interpreted as importance indicators, [25]. Non-compensatory methods often involve thresholds of acceptability and building an outranking relationship, see Figure 1.



Most engineering design or decision problems require either ranking or choosing from a range of feasible options and so can be addressed by either method, depending on the supporting information available [26]. Often the complexity of the problem and the amount of information that must be considered require a computational approach, typically a software implementation of one of the MCDA methods listed above. This paper examines the published technical literature to see the development of the main methods and to critically examine the wide range of their applications in civil and environmental engineering practice.




3. Previous Work


A taxonomy of general approaches to MCDA has been developed by [27] that includes (a) how the decision problem is formulated, (b) how criteria are established, and (c) how stakeholder preferences are determined and implemented. Here, we are concerned only with (c) the implementation methodologies. There are many reviews of these methods in the published literature, but few specifically focused on civil engineering applications, for example [28], and some on environmental decisions, e.g., [1]. However, there are few published comparisons of methods in design and management contexts, that compare more than two methods. One example is [29] that lists 33 papers describing applications in (i) architecture, (ii) urban planning and (iii) energy-efficient construction which were the keywords in her literature review. While 17 methods were mentioned in the papers reviewed, AHP was used 16 times, much more than any of the other methods. Examples of some limited comparisons are, [26] who compared PROMETHEE, TOPSIS, VIKOR and COPRA and [30] who compared AHP, TOPSIS and VIKOR and preferred VIKOR for the selection of a manufacturing process. Four methods were compared by [31] for use in Life Cycle Assessment applications, and three (AHP, TOPSIS and a fuzzy logical based method due to Mamdani) gave comparable results. The AHP, TOPSIS and SAW (simple additive weighting) methods were applied by [32] to the operation of a rubber plantation and AHP was preferred. Preferences of 40 MCDA users were explored by [33], but only with three methods, all of which had similar evaluations. In a power generation application, [34] compared SAW, AHP, TOPSIS and a multiplicative method, all of which produced similar results. Some of the issues arising in comparison of decision support methods are discussed by [35], while the most general intercomparison of MCDA methods found in the literature search was by [36] who assessed the users experience and difficulties with methods as well as comparing their results.



Thus, few recent extensive comparisons of a wide range of MCDA methods in civil engineering or related applications were found that might give guidance on the selection of suitable methods, except for [28], and none describing the software available for a wide range of applications related to civil engineering. This is understandable, given the widely different data requires of many of the methods, that would make an objective comparison difficult. However, there are substantive reviews focused on specific aspects of Civil Engineering, such as [37] in relation to sustainability in Bridge Design, or [29] in relation to energy efficient building design. Therefore, for this paper, an alternative way to explore the usefulness of MCDA methods is to assess published information on their usage in civil engineering practice to determine the most widely used methods and the application areas in which they are used. Thus, a focused review of the literature was undertaken for this paper, as described below.




4. Methodology of Literature Review


Two large bibliometric databases, Scopus (an abstract and citation database curated by Elsevier) and Web of Science (also an abstract and citation database covering a wide range of disciplines, curated by Clarivate Analytics), were searched for relevant publications, using the following complex search criterion:


(“multi criteria” OR “multi-criteria” OR “multi criterion” OR “multi-criterion”)




and


(“Civil Engineering” OR “structural engineering” OR “municipal engineering” OR “highway engineering” OR “transportation engineering” OR “geotechnical engineering” OR “water engineering” OR “water resources engineering”)







In the first component of the query, various possible combinations of the words multi- and criterion or criteria were included to take account of possible variations between authors with different approaches to hyphenation or to the use of the Latin version of the plural. This component was applied only to keywords in the database to ensure that MCDA was a significant topic on any selected publication. The second component of the query combined the traditional terms used to describe the branches of engineering, all part of civil engineering, to be searched. This was necessary as often the general term “civil engineering” was not always given as a keyword with all relevant papers and more specific terms were used, e.g., transportation or geotechnical. The second part of the search was applied to the title and abstract of the documents as well as to their keywords. The search of Scopus returned 184 documents published between 1990 and 2021. The corresponding search of Web of Science returned 315 documents. The results were combined (removing duplicates) to give a combined database with 486 documents with publication dates between 1990 and 2021. It was surprising that there were only 13 duplicates. Although SCOPUS is focused on the content of Elsevier journals, it was expected that a far larger fraction of these would also be listed in the search of the Web of Science database. The strong implication is that, when undertaking a literature review, multiple databases should be searched as the results can be very different.




5. Analysis of Results


5.1. Basic Statistics


The database of 486 references was analyzed in detail using the R “Bibliometrix” package [38]. There were more journal articles (254) than conference or proceedings papers (185) together with a small number of reviews (15) and some books (24) and book chapters (4). There was a relatively low average of 1.34 citations per year per document, partly explained by the relatively high fraction of conference papers in the collection, since conference papers tend to have fewer citations [39]. The publication rate over time shows considerable variation from year to year, but with a generally rising trend since about 2003, Figure 2, and a peak of almost 80 documents in 2019—the search was conducted in 2020 so results for that year were incomplete. This is consistent with the statement in the Introduction that, for many reasons, MCDM is becoming an increasingly essential tool for the civil engineer.




5.2. Most Active Geographical Regions


As might be expected, Asia (China, India and Korea), North America (USA and Canada) and Europe (Poland, Lithuania, Italy, Spain Czech Republic and France) are the continents dominating the top countries of corresponding authors, reflecting the large amount of infrastructure and/or development in these regions, Figure 3. In this Figure each horizontal bar is divided into green and red sections indicating the proportion of papers from the country for which there are co-authors from other countries (red) or the proportion of those in which all co-authors were from the same country (green). Most of the documents were multi-authored, with an average of 2.8 authors per document and only 63 (i.e., 13%) were single authored documents. This is consistent with the MCDA analysis reported in the paper being a single part of a much larger project with many contributors.



The national distribution of authors shows quite a variation shown by the colours in Figure 3. For instance, some papers from China, Canada, Poland, Lithuania, Spain, and Iran have multinational mixes of co-authors while the co-authors of papers from some other countries (USA, India, Czech Republic, and Turkey) tend to be from the same country.



Some countries, such as Lithuania (population 2.7 Million) and Italy (population 60 Million) have a considerably higher number of contributions when considered as a proportion of their population (e.g., Lithuania 8.9 articles per Million population, and Italy 0.33 articles per Million) when compared to much larger countries, e.g., China (0.04) or India (0.015). In between these extremes is the USA (0.15).



The list of top 20 keywords, Table 2, contains only two typical multi-criteria methods (analytic hierarchy process (AHP) or its variations and TOPSIS). As might be expected from the search criteria, the keywords list is dominated by words associated with application areas (civil engineering; construction (including construction industry), water resources, sustainable development; environmental impact; climate change; and risk assessment). These are the areas where applications of MCDM are more likely to be reported. They have some key elements in common in that all three involve some element of design and of resource allocation. In addition, these areas have a high degree of complexity with large numbers of components or sub-processes to be managed and thus a very large number of possible configurations requiring some automated procedure to seek optimal solutions. Note that Engineering education is included in the list and this category includes a paper on MCDA education for sustainability [40].



Only four terms that could be considered as decision criteria are listed in the top 25, i.e., sustainable development (24 papers), environment (impact) (12 papers) risk (16 papers) and safety (11 papers). This is not surprising as sustainability, safety and concern for the environment are typically recognized as ethical responsibilities of engineers and incorporated into codes of ethics, e.g., for the ASCE (https://www.asce.org/code-of-ethics/) (accessed on 24 March 2021) or for Engineers Ireland (https://www.engineersireland.ie/Professionals/News-Insights/Resource-centre/Regulations-and-governance/Code-of-ethics) (accessed on 24 March 2021).



This indicates their importance in design and project decision making. However, surprisingly, other criteria for engineering design, such as resilience/robustness or best use of physical resources do not appear in this list. Human resources management is in the list, mainly as one of the factors to be managed, particularly in construction projects, or as a possible constraint in some circumstances. It is also a factor in choosing partners for a consortium, e.g., [41]. It is also surprising that cost does not appear in this top 25 list.




5.3. Scope of Results


Publications on decision support methods related to civil engineering are more closely associated with environmental, sustainability or risk conscious engineers, or projects. It could also be possible that engineers working in the environmental/sustainability areas are more likely to have the results of their analyses published. This may be a combination of (a) the engineer’s decision to write a paper on their work and submit to a journal or conference or (b) more interest from journals or conferences in accepting such papers, or (c) choice of keywords. The latter may be an unintended effect of being too specific with all keywords. For example, there are some civil engineering related papers that this author knows that were not identified in the bibliometric search. As the journals concerned were indexed in the databases, the author’s choice of keywords or article title did not include sufficiently broad terms relating to engineering to trigger the search criteria above. Examples of these are an early paper on the application of ELECTRE III to choosing stations for renovation in the Paris Metro system [42]. While in the civil engineering (transport) domain, it was published in an Operations Research journal and was not picked up in the literature search. Another example is a paper on using AHP for selecting wastewater treatment options in the developing world [43] which, although published in a mainstream Civil Engineering journal, was not picked up in the broad search. While it uses the AHP method it does not mention multi-criteria or any variation of that phrase, using “systems analysis technique” and “optimization” instead. While researchers looking for information on a specific method or type of application, will search using very specific keywords, review studies tend to use keywords with a broader scope and may miss some papers that do not have some such keywords. A mix of some very specific keywords together with some broad keywords indicating, e.g., the engineering discipline would have ensured these papers were selected.



Of the various methods listed in the background section above, only two MCDA methods appear in the keyword list and these are the Analytic Hierarchy Process (AHP) [6] and TOPIS [7], suggesting these are the most frequently used methods worldwide. This is further supported by the top ten list of papers cited by the documents in the database, Table 3. Three documents in the top ten are by Thomas Saaty, one describing the Analytic Hierarchy Process (AHP) method and the other two later papers describing its use in practice. The top ten also contains the paper by Hwang and Yoon describing the TOPSIS method. Additionally, two documents relating to outranking methods, i.e., the book by Belton and a review paper by Behzadian confirm that outranking methods [44] are widely known, if not as widely used as AHP.



Three other documents in Table 3 relate to the use of fuzzy sets in MCDA. These are the publication by Zadeh describing the concepts and methods of fuzzy sets and are accompanied by a further two papers, one by Buckley and the other by Chang describing methods that merge the concept of fuzzy sets with an MCDA method. These suggest that the basic MCDA techniques have reached a plateau level of maturity and that more recent publications relate to either (i) applications of the method(s), where a specific application or a review of applications in a specific topic (ii) combining the method(s) with some other concept, e.g., fuzzy sets.



Analysis of the list of journals most frequently associated with the papers in the broad-search database suggests that the first of these suggestions is dominant, Table 4. The journals most frequently used are not narrowly focused, whether specifically on environmental, or sustainability topics but are more mainstream applied journals with a wide scope, except for one journal, Sustainability. The list includes several series of regular conferences that publish their proceedings, some quite high on this list, e.g., “World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium” and the Annual Conference of the Canadian Society for Civil Engineering and the American Society for Engineering Education. This is consistent with the relatively high (38%) number of conference papers returned in the bibliometric search.





6. Comparison with Focused Searches


The analysis above indicates that broad search returns alone do not span the full range of publications on Civil Engineering Applications of MCDA. This is disappointing and may be very misleading for a researcher trying to gauge the extent of MCDA usage in Civil Engineering and/or to determine the most frequently used methods. This contrasts with searches undertaken on more specific aspects of Civil Engineering. For instance, Table 5 shows the number of articles returned from searches of Scopus using a combination of ({multi criteria} OR {multi-criteria} OR {multi criterion} OR {multi-criterion}) together with keywords or phrases for more specific topics in Civil Engineering listed in the first column. The results indicate a significant number of publications in each topic, except for Foundation design and Truss design. The third column of the table shows the number of publications each focused search had in common with the earlier main broad “Civil Engineering” search. It is striking that there are very few publications (4.2%) in common between the broad and the focused searches. The highest percentage for an individual topic is 20% for “Bridge Design” but all the others have substantially lower percentages. Thus, even though the broader search with the Civil Engineering disciplines as keywords might have been expected to return many if not all the articles returned by the focused searches, a very substantial number of publications has been missed. To demonstrate the extent of what was missed, the individual papers for each of the focused searches were analyzed below, except for the two topics, “truss design” that had only 3 articles and “foundation design” which had none.




7. Focus on Bridge Design


The focused search for MCDA in Bridge Design returned 15 papers, of which, only 3 were in common with the general search. One of the papers was not relevant as it concerned bridges in electronic circuits. In two others, MCDA methods were not central to the paper but were only mentioned in the context of their potential for use in future research, in one case to develop a sustainability criterion [52], and in another in connection with an automated method for preliminary design of bridges, for instance choice of bridge type, form and materials [53].



One of the papers was a review of MCDA methods in life cycle sustainability in bridge design, [37], with a somewhat broader search criteria than used here. For instance, the broader term “Bridge” was used in the search string whereas here the more specific “Bridge Design” was used. In addition, the broader discipline “Engineering” was used instead of the various Civil Engineering categories used here. Their search produced an initial set of 31 articles for review. They found that, as here, AHP and SAW were the most common techniques overall but that, in recent years, PROMETHEE and TOPSIS were becoming more popular. MAUT was the least common method. Some specific examples of applications of MCDA to bridge design are given below and summarized in Table 6. In Brazil, a direct use of MCDA compared three bridge types (pre-cast concrete, mixed steel and concrete and timber) [54]. Two MCDA methods were used, AHP and VIKOR with five criteria, including two qualitative criteria, relating to aesthetics and the perception of safety. Both MCDA methods selected the mixed steel/concrete bridge as the best and interestingly, the wooden bridge scored lower on both qualitative criteria. A wider range (5) of candidate structural systems (Cast-in-place, Precast I-Girder, Incremental Launching, Balanced Cantilever, Advanced Shoring method) were considered for earthquake resistance bridges in Greece by [55], using the PROMETHEE method and seven criteria (Safety, Durability, Economy, Construction speed, Aesthetics, Serviceability, and Environmental harmony.) Safety was given the highest weight in the analysis, followed by Durability and Economy, while environmental harmonization was given the lowest weight. Uncertainty was taken into account in the analysis of [56] that used a fuzzy number formulation and optimization together with MCDA methods (AHP and VIKOR). However, only three criteria are used, embodied energy, overall safety, and corrosion initiation time.




8. Focus on Earthquake Engineering


The literature search focused on Civil Engineering aspects of MCDA in Earthquake engineering returned 26 articles, with only 3 in common with the broadly based search. While a wide range of applications were covered in the articles, as described below, the most cited application areas were (a) the choice of methods for retrofitting buildings or bridges to improve their earthquake resilience, (b) choosing strategies for restoring transportation networks after earthquakes and (c) seismic risk mapping, mainly for structures in urban areas. A recent article reviewed and compared some MCDA methods applied to the seismic vulnerability of reinforced concrete buildings in Turkey [57]. By comparing the MCDM methods results with actual damaged experienced by the buildings, the study recommended TOPSIS.



For instance, MCDA methods were used to select a suitable type of passive damping system, using as criteria the structural response characteristics (acceleration, drift, displacement, velocity, and base shear) [58]. A multi-criteria method was used to prepare seismic risk maps for Ahmedabad, using AHP with a combination of physical criteria (overburden thickness, shear-wave velocity, liquefaction factor of safety and amplification factor, estimated peak ground acceleration) [59]. MCDA techniques were also used in a study of urban seismic risk in Romania [60] that included cultural identity as one of the criteria to be considered. In addressing a similar issue in Italy, [61], also used MCDA methods and included the strategic contribution of the buildings to the economy of the region as part of the selection strategy. In Turkey, a seismic risk map of Istanbul was produced by [62] using the AHP method with five criteria (topography, distance from source, soil type, liquification potential, fault mechanism). Weightings were derived from a survey of ten academic experts. Similarly, a regional risk zonation map for the Erbaa region of Turkey was produced by [63] using eight criteria (slope, aspect, lithology, depth to groundwater, distance from faults, soil shear wave velocity, amplification, and liquefaction potential). The problem of choosing glass façade systems for buildings in earthquake prone areas was addressed using three MCDA methods (AHP, TOPSIS and COPRAS) and ten criteria [64] and AHP and TOPSIS gave similar rankings. In India, AHP with fuzzy numbers was used to construct a performance assessment index for buildings damaged in the 2011 Sikkim earthquake, [65]. The use of the AHP method in construction risk management was reviewed by [54], but it did not have an earthquake focus. Managing the restoration of a complex transport network after an earthquake requires a complex prioritization of locations and the order in which they are repaired. For networks with a large number of damaged bridges, [66] applied a multi-dimensional optimization technique, focused on resilience and on minimizing the time required to achieve a specified level of functionality. The approach reduced the options to a “Pareto Front” of non-dominated solutions from which the manager could choose. More recently, approaches to developing appropriate criteria for this type of problem were described by [67] using Multi-Attribute Value Theory (MAVT). In a well-cited paper (20 citations in 2 years), a multi-criterion framework for assessing seismic risk to road networks was proposed [68,69] with a focus on the GIS tools needed to describe the road networks and Monte Carlo simulation to investigate resilience criteria and proposed indicators for use in a decision support analysis, but did not propose any particular MCDA method.



Approaches to retrofitting buildings to reduce their vulnerability to earthquakes were considered by [70,71] who discussed the broad range of factors needed and suggested AHP as a suitable MCDA method. Subsequently, this method was used, together with TOPSIS, to rank retro-fit options to improve seismic resilience in existing buildings by [72] using seven criteria (Cost of retrofit, maintenance costs, duration of retrofit, functional compatibility (invasiveness of method), specialized labor requirements, interventions on foundations, potential loss (ratio of repair to reconstruction costs)). A general overview of issues relating to seismic resilience of buildings in Italy, [73], recommended that MCDA methods be used to select appropriate mitigation strategies. This advice was followed by [74] who used seven criteria (Installation cost, net tax refunds, risk improvement, cost of maintenance, duration of work, architectural impact and functional compatibility, and increase in force demand at the foundations). An interesting aspect of that work is a sensitivity analysis showing how decisions changed if the decision maker changed their attitude to balancing short-term vs. long-term benefits. Following on from this, [75] applied similar methods for choosing retrofitting strategies for schools in Lima. The study contains a useful list of criteria used in previous work and used a stakeholder collaborative workshop to narrow these to 6 for its own analysis (Installation cost, duration of work, seismic performance, feasibility of construction, ability to do incremental reinforcing, architectural and functional aspects). An important novelty is the integration with BIM tools for estimating the costs and durations of the options. Similarly, MCDA techniques were applied to the selection of bridge rehabilitation methods to improve seismic resilience [76], using the VIKOR method with 6 criteria (capacity, ductility, deformation, global stability, cost and duration of works). The VIKOR method was also used in selecting a passive vibration control system to use as a baseline to compare smart-passive and earthquake warning options for bridges in seismically risk areas [77]. Six technical criteria were used (peak overturning moment, peak midspan displacement, standard deviation of overturning moment, standard deviation of midspan displacement, number of earthquakes for which the smart-passive strategy gives lower overturning moment, and the number for which it gives lower midspan displacement). In [55], the PROMETHEE method was used, with weights determined by AHP, to choose a bridge construction method to reduce construction time using 7 criteria (Safety, Durability, Economy, Construction speed, Aesthetics, Serviceability, Environmental harmonization). The design and choice of material for elastomeric isolators to reduce vibration of buildings or bridges during seismic events involved both AHP and TOPSIS [78] using three criteria (vertical stiffness, horizontal stiffness and viscous damping). For foundations of buildings, in a study of the factors predicting liquifacation of soils, [79], AHP was used to consolidate the possible criteria to 5 main ones (Plasticity index, Effective vertical overburden pressure, ration of water content to liquid limit, mean particle size, and percentage clay content). Some key examples are summarized in Table 7.




9. Focus on Cladding


The focused search for MCDA in cladding returned 21 articles, with only one of these in common with the general civil engineering search. A considerable amount of useful information on the criteria used in selecting cladding systems to support a multi-criteria approach to selections is given in [80]. For application examples, in a number of building contexts, [81,82,83] used simple additive weighting (SAW) following [84] despite being aware of the method’s sensitivity to the addition or removal of alternatives that can change the ranking. They reviewed criteria used in the past and selected 4 for their study (efficiency, initial cost, maintenance costs (including inspections) and number of replacements over design life of building). In Ahmedabad, India, the selection of materials, including for cladding, for metro stations was addressed with a factor comparison approach using fuzzy numbers [85]. The focus was on minimizing embedded energy and the study reported a 75% reduction in this. In Australia, AHP and a Delphi technique [86] were used to select materials for façade replacement [87]. The Delphi technique was used with a group of stakeholders to refine the criteria to be considered and to indicate stakeholders’ opinions about their relative importance in a pair-wise comparison questionnaire. The final set of criteria headings used were (embodied energy and carbon, thermal effects, resource sustainability, life cycle costs, performance (incl. weight), social and environmental benefits) [87]. The appropriateness of plastics or composites in cladding was analyzed using a SAW technique with 7 main criteria (structural performance, fire safety class, thermal characteristics, ecological and health implications, durability, noise performance, and sustainability) [88]. When the materials for a building have been chosen, the issue of selecting a supplier arises and the Analytic Network Process (ANP) has been applied to this type of problem using ten criteria (cost, quality, delivery parameters, payment method, location, supplier profile, buyer-supplier relationship, ecological, capacity and materials characteristics) [89].



Two MCDA methods, AHP and MAUT, were applied to the design of curtain walls in office buildings by [90] who identified 32 criteria to be considered after a consultation process with stakeholders who consisted of both the designers and users of the office spaces. For building exteriors, a MCDA approach was suggested for taking account of the interactions of external ecological elements with building cladding and the implications for energy consumption and noise, particularly in relation to urban trees [91]. Table 8 summarizes the key papers.




10. Focus on Sewage Treatment


The use of MCDA in Sewage treatment mainly concerned three main sectors where decisions are required: (a) choice of treatment technology or its upgrade, (b) methods for disposal of the resulting sludge and (c) methods of disposing of treated wastewater liquids. A review of decision support systems in wastewater treatment plants documented the progression from life-cycle assessment, cost–benefit ratios, mathematical models through to the use of MCDA methods from about the year 2000 but did not focus on individual MCDM methods [92]. A method of validating similar DSS using case studies was reported by [93].



Looking at the various sectors individually, the choice of sewage treatment technology involves many decision criteria. The AHP method has been used for this in China with TOPSIS in a fuzzy number setting and ten key indicators (initial cost, recurring cost, land cost, reliability, durability, stability, resource recovery, simplicity, effect on ecosystems, and risk) [94]. The PROMETHEE method was applied to a related problem, improving the treatment processes as described in [95]. A similar problem was addressed by [96] using 10 criteria (capital cost, operational cost, water quality improvement, land required, ease of operation, maturity, reliability, public acceptability, employment, and government support). A bespoke environmental decision support system for selecting treatment technologies was described by [97] using criteria under three main headings, economic, environmental and technical. Options for remote villages converting from septic tank systems to a centralized treatment plant were analyzed using PROMETHEE [98] with 28 criteria divided between 4 groups (environmental, technical, financial and social) that were determined following stakeholder consultation. The same MCDA technique was used in Australia by [99] to choose upgrade options for sewage treatment plants in towns, this time with 17 criteria in five groups (financial, environmental, functional, health and social). In Surat City, [100] used a weighted average technique with 18 criteria to select sewage treatment options.



The question of sustainable disposal of sludge from sewage treatment plants is also important and a number of technologies for this have been assessed. For instance, various scenarios for using sludge for energy generation (incineration) has been examined using fuzzy MCDA techniques and twelve criteria (climate change, acidification, human toxicity, initial cost, recurring cost, life-cycle cost, social acceptance, health and safety implications, land requirement, reliability, efficiency of resource conversion, and operability) [101]. When sludge is dried, approximately 80% of the moisture can be removed and this can be helped with an additive and by controlling the temperature. MCDA was used to select the best combinations of these options using TOPSIS and MOORA with weights selected using CRITIC [17,102]. The selection of areas suitable for land-spreading of sludge was demonstrated in Spain by [103] who used a PROMETHEE type MCDA method, with 12 criteria, built into a GIS system. PROMETHEE was also used to identify soils suitable for locating on-site sewage treatment (septic tanks), using 8 criteria, mostly physical properties of the soils or porewater [104].



Sewage treatment produces a treated wastewater effluent requiring disposal. In some cases, this is via dilution in rivers. However, there is increasing pressure to find more sustainable disposal options that do not directly affect the quality of freshwaters. Such options include irrigation, re-use in some industries, spreading in green space such as forests or as land spreading in arid regions [105]. In some areas, the liquid outputs from sewage treatment can be used as irrigation water, but many factors control the suitability of areas for this, including the characteristics of the waste water, the soil and climate, crop type and aquifer vulnerability and these can be incorporated into a GIS-based decision support system to indicate suitable areas [106]. That study used 11 criteria spanning the environmental, technical, and financial domains. Deciding the contribution of treated wastewater to the mix of water from a variety of sources to meet water requirements in an arid area was investigated using AHP and 16 criteria [107] (for criteria see Table 1 in [107]).



Choosing locations for decentralized sewage treatment plants in a large city in Iraq was addressed by [108] who used AHP and five criteria (area, distance to nearest green area, slope, population density, and depth to the sewer connection). The depth to the sewer connection was important because of potential pumping costs. In contrast, the SAW method has been used with six criteria (energy required, sludge produced, grit production, biogas production, employment, and running costs) in deciding upgrade strategies of a centralized cluster of sewage treatment plants in Italy [109]. In Greece, [110] described a tools to assist with site selection for sewage treatment plants that can take account of 30 criteria, divided into five main categories (General including costs, land planning, geomorphological, hydrogeological and specialized criteria) and uses the PROMETHEE or ELECTRE methods.



In cities with combined sewer systems, inflows to sewage treatment works can be reduced using sustainable urban drainage systems (SUDS) to reduce rainwater inflows to the sewers. In Spain, [111] used SAW with a graphical display to select appropriate techniques using 4 criteria (total cost, GHG reduction from reduced treatment, aquifer recharge due to infiltration of rainwater and educational benefits). Some key papers are summarized in Table 9.




11. Focus on Route Selection


The focused search for MCDA used in route selection returned 64 articles covering a wide variety of applications. Only 2 of the papers overlapped with the broad civil engineering search. Although it would be expected with route selection studies, very few articles integrated formal network analysis algorithms with the multi-criteria decision process. An exception is [112] who combined TOPSIS with Dijkstra’s algorithm for finding the shortest path through a network. Other papers used artificial neural network (ANN) optimization methods (or a fuzzy number version, ANFIS [113]) for this, combined with AHP for determining the multi-criteria weights, see for instance [114]. It was interesting to note that in humanitarian relief and disaster management, the choice of access route(s) is an important factor in the planning of humanitarian logistics and was included in the articles found [115].



An example of selecting the best rapid transfer bus routes used 6 criteria (population density, existing routes, locations of bus stops, proximity to homes, proximity to non-residential destinations and land use) and the AHP method [116]. In contrast, for selecting optimal cycling routes, [117] described a general procedure for determining Pareto optimal solution sets. In a later development, the best cycling routes in Imotske city (Croatia) were selected using fuzzy AHP and 5 criteria (length of route, type of road, slope, distance from emergency services, distance from refreshment facilities) [118]. Drivers’ preferences were not explored in many articles, but [119] describes a method for finding and using these in route selection using a fuzzy neural network approach, ANFIS [113]. A method for selecting the route for a new monorail system for Ankara used ANP and TOPSIS and had fifteen criteria under four main headings (economic, social impact, performance, and environmental impact). To select routes for cruise ships in Venice, the SAW and MAVT methods were used with 30 criteria under three main headings (environmental, economic and social) [120]. Airlines use MCDM for selection of new routes. One example in Turkey used a fuzzy TOPSIS method with twelve criteria to select a new destination city for an expanding airline [121]. A GIS based method for oil and gas pipeline route selection was described by [122] and used Landsat satellite imagery in a GIS system and the AHP multi-criteria method. Below the sea surface, the selection of routes for sub-sea hydrocarbon pipes lines was addressed by [123] using fuzzy AHP and seven criteria (distance to environmentally sensitive features [there were 6 sub categories of this criterion], distance to existing platforms, proximity to shipping activities, distance to exclusion zones, proximity to favorable seabed conditions, and distance to existing pipelines). Table 10 summarizes the more recent papers.




12. Focus on Transport Mode


The focused search for MCDA and “Transport mode”, returned 14 papers (with 1 paper overlapping with the broad civil engineering search) and most relevant to these keywords, for example [114] gave a simple conceptualization of the decision problem. However, one paper on MCDA and route selection was also returned because it was related to mode choice. That paper used AHP with nine criteria (Accident Prone Areas, Bus Lanes, Road Side Car Park, Bicycle Parks, Road Grade, Signalization, Traffic Capacity, Connected Bike Lane and Separated Bike Lane) and weights from a questionnaire survey of 460 cyclists in Isparta City in Turkey to select safe cycling routes that integrated with the public transport system [125].



The use of MCDA in group decision making in the transportation area has been reviewed by [126] with a special focus on selecting transport modes in supply chain management. The AHP (or ANP), ELECTRE and TOPSIS methods dominated their list. However, the transport mode topic is wider than supply chains. For instance, [127] analyzed the satisfaction of visitors to Valparaiso with their choice of transport mode using the fuzzy TOPSIS method with 16 criteria. Tourists who chose bus transport were most satisfied and those who chose rental cars were least satisfied. In Turkey, a variety of weighted sum approaches (SAW) were applied to the choice of mode for transport to airports, with a case study applied to Istanbul, in which underground metro was the preferred choice [128]. Twenty-four factors that influenced the transport choice of walking in a city were integrated into a GIS-based multi-criteria planning system and demonstrated for the European cities of Bologna and Porto [129]. Scenarios of pedestrian transport in Ramallah were prioritized according to 13 criteria using group decision making with stakeholders and the AHP method [130]. The AHP method was also used to prioritize the provision of advanced public transport mode choice in Korean cities [131]. Prioritization of light rail options in Belgium, [130], also used the AHP method with 13 criteria in four main groups (land use, social, environmental and economic). Interestingly, this study distinguished between criteria relating to the transport provider, local government stakeholders and regional government stakeholders including having separate weighting of the criteria for each group.



The availability and practicality of sustainable energy-based options may influence choice of transport modes. Thus, networks of electric vehicle charging stations may influence this choice and deciding on their locations is important. This issue was addressed in the city of Howra using fuzzy number formulations of AHP, TOPSIS and COPRAS using a total of thirteen criteria divided into four main groups (economic, environmental, traffic, and social) [132] and a sensitivity analysis in which the top ranking alternatives did not change, but the order of the lower ranking alternatives did change. The main papers are summarized in Table 11.




13. Focus on Building Energy


The focused search for papers on MCDA and Building Energy returned 86 papers and 11 of these were in common with the general civil engineering search. A wide variety of topics were covered, including how energy is provided to and how it is conserved in buildings. The paper by [133] gives a list of MCDA methods applied to the energy sector as well as applying versions of the additive weighting technique (SAW) to selecting HVAC systems for buildings, using 27 criteria organized into six groups (ergonomics, cost, technical properties, physical properties, flexibility, and reliability). The AHP method was used in an assessment of the energy performance of residential buildings in Saudi Arabia, using 3 criteria (Energy usage, Green House Gas emissions and cost) [134]. Energy simulation results can be combined with MCDA methods, for example for energy conscious choices of building facades using fuzzy AHP and TOPSIS with 9 criteria in four groups (thermophysical, economic, chemical, and environmental) [135] while AHP was used with 15 main criteria for a similar problem [136]. Note neither paper was found in the focused search for “cladding” described above, further emphasizing the importance of choice of keywords. Simple additive weighting (SAW) was used in the selection from retrofit options for buildings in Norway using seven criteria (energy reduction, costs, payback period, CO2 reduction, disturbance, indoor air quality, and aesthetics). That study took account of the different priorities of the occupants of the buildings, landlords and local government, with occupants’ preferences different from the other two groups [137]. An interactive system for decision making for retrofitting, based on the “CommunityViz” ARCGIS extension (https://communityviz.city-explained.com/index.html) (accessed on 24 March 2021) was described by [138]. It uses Simos’ method [139] to determine stakeholders’ weights using option cards sorted by the stakeholders.



The response of buildings to rising numbers of heat waves was assessed using AHP with seven criteria (temperature, sensible cooling, external surface temperature, radiant temperature at pedestrian level, external air temperature at pedestrian level, relative humidity at pedestrian level and wind speed at pedestrian level). Note that most of the criteria relate to conditions external to the building [140]. The methods can also be applied at a more detailed level, for instance in the selection of ventilation heat recovery devices for buildings, see [141], who used AHP with four main criteria (initial cost, running cost, performance, space requirement). The more recent papers are listed in Table 12.




14. Focus on Water Supply


The focused search of MCDA on water supply returned 535 articles of which only 11 overlapped with the general civil engineering search. Some literature reviews of aspects of this topic were found. An early review in 2006 of multi-criteria methods in water resources management found that both compensatory (e.g., AHP, ANP and MACBETH) and non-compensatory methods (e.g., ELECTRE and PROMETHEE) and fuzzy versions of these, were being applied at that time. A more up-to-date (2020) but very short review can be found in [142]. For the specific topic of water allocation, MCDA methods were reviewed by [143] who noted that optimization methods based on the genetic algorithm [144] were the most frequently reported.



Deciding between alternative future water supply alternatives in a city first requires forecasting future demand for water. This can be combined with MCDA methods to determine the preferred option. This was done for Istanbul (Turkey) with the PROMETHEE and TOPSIS methods applied to seven criteria (initial cost, operating cost, impact on the environment, impact on aquatic ecosystems, ease of operation, infrastructure requirements and social acceptability) [145]. ELECTRE III was used in a group decision-making context for selecting from water supply options [142,146] using ten criteria (climate, cost, reservoir capacity, environmental impacts, water quality, water consumption, groundwater resources, flood control, social effects, water transmission and diversion). Deciding on the best locations for harvesting rural rainstorm flows in Bengal (India) was done by linking a GIS system with the AHP method using three main criteria (land slope, soil type and stream drainage order) [147]. For rainwater harvesting in urban areas, [148] shows a visual method for selecting Pareto optimal options considering seven criteria related to both rainwater harvesting and flood reduction. Options for retrofitting water recovery plants (from wastewater flows) were selected using SAW and three criteria (water quality, robustness, economic) [149].



The optimal layout of district metering areas has been done by combining a k-means clustering algorithm, see [150], with MCDA methods such as AHP or TOPSIS using four criteria (cost, pressure, resilience and water quality) [151]. MCDA has also been used in selecting river water transfer options in Iran using AHP with 14 criteria grouped under 4 headings (environmental, economic, technical and socio-cultural) [152].



Selecting the best water distribution layout in Tamil Nadu (India) was addressed with a fuzzy MOORA-TOPSIS-VIKOR combination applied to five criteria (effectiveness, economic, time, social and environmental) [153]. Decisions relating to upgrading an existing network have been addressed using PROMETHEE and SAW with four criteria relating to (cost, pressure deficits, velocity limits and supply deficits) [154]. Some studies considered the usage and conservation of groundwater resources. For instance, areas suitable for Managed Aquifer Recharge (MAR) were identified near the South Africa/ Botswana border using SAW with nine criteria (land slope, land-use, soil, rainfall, proximity to water bodies, drainage density, depth to groundwater, lineament density, lithology), [155]. That study recognized that there were correlations between the criteria and took account of this in assigning weights. Various options for pumping and storing groundwater were investigated by [156] using 5 main groups of criteria (economic (divided into five sub categories), energy, environmental, water loss, and social) [156]. A combination of methods, AHP (for weights) and TOPSIS for the ranking, was applied to a case study in Spain, that showed how the optimal energy source changed depending on the depth and extent of the aquifer. In an EU project related to water supply in India, a software tool was developed to determine the best water treatment process. It was called the “WETSUIT” package [157] and used 30 objectives grouped under four headings (economic, socio-economic, technical and environmental) and the AHP method. Key papers on applications are listed in Table 13.



The eight special focus analyses above show that



	(i)

	
There is a very substantial difference in the articles returned from a bibliometric search using broad keywords compared to using focused keywords. This is despite the expectation that the broader keywords should cover the topics of the focused search. This is a concern for at least two reasons. (a) Many useful publications can be missed if the search terms are too broad, even when a large number of publications are returned by the broad search. Additionally, (b) even when the engineer doing the search realizes that focused keywords are more useful, there is an added responsibility to make sure the focused terms cover all of the domains required in the search.




	(ii)

	
The decision criteria keywords most frequently used in the broad search relate to sustainability, environment, risk, and safety, but cost does not feature in the list nor does physical resource usage.




	(iii)

	
The results of the individual focused searches had only marginal overlap with the earlier broad civil engineering searche. However, some returned a relatively large number of articles covering many aspects of the specific topic, especially the “route selection”, “sewage treatment” and “water supply” searches.




	(iv)

	
While many MCDA methods are mentioned, AHP is by far the most used method, followed by TOPSIS and SAW. Many papers using AHP justify their choice because it is the most frequently used method. This is not a sufficiently rigorous position and more emphasis is needed on choosing the most appropriate MCDA method to suit the specific problem and the information available. The non-compensatory methods are not as frequently mentioned, but of these, PROMETHEE is the most prominent.




	(v)

	
In some cases, combinations of methods are used. For instance, AHP for determining weights has been used with TOPSIS for the decision methodology. PROMETHEE has also been used in conjunction with other methods. In one case, three methods were combined, AHP, TOPSIS and COPRAS.




	(vi)

	
In the applications papers reviewed above, the largest number of criteria used in an example was 32 and the minimum was 3 with a mode of 7, so, in most cases, MCDA is being applied to decisions with considerable complexity.




	(vii)

	
Only a small number of papers mention the drawbacks of many of the methods, particularly the possibility of rank reversal [158] and its dependence on the number and type of alternatives considered in the analysis. This is disappointing because there are precautions that can be taken to mitigate this potential problem [159] and most of the articles analyzed here do not appear to address this issue.




	(viii)

	
While a reasonable number of papers integrated MCDA with GIS when the decisions had a spatial character, very few integrated with Building Information Systems (BIM). In the Civil Engineering context, more would be expected since BIM can be considered a major tool in the design and construction of structures [160].




	(ix)

	
Relevant papers known to this author did not trigger the bibliographic search criteria so were not selected. This emphasizes the important of using a mixture of specific and broad keywords to ensure papers are found and included in reviews.




	(x)

	
Papers are being published relating MCDA applied to Engineering education.




	(xi)

	
The main application areas have a high degree of complexity either in design or resource allocation configurations that benefit from an automated decision support capability.




	(xii)

	
Surprisingly, the name of any specific software package did not appear in the keywords of papers in the database. This may be because of a lack of awareness by Civil Engineers of the software support available, irrespective of which MCDA method they prefer. The following section lists some of the main packages available.








15. Mainstream Software


While it seems from the foregoing bibliometric analysis that there are gaps in the knowledge of Civil Engineers of the available MCDA software supporting decision making. The issue is not the availability of software to implement the various methods, nor of comparisons/assessments of these methods. There are numerous reviews of the current software tools, e.g., [161]. There are also many comparisons of the capabilities of some of the available these tools, e.g., https://pubsonline.informs.org/magazine/orms-today/2020-decision-analysis-software-survey and https://www.informs.org/ORMS-Today/OR-MS-Today-Software-Surveys/Decision-Analysis-Software-Survey/Page-1 (both accessed 24 March 2021).



As an attempt to remedy this, the available software has been surveyed and some of the more widely used (and readily available) packages identified and are shown in the following two Tables. The first of these, Table 14, lists a number of MCDA toolboxes, each containing a number of methods. Some of these are integrated into an easily used graphical user interface accessible through a web browser, such as ChemDecide and Decisionarium. Others provide modules that can be integrated by the user into a new, purpose built tool. While this offers considerably more flexibility, it requires a good knowledge of coding in either R (for the R MCDA package) or XML for Decision Deck.



On the other hand, Table 15 lists some widely used packages, each implementing a single method or group of related methods. Unlike the bibliometric survey that indicated most publications focused on AHP and TOPSIS, the available tools offer a much broader range of methods, including the classic and axiomatically based Multi-Attribute Utility Theory [5] as well as AHP and TOPSIS, but extends to include the ELECTRE group of methods [9], PROMETHEE [51] and other approaches.



These tables show that there are many software options available to the engineer, some free and some commercial. The publications review suggests that users of MCDA in civil engineering and related areas do not make full use of this resource. This could be either because they are unaware of the available tools or they are not suitable. It cannot be because of cost since some tools are available free of charge. The lack of citations in the civil engineering literature to the wider group of methods suggests the former is the case.




16. Conclusions


	
In a broad search, there was an overlap of only 13 documents between the results of the search of SCOPUS and of Web of Science and this indicates the advisability of accessing multiple databases when conducting a literature review.



	
The published literature on MCDA applications in civil engineering shows a wide geographical spread with Northern Hemisphere continents all represented. However, its coverage of the individual topic areas related to civil engineering is fragmented, focusing particularly on applications in the sustainability, environmental and risk areas and to some extent on project management decision making.



	
The published applications do not demonstrate a wide use of all available methodologies, as only two methods (AHP and TOPSIS) appeared in a keyword analysis. However, analysis of citations contained in the published papers did demonstrate some awareness of alternative methods.



	
There is a large difference between the results of searches using broad keywords and searches using focused keywords (Bridge Design, Earthquake Engineering, Cladding, Sewage Treatment, Foundation design, Truss design, Water Supply, Building Energy, Route selection and Transport mode). Engineers looking for the use of MCDA in specific focused topics should find relevant published work. However, searches trying to gauge the extent of use of MCDA in Civil Engineering may not uncover the full range of such applications or the methods used without a careful choice of search keywords and databases.



	
The previous point implies that communication of information, via publications, on MCDA between engineers could be improved by careful choice of keywords. This applies both to those making literature searches and to the authors of technical articles who seek the widest dissemination of their work and should choose appropriate keywords. A mixture of broad and focused keywords (where applicable) seems to be preferable.



	
There is a wide range of available software implementations of most methods, both free and licensed, however none feature highly in keyword lists or are mentioned in third-party published literature. This suggests a lack of awareness of the available software tools. Perhaps overview articles such as this one can help address this lacuna.



	
Thus, a wider dissemination of knowledge on both the methods themselves, but particularly on the availability and practical use of software implementations, is recommended for civil engineers. This could include both enhancement of the treatment of the topic in University engineering curricula as well as in Continuing Professional Development (CPD) programs for practicing engineers.



	
From the literature survey, it appears that civil engineers are not closely involved in developing new MCDA methodologies but tend to work in teams (most documents found in the search were multi-authored) and in the application of existing methods. The teamwork element is appropriate and is part of an engineers’ formation. However, a more active role in developing decision support methods would be welcome.
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Figure 1. Grouping of multi-criteria decision analysis (MCDA) techniques and components. (Note: citations for all terms in the figure are listed in Table 1. Fuzzy number versions of some of these methods have been developed). 
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Figure 2. MCDA documents related to civil engineering—publication rates (per annum) over time. 
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Figure 3. Most productive countries of corresponding authors (SCP (green) is the proportion of papers with all authors from the same country, while MCP (red) is the fraction of papers with authors from multiple countries). 
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Table 1. Key methods discussed in this paper (with abbreviations).






Table 1. Key methods discussed in this paper (with abbreviations).





	Abbreviation
	Name
	Citation
	Category





	AHP
	Analytic Hierarchy Process
	[6]
	compensatory



	ANP
	Analytic Network Process
	[14]
	compensatory



	CBA
	Cost Benefit Analysis
	[15]
	compensatory



	COPRAS
	Complex Proportional Assessment
	[16]
	compensatory



	CRITIC
	Objective assessment of weights for MCDA
	[17]
	weights only



	ELECTRE
	ELimination Et Choix Traduisant la REalité
	[10]
	non-compensatory

outranking



	MACBETH
	Measuring Attractiveness by a Categorical Based Evaluation Technique
	[18]
	compensatory



	MAUT
	Multi-Attribute Utility Theory
	[5]
	multi-dimensional function



	MAVT
	Multi-Attribute Value Theory
	[19]
	multi-dimensional function



	MOORA
	Multi-Objective optimization on the basis of ratio analysis
	[20]
	compensatory



	PROMETHEE
	Preference Ranking Organization Method for Enrichment Evaluation
	[11]
	non-compensatory

outranking



	SAW or WAS
	Simple Additive Weighting
	[4]
	compensatory



	Simos’ cards
	Method for eliciting cardinal information on preferences from stakeholders
	[21]
	weights only



	TOPSIS
	Technique for Order Preference by similarity to Ideal Solution
	[7]
	compensatory



	VIKOR
	Visekriterijumsko Kompromisino Rangiranje (Serbian)
	[22]
	compensatory
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Table 2. Top 25 keywords in articles.






Table 2. Top 25 keywords in articles.





	Rank
	Keywords
	Number of Articles





	1
	Decision making (or decision-making)
	62



	2
	Civil engineer
	46



	3
	Model
	42



	4
	Construction or (construction industry)
	36



	5
	Optimization
	35



	6
	System (or systems)
	32



	7
	Selection
	32



	8
	AHP (or Analytic Hierarchy Process)
	32



	9
	Management
	30



	10
	Water resources or (water management)
	30



	11
	Sustainable development
	24



	12
	Design
	22



	13
	Performance
	21



	14
	Framework
	16



	15
	Risk Assessment
	16



	16
	Engineering education
	14



	17
	Uncertainty analysis
	14



	18
	Climate change
	13



	19
	Criteria
	13



	20
	Environment
	12



	21
	Human resource management
	12



	22
	TOPSIS
	12



	23
	GIS
	11



	24
	Project management
	11



	25
	Safety engineering
	11
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Table 3. Publications most frequently cited by documents in database.






Table 3. Publications most frequently cited by documents in database.





	Rank
	Main Author
	Citation Link
	Method Used





	1
	Saaty, T.L.
	[6]
	AHP



	2
	Zadeh, L.A.
	[45]
	Fuzzy sets approach—used in some MCDA implementations



	3
	Saaty, T.L.
	[46]
	AHP



	4
	Hwang, C.
	[7]
	TOPSIS



	5
	Saaty, T.L.
	[47]
	AHP



	6
	Jato-Espino, D.
	[48]
	Review of MCDA in construction industry



	7
	Belton, V.
	[8]
	Book—mainly on ELECTRE (an outranking method)



	8
	Buckley, J.J.
	[49]
	Application of Fuzzy analysis to MCDA



	9
	Chang, D.Y.
	[50]
	Fuzzy—AHP



	10
	Behzadian, M.
	[51]
	Review of applications of PROMETHEE method (an outranking method)
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Table 4. Journals ranked by number of papers in broad search database (publisher in parentheses).






Table 4. Journals ranked by number of papers in broad search database (publisher in parentheses).





	Title of Journal or Proceedings (Publisher)
	Number of Documents in Database





	Journal of Civil Engineering and Management (Publisher Vilnius Gediminas Technical University)
	51



	KSCE Journal of Civil Engineering (Korean Society of Civil Engineers)
	17



	World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium—WMCAUS (Conference series—Prague)
	17



	Proceedings of the Annual Conference of the Canadian Society for Civil Engineering—(Canadian Society for Civil Engineering)
	12



	Proceedings of the ASEE Annual Conference and Exposition (American Society for Engineering Education)
	11



	Civil Engineering and Environmental Systems (Taylor Francis)
	10



	Archives of Civil Engineering (De Gruyter Open) [Poland]
	8



	Canadian Journal of Civil Engineering (Canadian Science Publishing)
	8



	Civil Engineering Journal-TEHRAN
	8



	CIVIL-COMP Proceedings
	5



	Journal of Applied Water Engineering and Research (Taylor and Francis)
	5



	Structural Engineering and Mechanics (Techno Press)
	5



	Sustainability (MDPI)
	5
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Table 5. Effect of narrowing focus from discipline to topics.
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	Search Criteria:

All the Multi-Criteria Various Listed in Section 4 Plus Topics Listed below
	Number of Publications Found
	Number of Publications in Common with Broad Survey
	% of Publications in Common with Broad Survey





	Bridge Design
	15
	3
	20.0



	Earthquake Engineering
	26
	3
	11.5



	Cladding
	21
	1
	5.0



	Sewage Treatment
	38
	1
	2.6



	Foundation design *
	0 *
	
	



	Truss design
	3
	0
	0



	Water Supply
	535
	11
	2.1



	Building Energy
	86
	11
	12.8



	Route selection
	64
	2
	3.1



	Transport mode
	14
	1
	7.1







* One publication returned but it was not relevant to search topic.
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Table 6. Examples of MCDA applications in Bridge Design decisions.






Table 6. Examples of MCDA applications in Bridge Design decisions.





	Topic
	Method
	No. Criteria
	Notes





	[54]
	AHP, VIKOR
	5
	Included qualitative criteria. Both methods gave the same results



	[55]
	PROMETHEE
	7
	Includes earthquake resistance



	[56]
	AHP, VIKOR
	3
	Links MCDA with an optimization technique
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Table 7. Examples of MCDA applications in Earthquake Engineering decisions.
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	Citation
	MCDA Method
	Number of Criteria
	Notes





	[62]
	AHP
	-
	Urban seismic risk map for Istanbul



	[63]
	AHP
	8
	Regional risk map Erbaa, Turkey



	[64]
	AHP, TOPSIS and COPRAS
	-
	AHP and TOPSIS gave similar rankings



	[65]
	AHP (fuzzy)
	-
	Building performance index



	[72]
	AHP and TOPSIS
	7
	Retrofitting reinforced concrete buildings for seismic resilience



	[74]
	TOPSIS
	7
	Retrofitting buildings for seismic risk in Italy. Includes tax incentive refunds affecting costs



	[55]
	PROMETHEE
	7
	Cost not included in the evaluation. Weights from questionnaire sent to 7 experts.



	[79]
	AHP
	5
	AHP used for initial selection of criteria.



	[75]
	AHP and TOPSIS
	
	Used BIM for estimating cost and duration of works for each option.



	[78]
	AHP and TOPSIS
	3
	Design and materials of elastomeric isolators
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Table 8. Examples of MCDA applications in building cladding decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[81,82,83]
	SAW
	4
	Noted SAW method is sensitive to number of alternatives considered.



	[85]
	Factor comparison
	
	



	[87]
	AHP and Delphi
	6 (major groups)
	Interesting use of the Delphi technique to elicit information from stakeholder workshops.



	[88]
	SAW
	7
	Includes standards codes in consideration of criteria



	[89]
	ANP
	10
	Stakeholder questionnaires used Likert scale for responses.



	[90]
	AHP and MAUT
	Up to 32
	Uses questionnaire surveys of office space designers and users.



	[91]
	Not specified
	n.a.
	Interactions of urban ecological elements with building cladding- energy and noise.
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Table 9. Examples of MCDA applications in Sewage Treatment decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[94]
	Fuzzy AHP and TOPSIS
	10
	-



	[95]
	PROMETHEE
	15
	Included odour as a criterion



	[96]
	AHP based
	10
	Method adopted for use with groups



	[98]
	PROMETHEE
	28
	See Table 1 in [98] for list of criteria. Large number of criteria demonstrate power of MCDA methods.



	[99]
	PROMETHEE
	17
	Developed a simple generic project schema—see Figure 1 in [99]



	[100]
	SAW
	18
	Wide range of stakeholder groups determining weights in a participatory approach



	[101]
	Fuzzy methods based on TOPSIS
	12
	Tested sensitivity to result to removal of a weight. As might be expected, rank change can occur when some criteria with the highest weights are removed.



	[102]
	TOPSIS, MOORA and CRITIC
	11
	-



	[103]
	Method linked to PROMETHEE
	12
	Used method with a GIS system



	[106]
	AHP and GIS
	14
	Areas suitable for irrigation using treated wastewater



	[107]
	AHP
	16
	-



	[108]
	AHP
	5
	Used in a GIS with a constrain to lie within a 50 m buffer of an existing sewer.



	[109]
	SAW
	5
	-



	[110]
	PROMETHEE, ELECTRE
	30
	The tool is also suitable for landfill site selection.



	[111]
	SAW
	4
	Especially applicable in older cities with extensive combined sewer systems.
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Table 10. Examples of applications of MCDA to route selection decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[122]
	AHP
	-
	Oil and gas pipeline routes. Uses Landsat imagery and GIS



	[116]
	AHP
	6
	



	[118]
	AHP, fuzzy
	5
	Bicycle routes (Imotske, Croatia)



	[120]
	SAW with MAVT
	30
	Cruise ships in Venice (Italy). Did a sensitivity analysis of the results to changes in weights



	[124]
	ANP, TOPSIS
	15
	Monorail system (Ankara, Turkey)



	[123]
	AHP, Fuzzy
	7
	Subsea hydrocarbon pipelines



	[121]
	TOPSIS, fuzzy
	12
	Selection of new destination city in the USA for Turkish airlines.
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Table 11. Examples of applications of MCDA to Transport mode decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[127]
	TOPSIS (fuzzy)
	16
	Choice of transport mode by tourists (Valparaiso)



	[128]
	SAW
	14
	Choice of transport mode to airport (Istanbul)



	[129]
	Unspecified
	24
	Factors influencing choice to walk in a city (Bologna and Porto)



	[131]
	AHP
	13
	Reviewed 47 possible criteria from the literature and reduced to the 13 used in their study. Interestingly, they also distinguished between values for the provider and values for the user of the service.



	[130]
	AHP
	13
	Distinguished between preferences of transport provider and regional and local government stakeholders. (various cities in Belgium)



	[132]
	AHP, TOPSIS and COPRAS
	13
	Choice of location for electric vehicle charging stations in Howrah (India) with sensitivity analysis.
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Table 12. Examples of applications of MCDA to Building energy decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[133]
	SAW related
	27
	HVAC selection for buildings. Additionally, gives a list of energy related articles.



	[134]
	AHP
	3
	Residential buildings in Saudi Arabia.



	[135]
	AHP, TOPSIS, fuzzy
	9
	Façade design. Combined energy simulation with MCDA method.



	[136]
	AHP
	15
	Facade design.



	[138]
	Weights from Simos’ method [139]
	11
	Uses CommunityViz spatial planning tool to involve stakeholders in urban planning.



	[137]
	SAW
	7
	Took account of the different weightings from different groups of stakeholders.



	[140]
	AHP
	7
	Heat waves and buildings.



	[141]
	AHP
	4
	Ventilation heat recovery in buildings.
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Table 13. Examples of the application of MCDA in water supply decisions.
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	Citation
	Method
	No. Criteria
	Notes





	[145]
	PROMETHEE, TOPSIS
	7
	Istanbul (Turkey) water supply expansion



	[146]
	ELECTRE III
	8
	Uses group decision making, applied in Iran.



	[147]
	AHP
	3
	Rainwater harvesting rural options (Bengal, India)



	[148]
	Visualisation
	7
	Urban rainwater harvesting and flood reduction



	[149]
	SAW
	3
	Retrofitting water recovery plants



	[151]
	AHP, TOPSIS with k-means clustering
	4
	Optimal design of district metering regions



	[152]
	AHP
	14
	River water transfer selection in Iran



	[153]
	MOORA, TOPSIS, VIKOR
	5
	Water distribution network design.



	[154]
	PROMETHEE, SAW
	4
	Water distribution system upgrade.



	[155]
	SAW
	9
	Finding suitable areas for aquifer recharge. This study explicitly took account of interactions between criteria.



	[156]
	TOPSIS/AHP
	9
	Groundwater pumping and storage solutions



	[157]
	AHP
	30
	WETSUIT tool for design of water treatment works. Applied in India, the paper has a detailed presentation and analysis of its results. (for project information see https://cordis.europa.eu/article/id/169860-water-treatment-solutions-for-india (accessed on 24 March 2021))
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Table 14. MCDA Toolboxes of resources.
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	Name
	Description
	Availability





	DEFINITE 3.1
	A toolbox of evaluation methods including Weighted summation, SMART, AHP, ELECTRE 2, Regime Method, Graphical Analysis and extensive sensitivity analysis.
	(https://spinlab.vu.nl/support/tools/definite-bosda/) (accessed on 24 March 2021)[commercial but with reductions for academic institutions]



	Decision Deck

(linked to Diviz)
	A software workbench based on XML which helps to design, execute, and share complex, open source, MCDA/M algorithms and experiments
	http://www.decision-deck.org/project/ (accessed on 24 March 2021)

(looks like a good resource but needs considerable skill to use) Additionally, links to an R-based MCDA package (see below)

Cf. Mayer & Bigaret (2012)



	R package for MCDA
	R tools supporting the multi-criteria decision aiding process:
	Free but requires knowledge of the R language.

https://github.com/paterijk/MCDA (accessed on 24 March 2021)



	ChemDecide
	A software package containing a decision structuring tool and three analysis tools that utilise AHP, ELECTRE III and MARE
	Developed by Dr. R.E. Hodgett, University of Leeds and available through Britest Ltd. Although originally developed with Chemical storage and transport options selection in mind is quite general.



	Decisionarium
	Web-based interface linking to tools for decision support (for academic use) both web-based (web-Hipre—java based AHP tool) and some software for windows. Has an online public participation facility.
	http://decisionarium.tkk.fi/ (accessed on 24 March 2021)

free for academic use.

Note: webpages lasted updated 2013.

[162]



	IDSS software
	Collection of MCDM software of the Laboratory of Intelligent Decision Support Systems (University of Poznan, Poland).
	http://idss.cs.put.poznan.pl/site/software.html (accessed on 24 March 2021)
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Table 15. MCDA Software packages—single method.






Table 15. MCDA Software packages—single method.





	Name
	Description
	Availability





	SuperDecisions
	Implementation of the Analytic Hierarchy Process and Analytic Network Process. Supported by the Creative Decisions Foundation, started by Thomas Saaty.
	Free educational software and resources, see http://www.superdecisions.com/ (accessed on 24 March 2021)



	Expert Choice
	Implements the Analytic Hierarchy Process and supports group decision making.
	www.expertchoice.com (accessed on 24 March 2021)



	Visual PROMETHEE
	Implements the PROMETHEE method
	www.promethee-gaia.net/ (accessed on 24 March 2021)

academic license available



	Entscheidungsnavi

(decision navigation)
	A decision front end supporting the ideas, concepts, and methods of value-focused thinking and a decision back end based on Multi-Attribute Utility Theory (MAUT).
	A free decision support tool, available in German and English, see https://entscheidungsnavi.de/ (accessed on 24 March 2021)



	Mcda index
	Web-based index tool
	[163] (https://www.mcdaindex.net/) (accessed on 24 March 2021)



	FITradeoff
	A Flexible and Interactive Tradeoff elicitation procedure for multi-criteria additive models.
	Commercial. (de Almeida, de Almeida et al. 2016, Frej, de Almeida et al. 2019).



	1000 Minds
	Software for Multi-Criteria Decision-Making, prioritisation and resource allocation.
	Commercial

Uses the PAPRIKA method (Hansen and Ombler 2008).



	DEXi
	A program for qualitative multi-attribute decision modelling, developed at the Jožef Stefan Institute, Ljubljana, Slovenia.
	Support through a single person’s web-site. http://kt.ijs.si/MarkoBohanec/dexi.html

(accessed on 24 March 2021)



	D-Sight
	A visual and interactive collaborative decision-making tool for multi-criteria decision aid problems based on the PROMETHEE methods and Multi-Attribute Utility Theory.
	http://www.d-sight.com/

(accessed on 24 March 2021)



	AHP-Online System
	Implements the AHP method in a web browser using Java
	Free, https://bpmsg.com/ahp/ahp.php (accessed on 24 March 2021)



	MACBETH
	Measuring Attractiveness by a Categorical Based Evaluation TecHnique in MultiCriteria Decision Aid.
	(commercial with academic pricing)

http://m-macbeth.com/ (accessed on 24 March 2021)



	IRIS and VIP
	IRIS—Interactive Robustness analysis and parameters’ Inference software for multi-criteria Sorting problems using ELECTRE Tri and VIP—Variable Interdependent Parameters Analysis software
	https://www.uc.pt/en/feuc/ldias/software (accessed on 24 March 2021)



	Transparent Choice
	AHP based decision software
	(https://www.transparentchoice.com/ahp-software)

(accessed on 24 March 2021)

[formerly called MakeItRational]



	Decision-Radar
	A Python based TOPSIS and ELECTRE tool
	(Statistical Design Institute, 2016), see (https://decision-radar.com/) and [164] (accessed on 24 March 2021)



	ELECTRE I, II, III, IV and Tri
	Software implementing the various ELECTRE group of methods.
	https://sourceforge.net/projects/j-electre/files/

https://github.com/Valdecy/J-Electre, also

https://www.lamsade.dauphine.fr/~mayag/links.html

( all three accessed 24 March 2021)



	Best Worst Method
	A structured pairwise comparison system that involves comparisons with best and worst options.
	https://bestworstmethod.com/ [165]

(accessed on 24 March 2021)
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