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Abstract

:

This paper presents a generic component for Analytic Hierarchy Process (AHP)-based decision support in risk management. The component was originally dedicated to railway transportation issues; however, its generality enabled it to extend its functionality for other domains too. To show the generality of the module and possibility of its application in other domains, an environmental case was run. Its goal was to select methods for planning the post-mining heap revitalization process, especially decision-making focusing on the selection of the most advantageous revitalization option on the basis of the Analytic Hierarchy Process and different, non-financial factors, e.g., social, environmental, technological, political, etc. Taking into account expert responses, the suggested solution was related to energy production.
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1. Introduction


Risk management [1] plays an important role in many branches of industry [2,3,4]. For that reason, the Central Threat Register (CTR) [5,6]—a tool for supporting decision-making in railway transportation—was developed. The tool was designed and developed as a domain dictionary that was possible to apply in branches other than railway transportation. This thought came directly from well-defined analyses of two cases [5], where the Analytic Hierarchy Process (AHP) methodology was used to select proper safety measures for threats identified during the risk analysis.



In addition to the use of the AHP embedded in the CTR, there are known attempts to use the AHP in railroad management, which are also listed in the article [7], with examples using MCDA methods (the already mentioned AHP, or ANP—Analytic Network Process) to plan transport routes for passengers or cargo trains [8], to assess alternatives for a transport network’s development [9] and how to apply AHP to railway safety [10]. The AHP method, in combination with other methods, is increasingly a part of quantitative evaluation systems, including environmental aspects, related to railroads. An example is the combination of AHP with the Delphi method and the GIS system [11]. The case presented there is an attempt to discuss the relationship between railroads and landscape and the use of AHP to develop a system for quantitative evaluation of the railroad landscape, taking into account historical, tourist, ecological, visual quality, etc., aspects. Another example is the use of AHP to assess environmental risk in the area of railway construction: Ref. [12] describes the impacts of spoil disposal areas (SDAs) in high-speed railway engineering, and [13] addresses the study of the water–soil environmental risk assessment during railway construction.



The degradation of areas and objects caused by industrial activities, especially mining, remains a serious ecological problem. It brings risks to human health, the natural environment and the economy. Sustainable and environmentally friendly development of post-industrial degraded areas can be achieved through their revitalization.



The revitalization of such areas is difficult and costly; it requires coordinated and multi-directional activities. The planning process of these activities is very complex; it requires the identification, management, analysis and a huge amount of diversified information, which is used as the decision-maker’s input to work out the target revitalization plan. The specialized software tools may be very helpful to support the planning of the revitalization, especially to take control of the decision input data and to help users in more difficult and troublesome analytical activities.



The Analytic Hierarchy Process (AHP) is one of the approaches for decision-making support, and the above mentioned system—CTR—provides this technique. The overall generality of the CTR system made us try to apply the method just to the environmental case of post-industrial area revitalization.



The case described in this paper is related to the SUMAD project (Sustainable Use of Mining Waste Dumps) [14]. The foundation of the SUMAD methodology is included in the paper [15]. This paper discusses MCDM, especially AHP applications in the revitalization of different degraded areas [16,17]. Some analogies to the SUMAD methodology are observed, but none of these papers present the holistic approach embracing the identification of the AHP criteria and options based on detailed analyses of domain data—there are only general risk issues in some of these papers. The SUMAD methodology works out iteratively a certain number of revitalization alternatives (here: options) free of unacceptable risks, with acceptable financial parameters and non-financial parameters (social, political, legal, etc.) provided to the decision-makers, who make their decisions manually.



The novelty of this paper concerns the preparation of the AHP criteria and options through exhaustive, independent, iterative analyses and calculations based on detailed domain data with respect to three pillars of the SUMAD methodology: risk reduction assessment, cost–benefit assessment and SUMAD qualitative criteria (here: social, environmental, political, legal, etc.) assessment performed by the domain experts.



As a result:




	
A set of reasonable, clearly defined revitalization alternatives is worked out (i.e., that are free of unacceptable risks, having acceptable financial and non-financial parameters), which can be used directly as options in the AHP. Such options are based on evidence included in the SUMAD Revitalization plan document;



	
For AHP criteria, elaborated as aggregated data from the risk, cost–benefit and SUMAD qualitative criteria assessments, all data are documented and justified.








All data are based on expert knowledge and analyses. The SUMAD analytic process is well documented and the SUMAD Revitalization plan can be used as the evidence and input to the decision process. No ad hoc or subjective information is included in the decision process, which now is more immune to manipulation and the decision quality is improved. Stakeholders representing different interests can participate in the tool-supported AHP. The data from the SUMAD process are the reference point and input for the AHP decision process.



This paper brings a novelty element to the SUMAD decision process. AHP enhances the SUMAD decision process by replacing manual and informal decisions by the AHP-based ones.



This paper is organized as follows: It starts with brief description of the context of decision-making, which is followed by an overview of AHP. Afterwards, the CTR system and its AHP module are briefly described. Then, the context of environmental data is provided, while the most important part refers to the environmental case analysis—a hypothetical heap revitalization.




2. Making Decisions


Decision-making in the above-mentioned areas (railroad and environment, revitalization), like any other decision-making problem in real life, always requires some compromise when choosing the right option, taking into account various criteria. Hence the need for a method from the field of multi-criteria decision-making methods (MCDMs). Many such methods are known and used, and attempts are made to classify and divide them [18,19]. One of the state-of-the-art MCDM approaches is the Analytic Hierarchy Process [20]. The AHP is a descriptive approach willingly utilized when one needs to quantify intangibles that can be performed by making comparisons to determine how important or preferable they are for the assessor to then make trade-offs to select the best option. It was developed by Thomas L. Saaty in the 1970s [20], and it is one of the most popular multi-criteria methods [21,22]. The goal is to solve the decision problem, i.e., to indicate the best of the several options available to choose from. This goal is presented in the diagrams as the top in the hierarchical structure, in which the decision criteria (and sub-criteria, if considered) are listed on subsequent levels, and below, a list of available options (Figure 1).



The Analytic Network Process—quite similar to the AHP—was also proposed by Sa-aty [24,25]. The decision problem, presented in AHP as a hierarchical structure, in fact often has a more complicated structure and includes various types of dependencies between criteria or available options. By using ANP, it is possible to model dependencies and feedback as a kind of a network structure. Still, the priorities are determined using pairwise comparisons, just like in AHP. However, the description of the problem is not a simple top–bottom hierarchical structure, but rather a network with connections between elements on different levels as well as loops within a single element (Figure 2).



When calculating priorities, apart from the matrix of comparisons of elements, the so-called supermatrix must be prepared to include in calculations interrelationships between the elements. The ANP is a more complex method than the AHP, which is why the AHP is more used in practice. The ANP requires more pairwise comparisons, and the number of comparisons raises with the number of dependencies. It causes calculations, and the inconsistency analysis is difficult without the supporting software (while for the AHP it can be performed “on paper” or using just a spreadsheet).



The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), according to [27], is a method belonging to a “compromising model”, and it selects an alternative that is the closest to the ideal solution and the farthest from the negative-ideal solution. In the case of the TOPSIS method, the decision matrix contains distinguishable alternatives (rows) and criteria (columns). The element   x  i j    is the value of the i-th alternative with respect to the j-th criterion. For this matrix, a normalized decision matrix Z is then constructed. Based on the Z matrix, ideal   A +   and non–ideal   A −   solutions are determined. Then, the distances of each alternative value from the ideal and negative-ideal pattern are computed. They can be computed as Euclidean distances, so the relative closeness of alternatives with respect to   A +   can be defined and the alternatives can be ranked.



Extensions to the TOPSIS method are also known, such as the fuzzy TOPSIS method (based on positive triangular fuzzy numbers) presented in [28]. The use of fuzzy numbers in the TOPSIS method has been proposed to address situations where it is difficult to express evaluations with real numbers, due to the lack of knowledge and data, or due to imprecise subjective evaluations.



The Preference Ranking Optimization METHod for Enrichment Evaluation (PROMETHEE) method is also based on pairwise comparisons of selected alternatives with respect to the set of criteria [29]. There are several variants of the method. PROMETHEE I allows one to set up a partial preorder of alternatives, while PROMETHEE II helps to establish a complete preorder. For each alternative, the so-called outranking flows are calculated, which tell how the considered alternative a is outranking all others. There are positive    φ +   ( a )    and negative    φ −   ( a )    outrankings being calculated. The higher value of    φ +   ( a )   , and the lower    φ −   ( a )   , the better the alternative.



Data Envelopment Analysis (DEA) [30] is used to measure the productive efficiency of the so-called decision-making units (DMUs). DMUs are in our case understood as possible alternatives being evaluated. An example of such an evaluation using DEA based on the Malmquist Productivity Index (MPI)model, on the Epsilon-Based Measure(EBM), or a combination of these methods, can be found in studies conducted in various fields, including [31,32,33].



In order to achieve better results from the decision-making process, combinations of different methods are also proposed. An example is the TOPSIS method combined sometimes with the AHP method, and in such a case AHP is used to determine vector w (weights of criteria) [34].



Additionally, studies can be found regarding the combination of the AHP and TOPSIS methods in the area of environmental applications. One can mention the decision-making problem regarding the implementation of photovoltaic panels [35]. The paper [36] presents an example of using both the AHP and DEA methods combined. This combination was also used to support the selection of the best location for the construction of photovoltaic farms. Here, the DEA method was used for pre-selection, conducted on the basis of measuring the efficiency indicators of a given location, and then the AHP method was used to rank the locations that achieved good results regarding efficiency.



Among the multi-criteria decision support methods, the literature offers various examples of other methods (to mention, for example, VIKOR [37], EDAS [38]), which deal with decision support in the areas of transportation and environmental decision efficiency [39,40,41,42,43].



In this paper, the shift from the railway domain-based system (Central Threat Register—CTR) into an environmental application will be presented. A brief description of this DSS is presented in Section 4; however, the more detailed presentation was already published in [5].



In the end, the AHP was chosen, which is the most common choice in the literature and is also widely used, as a review of citations (between 2012 and 2022) on MCDMs shows ([18], Table 3. therein).




3. Analytic Hierarhy Process


During the assessment process, a pairwise comparison is carried out, using a 9-level numerical scale, where value “1” indicates equal importance, and the higher value, the stronger the importance of the compared element. Value “9” indicates an extreme importance of one element over the other (Table 1).



The assessors express their preferences (for the criteria and for the options) using the scale and making pairwise comparisons. The results of these comparisons are formed into a square matrix    A k  =  {  a  i j   }    with a dimension equal to the number of compared elements (Equation (1)).


   A k  =      a 11    …    a  1 n       ⋮      ⋮      a  n 1     …    a  n n        



(1)




where   a  i j    is the value that tells how much more important element i is than element j with respect to k criterion, and   A k   is a reciprocal matrix, whose elements fulfill Equation (2).


   a  i j   ·  a  j i   = 1  



(2)







Such comparisons are made first to assess the importance of the individual criteria and then to compare individual options against each of the criterion. For example, if we use three criteria (e.g., price, execution time, impact on environment) to evaluate the available options, then the options are compared three times (three matrices are created), each time taking into account a different evaluation criterion.



The next step in the AHP method is derivation of priority vectors, which can be achieved using different methods (e.g., mean of normalized values, right/left eigenvalue method, geometric mean), as described in [44]. As the final result, priorities give the ranking of the assessed elements.



Comparisons, or verdicts within AHP assessments, are given using a fixed scale (without intermediate values), and these verdicts are subjective preferences of the assessors whose involvement and accuracy may vary. Therefore, the scores in comparison matrices are burdened with a certain level of inconsistency. This can be determined and referenced to an acceptable level.



The Consistency Ratio (  C R  ) can be determined using Equation (3):


  C R =   C I   R I    



(3)




where the Consistency Index (  C I  ) of the matrix is calculated as


  C I =    λ  m a x   − n   n − 1    



(4)




where:




	
n—dimension of the matrix;



	
  λ  m a x   —the largest eigenvalue of the matrix;



	
  R I  —a consistency index determined on the basis of random values of a matrix of the same dimension.








There are tables of typical   R I   values for matrices of different dimensions [20,45,46], determined on the basis of many (100, 500, 1000, 100,000) simulations using matrices, where the values of which are completely random. The AHP method also makes it possible to combine different assessments, e.g., those carried out independently by different experts, or representatives of groups interested in the results of decisions [47,48].




4. System and Component Overview


The Central Threat Register (CTR) [5] is a complete tool for risk analysis and decision support in general rail transport. It was developed several years ago as a result of cooperation with domain experts and security experts. A wide study confirmed that the solution is in compliance with European and Polish requirements for railway transport.



The most important components of the system are as follows:




	
knowledge base module;



	
data exchange and anonymization module;



	
threat and risk assessment module;



	
decision support module.








In this paper, we will show the application of the last-mentioned module in a completely different domain. However, to have a better overview of the whole system, all above-mentioned modules and the CTR application will be also briefly described.



The knowledge base is a module that binds four aspects of risk management:




	
threats;



	
vulnerabilities (causes);



	
consequences (effects);



	
safety measures (security measures).








The knowledge base items are kept in a relation to risk analysis results (provided by specialized organizations) as well as to more detailed information about potentially hazardous incidents, possible threats or previously occurred events. When a new event is assigned to one of the existing threats, the statistics of its occurrence are modified and later used during the threat assessment for the purposes of estimating probability and potential effects of the threat materialization. If a new-type threat occurs, which cannot be associated with any existing threat, it is possible to update the KB with this new threat.



Another component—the data exchange and anonymization module—is responsible for each event classification by means of two possible catalogs: a basic catalog based on numbers and letters, which functions in the Polish railway system (required in reports sent to the Office of Rail Transport) and the additional one which is the CSI classification (required by global reports). Such an approach helps to generate reports required by the railway transport supervising authorities and to generate basic reports about railway safety.



The threat and risk assessment module takes into consideration two risk assessment methodologies: the Probability and Consequence Matrix (PCM) and FMEA. Each of them tries to analyze and to calculate the risk on the basis of the event occurrence frequency and the level of losses. To be more precise, the FMEA analysis makes it possible to estimate the detectability of a given threat. The occurrence frequency of the event is determined based on the number of events in relation to the executed train-kilometers in a given period of time. The losses are estimated based on human victims as well as financial losses and ensuing delays.



The final component—the decision support module, strictly related to the railway domain—makes it possible to provide the contact between domain experts and system users during the process of the railway risk management as well as the interaction during the application of the Analytical Hierarchy Process (AHP) method.



The presented system made it possible to run two cases strictly related with the railway transportation safety. The first of them took into consideration possible railway traction break due to icing, and tried to provide the most possibly successful preventative actions to avoid the traction break. All actions are presented in Figure 3.



An analogous list of comparison criteria contained the following: impact on security, time of execution, cost, feasibility, ease of implementation, efficiency and impact on the environment.



Experts had the opportunity to make the direct comparison of security measures (according to the above-mentioned criteria) with intuitive sliders (Figure 4).



In the paper [5], another case of the AHP analysis was presented. It involved an expert to rank the train collision prevention procedures. It concluded that the presented system—CTR—and to be more precise, one of its core modules—AHP implementation—could become a separate and autonomous tool for decision support in many other domains. The next sections will prove the usability of the tool in the environmental context.



After taking into consideration a few expert responses, it was possible to build the final ranking of options (Figure 5).




5. The AHP for the Environmental Case


The case study is based on the methodology worked out in the EU RFCS SUMAD (Sustainable Use of Mining Waste Dumps) project [14]. The SUMAD decision process concerns the selection of the target revitalization alternative (RVA) for implementation from several possible alternatives for a given post-mining heap. The decision is based on the aggregated information from detailed analyses embraced by the SUMAD methodology [15]. Each of the considered alternatives is the subject of the following:




	
Exhaustive risk reduction assessment (RRA);



	
Cost–benefit assessment (CBA);



	
Qualitative criteria assessment (QCA) of different non-financial factors, e.g., social, environmental, technological, political, etc.








The decision-maker selects manually the target revitalization alternative considering results of theses analyses. It is possible to modify alternatives when their parameters obtained from analyses are unsatisfied. The modified alternatives are analyzed again. Revitalization alternatives are worked out iteratively, until the set of alternatives is reasonable for the decision-maker. The case concerns the idea to enhance the manual SUMAD decision process by supplementing it using the AHP. Revitalization alternatives from the SUMAD process play the roles of the AHP options. The AHP criteria should be elaborated using the analyses results, especially aggregated information from analyses. The case presents how to elaborate the decision criteria for the AHP and to assess/modify options (here: alternatives) before using them in the AHP. Decisions are focused on the concrete object—a heap. The deeper the knowledge related to the decision object is acquired, the more adequate a decision could be obtained.



The AHP exemplification concerns a hypothetical heap (HH), the same as was presented in the paper [15]. The description of the HH is complete but simplified for the paper purposes. The hypothetical heap description can be expressed as follows:




The mining HH waste landfill, relatively young, was established in the period 1986–2010.






The waste consistency is characterized as a mixture of roof rocks, floor rocks and coal overgrowth, and the vast majority are represented by claystones, stigmaria soils, clay siderites, occasionally mudstones and—rarely—sandstones. The main heap materials are gravel, loam and shales and have rather poor geological parameters (possible unstable heap surface, subsidence basins around the heap, increased soil moisture, landfill leachate containing dangerous substances, groundwater pollution).






On the east slope, a certain amount of coal waste is included (possible detrimental smells and a nuisance to nearby residents, uncontrolled destruction of slopes or surface, spontaneous combustion from coal).






The waste has the following shape parameters: 90 [ha] of area, average angle of slope from 1:3 to 1:6, ca. 30 [m] of height and volume: 30 million [m   3  ].






HH is located in the zone, where the concentrations of SO   2  , NO   2  , CO and benzene do not exceed the lower assessment threshold, while the concentration of PM10 dust is between the upper and lower assessment threshold.






The main pollutants are water reactive materials, like CaO, MgO, K and Na, inorganic toxins, like As, Ba and Pb and organic toxins such as carbon tetrachloride and chloroform (landfill leachate containing dangerous substances, possible groundwater pollution).






Rare vegetation includes natural succession of shrubs and rushes. Wildlife mostly includes amphibians, land fowl, waterfowl and small herbivorous mammals.






Surrounding water embraces an artificial watercourse reservoir flawing along the southern foot of HH, a drainage ditch running from SW to NE, a small natural lake and a catchment of three small rivers.






The annual meteorological average data are as follows:











	
Wind: 2.0–5.3 [m/s]; dominant wind direction is south;



	
Rainfall: 630 [mm]; oversized rain during the summer;



	
Insolation: 1060 to 1110 [kWh/m   2  ];



	
Temperature: 8.1 [°C]; in this region a high amplitude of annual temperatures is observed RS1.











The agricultural landscape exists around HH with a small share of forest communities. On the eastern side of the heap, 600 m from its edge, there are residential buildings of farms, magazines, railway, local roads, and further, a shopping center. There are no cultural heritage objects within the environmental impact.






Limited past revitalization actions embrace leveling of degraded areas, concrete production, ad hoc partial afforestation and soil cleaning.





5.1. Defining Options


The case started from the identification of the decision subject’s (revitalization area—heap) properties and its current status, which is called the Revitalization Alternative “zero” RVA[0]. It embraces the revitalization activities performed ad hoc in the past. It is the reference point for other revitalization activities and analyses, and it represents the strategy “Do nothing further”. In this state, a heap implies certain, usually unaccepted risk, generates cost, brings almost no benefits and is burdensome to people living around it and to the natural environment. The rest of the Revitalization Alternatives RVA[i], where i = [1…N−1] include the following (Figure 6):




	
RVA[1] “Energy production based on the PV technology and wind turbines”;



	
RVA[2] “Simple greenery”;



	
RVA[3] “Active recreation”;



	
RVA[4] “Heap liquidation by the use of the heap material elsewhere”.








Each alternative can be a subset of the Elementary Revitalization Techniques (ERTs) as described in [15]. The CTR tool adaptation embraces domain data: the options and decision criteria. The AHP implemented in the CTR tool is based on the Saaty approach [49]. Generally, it is domain neutral—it can work in different domains of application, including railway management processes (including security, safety management) as well as the environment protection and revitalization domain.




5.2. Defining Decision Criteria


The next research question is to define the AHP criteria based on the expert knowledge. This can even be decided ad hoc on someone’s expectation, but it will be better to define the criteria using results of the detailed object exploration, analyses, evidence or managed processes.



The SUMAD methodology is presented in the paper [15]. Readers are encouraged to see this paper. It presents more details dealing with three kinds of analyses (RRA, CBA and QCA) for the considered Revitalization Alternatives and their results, both detailed and aggregated (Table 6 in [15]). It is the input for the SUMAD decision-maker. The decision about the target Revitalization Alternative for implementation is manual and heuristic, but it is based on results obtained from analyses. This paper proposes to enhance this decision-making process by adding an additional step—the AHP.



The aggregated results are the basis to define a reasonable set of criteria for the AHP. It is relatively easier to aggregate information about risk and cost–benefits, than about non-financial issues represented by QCA. The QCA criteria are numerous, have diversified kinds of impacts (positive, negative, mixed positive and negative, some have a threshold value) in the SUMAD methodology. It would be difficult to define the AHP criteria at this detail level. The QCA criteria are configured and thematically grouped, e.g., society, politics, technology and science, environment and economics. For each group the analyst obtains a cumulative values from the QCA utility function. These groups can be used to define, even straightforwardly, non-financial criteria for the AHP: here, e.g., economic opportunities, positive impact on the environment and positive perception by societal groups.



Preliminary examples of such criteria were proposed in the paper [15]:




	
Ability to reduce risk;



	
Implementation period;



	
Investment cost;



	
Operational cost;



	
Direct benefits;



	
The length of the payback period;



	
Indirect benefits (image, improved natural environment, …);



	
Feasibility, ease of implementation;



	
Laws and regulations;



	
Positive perception by societal groups;



	
Positive political impact;



	
Positive relationships with technology and science;



	
Positive impact on natural environment;



	
Economic opportunities.








To construct the decision criteria for the AHP tool, the authors propose two requirements that ought to be satisfied:




	1.

	
Number of criteria.



At first glance, a huge number of criteria, e.g., 14 as on the above list, seem to be promising, in the hope to obtain precise results, but due to the practical limitations of the AHP, the number of criteria ought to be decreased. Criteria are used by people, who have certain cognitive limitations when considering a huge number of issues. These limitations related to the Miller’s Law are considered in cognitive psychology, which is out of the scope of this paper. This issue was discussed within the AHP context too [50,51]. It is caused by the pairwise comparisons and to preserve the consistency ratio. It is hard to operate with a huge number of criteria. Usually, the number of criteria (as well as options) are 7(+/−2). Too few criteria decrease the preciseness and quality, making decisions trivial. With a deeper aggregation of criteria based on trade-offs, all relevant information related to the decision-making process should be preserved.




	2.

	
Balance.



The criteria should be neutral and well balanced. They cannot favor a certain option. The criteria should be agreed on by stakeholders balancing their priorities. The decision process objectives should be satisfied. The criteria should express all issues needed to obtain impartial and objective decisions.









With respect to above requirements, the number of criteria is reduced. All risk-related issues (such as number of identified risks, risk levels before and after the RVA implementation) are represented here by one criterion Risk reduction ability, which concerns the risk picture for a given alternative. The financial picture (cost–benefit analysis and information about investment/operational costs, direct benefits, the length of the payback period) is represented by the criterion Costs (investments, implementation, operational costs). The so-called “soft”, intangible, non-financial parameters are very diversified and were aggregated into three criteria focused on three generally non-overlapping and very important issues:




	
Economic, technological, political and other opportunities, which concern, e.g., additional funds, sources of financing, compensation, penalties, environmental fees, impact on financial situation of citizens, on the property market and on trade relations, NGO compatibility, trust in authorities, compliance with political activities, plans and programmes;



	
Positive impact on the environment concerns, e.g., direct impact on the natural environment, climate conditions, waste management;



	
Positive perception by societal groups and legal compliance concern, e.g., social reception of applied revitalization techniques, social cohesion, living conditions, physical and mental health, impact on social behavior, on a local job market, lawfulness, compliance with development strategies and plans, revitalization durability, time of implementation.








Figure 7 presents these criteria introduced into the AHP tool.




5.3. Decision Process Supported by the CTR Tool


The AHP tool supports collective decisions. The geometric mean method was chosen to aggregate individual results. This basic approach is based on the solution presented in [47]. The decision-maker can be a well-balanced collective body represented by stakeholders of different interests and views on the decision problem. In this case study, the team consists of the representatives of the following:




	
Investors;



	
Landowners;



	
Local community, NGOs;



	
Local government—environmental protection department.








They obtain their own links according to their roles to the AHP tool to perform two important tasks:




	1.

	
Pairwise comparisons of all criteria (Figure 8) to elaborate common criteria for the decision team.




	2.

	
Pairwise comparisons of all alternatives with respect to particular criteria (Figure 9).









The decision-makers should watch the consistency indexes (Figure 10) for whether they are smaller than 0.1. When an index is too high, the decision-maker is warned and makes his/her assessment more consistent. After setting the importance criteria, the decision-making team member starts an exhaustive process of mutual comparisons of options. Going from one criterion to another, the mutual comparison of options is performed.



The AHP tool allows us to assign more individuals to the given interest group and the number of such groups can be higher. The decision team composition influences the decision. For this reason, the team should be balanced and managed. For example, if decision teams were represented only by investors, decisions could not be beneficial for people living locally or for the natural environment.



The AHP module has been added to the CTR system in such a way that its use does not require additional work when used in other application areas. The decision problem described by the criteria and evaluated alternatives can be freely defined. One has to determine a list of people that are experts who are to take part in the analysis. It requires only creating an “Expert” account in the CTR system. A person logging into this account has access to the AHP analysis module, where the analyses that have been assigned to him/her are visible. However, the use of the CTR system for risk management, threats and vulnerabilities assessment, and selection of security measures in areas other than railways, requires adaptation of the remaining system components. This primarily includes adapting dictionaries of specific industry terms, including typical threats, vulnerabilities, security measures, threat classification, adjustment of risk levels, probability scale, impact assessment and scope of event description.




5.4. Decision Support Process Results


The AHP tool provides assessment results. Figure 11 shows partial results after local and government representative voting. At this stage of the decision process, the most preferable by the decision-makers team is the alternative RVA[3] “Active recreation”. Very close to it is RVA[4] “Heap liquidation by the use of the heap material elsewhere”.



When all decision-makers perform their assessments, the final results are obtained, which can be used to approve the target revitalization alternative for implementation.





6. Conclusions and Further Works


This paper presents a complex tool to supporting decision-making based on the AHP analysis. The tool was originally designed for railway transportation issues. The AHP method implemented as part of the CTR tool was validated by railway safety managers working with safety management systems on a daily basis at railway companies in Poland.



Designed for decision support in the area of railway risk and threat management, the tool can also be used in other areas of railway management than originally intended. It can also be used to assess and make decisions on environmental, social and expected utility aspects.



As outlined in this article, the same tool was then proposed and used to support decision-making in the selection of revitalization techniques in post-industrial areas, i.e., the revitalization of heap areas after mining activities.



An attempt to use the MCDM tool and method also resulted from the location of the EMAG Institute in a mining region, where the problem of revitalization and use of heap areas is significant. As confirmed in the framework of scientific and research projects [14,52] carried out at the EMAG Institute, this type of decision support, multi-criteria decision-making methods, although known and proposed in many scientific publications, are rarely used in practice in the above-mentioned areas. Proposing a universal tool for security management, building into it a method of decision support and applying it to different areas will help spread the concept of supporting decision-making processes by methods dedicated to this purpose.



The provided new environmental case, related with the post-industrial area revitalization, proves the generality of the AHP module and confirms the implementation potential. Using the module is just a matter of defining the decision problem, defining evaluation criteria and alternatives, as well as organizing a balanced evaluation team that will represent the point of view of each stakeholder group.



As mentioned in the article, the possibility of using the AHP module in combination with another solution was checked in combination with the SUMAD tool. The SUMAD methodology [14] and the AHP methodology built-in CTR tool support each other, as it was shown in this case study.



The proposed approach is based on the SUMAD-related domain data. They are identified by the SUMAD project team and placed into the SUMAD knowledge base. The data describe the post-mining heap properties (as revitalized object properties), elementary revitalization techniques, related risk factors (threats/hazards, vulnerabilities, impacts, cost–benefit factors, qualitative criteria ordered by groups, kinds of utility functions). The SUMAD project demonstrated that the analyses based on these data provides input for the decision-maker to manually select the target Revitalization Alternative for implementation.



The SUMAD process provides ordered and detailed information related to the revitalization process. It is not subjective, but worked out through detailed analyses of the revitalized object, risk reduction, financial and non-financial factors. The SUMAD process allows deeper identification of the domain where decisions are made. These data can be used as input to define the AHP criteria. The AHP options are elaborated in the SUMAD process directly. Reports from the SUMAD process can be provided to decision-makers, helping them understand better the decision context. According to the authors’ opinion, the AHP decision can have more solid foundations.



On the other hand, the AHP extends and enhances the roughly defined manual decision process in SUMAD. Now it is more formalized and well balanced. The AHP tool allows one to structure the decision process and to organize the decisions team, which represents a well-balanced group of stakeholders of different interests and views on the decision problem.



The SUMAD methodology adaptation to other application domains (e.g., to urban revitalization) requires identification of data from this domain, but this issue has not been researched yet. The methodology allows one to configure data and calculations to facilitate such adaptation. The adaptation is a rather extensive task when no domain knowledge is available and can be considered in the future.



For the revitalization test case, the assessment was carried out by people representing various stakeholder groups (investors, owners of the land where the heap is located, representatives of the local community and local government). The final ranking of alternatives resulting from their assessments shows the basic two favored alternatives (energy production, greenery and active recreation solution). The case is typical, representative of this type of problem, and the results are consistent with the social mood, views and expectations of individual stakeholder groups. The results only confirmed the correctness and applicability of the method. The validated solution was perceived as easy to use, acceptable and understandable to AHP assessors.



Current work focuses on full component internationalization and providing a self-existing component, ready to be applied in any domain.
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Figure 1. AHP decision problem diagram [23]. 
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Figure 2. Difference between linear, hierarchical (left) and nonlinear network (right) [26]. 
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Figure 3. Sample configuration for AHP: list of security measures. 
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Figure 4. Direct comparisons in the AHP (only several of 45 direct comparison sliders are presented due to the high total length of the corresponding system window). 
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Figure 5. Summary results of the AHP. 
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Figure 6. The list of alternatives in the AHP tool. 






Figure 6. The list of alternatives in the AHP tool.



[image: Infrastructures 09 00002 g006]







[image: Infrastructures 09 00002 g007] 





Figure 7. The list of alternatives in the AHP tool. 
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Figure 8. Setting importance of criteria. 
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Figure 9. Setting importance of alternatives. 






Figure 9. Setting importance of alternatives.



[image: Infrastructures 09 00002 g009]







[image: Infrastructures 09 00002 g010] 





Figure 10. Consistency indexes. 
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Figure 11. AHP result. 
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Table 1. The fundamental scale of absolute numbers [20].
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	Importance
	Definition
	Explanation





	1
	Equal importance
	Two elements contribute equal to the objective



	3
	Moderate importance
	Experience and judgment slightly favor one activity over another



	5
	Strong importance
	Experience and judgment strongly favor one activity over another



	7
	Very strong importance
	An activity is favored very strongly over another; its dominance is demonstrated in practice



	9
	Absolute/Extreme importance
	The evidence favoring one activity over another is of the highest possible order of affirmation



	2, 4, 6, 8
	Intermediate values
	



	Reciprocal of the above (i.e., 1/3, 1/4, 1/9, …)
	The reciprocals of the above values indicate a preference for j over i
	A reasonable assumption
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