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Abstract

:

Properly designed and installed interior stairs provide safe and convenient access to all residents of the house, including children and elderly people. While safety considerations are paramount for stair design and placement decisions in a two-storey single-family house, sustainability becomes another important factor in these deliberations. Nevertheless, safety and sustainability of the interior stairs can be seen as conflicting objectives in decision-making processes (i.e., while a larger staircase area positively affect residents’ climbing ability, it also causes higher energy consumption and material usage). Therefore, increased awareness of stair-project selection processes is required when multi-objective tasks are involved. Seven criteria affecting stair safety and sustainability in a single-family house are identified in this paper. The integrated AHP-MEREC criteria-weighting approach is proposed, to determine their weights in decision-making processes. Four different multi-criteria decision-making (MCDM) approaches, ARAS, SAW, TOPSIS and PROMETHEE, were used to determine alternative evaluations. Since the selection of the most suitable MCDM method is full of uncertainties, the novel combined-decision-making approach formally called CORST (COmbining MCDM appRoaches using method STability coefficient) is proposed in this paper. The new method stability coefficient is used to determine the stability and reliability of the specific MCDM approach. Nine U-shaped inside-staircase projects dedicated to a single-family house were evaluated, to test the effectiveness of the CORST approach.
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1. Introduction


The construction industry is one of the largest consumers of natural resources, accounting for 36% of global energy consumption and 40% of CO2 emissions [1]. Therefore, the increased interest in the relationship between construction, sustainability and living environments has been observed recently [2,3,4].



Sustainability can be analysed from technological, environmental, and socioeconomic aspects [5]. Social sustainability refers to the public welfare, safety, life quality and social interaction among building residents. Technological sustainability evaluates whether tools and materials are reasonably used in construction processes to develop modern, energy-efficient, and comfortable living environments. The conformation to environmental standards, reduction in energy consumption and increased durability of materials used in construction can be related to environmental sustainability. Meanwhile, considerations of the material and transportation costs, as well as the life-long maintenance expenses, are important for economical sustainability.



Integration of sustainable living practices in small-scale building projects aids in ensuring that all house elements are designed and built taking into account the nature-friendly attitude [6,7]. However, Scherz et al. [8] highlighted the fact that sustainability awareness among construction professionals and homeowners is not sufficient, and should be increased. Functional space planning, safety-orientated design, responsible choice of materials, and proper maintenance are promising strategies for boosting social revitalisation, safety and sustainability of single-family houses, as well as the overall quality of construction projects [9,10].



1.1. Staircase Safety and Sustainability in Single-Family Houses


The interior staircase is an important structural element in a two-storey detached house. It plays a pivotal role in space planning, aesthetics, and vertical circulation between the lower and upper levels. It also fosters better communication among the residents. For instance, open staircases or those with transparent railings can make it easier for residents to see each other and talk, encouraging social interactions.



However, it is essential to ensure stair safety while stair-related injuries are one of the most common reasons for children’s visits to emergency departments [11,12,13]. Elderly people also experience higher risks related to staircase design, lighting and maintenance decisions [14,15,16]. For older residents, safety on stairs can be compromised not only by declining physical strength, but also by changes in balance caused by staircase geometry, step-edge visibility, and handrail existence [17]. A properly chosen staircase design can benefit from providing convenient access to people with mobility issues and contribute to the prevention of serious injuries caused by stairs falls [18].



Although safety considerations are paramount for stair design and placement decisions in a single-family house, sustainability becomes another pivotal aspect in these deliberations [19]. However, there are only a few studies analysing the connection between stairs and sustainability. Wen et al. [20] investigated how beam staircases affect the seismic response characteristics of the stairs and their structure. Pérez-Sánchez et al. [21] examined sustainability in the residential sector and stated that sustainable design, incorporating specific features like multi-dwelling buildings, smaller spaces, material choice or natural light usage, has a significant impact on energy efficiency in residential buildings.



Taking into account the aspects discussed above, safety and sustainability of the interior stairs can be seen as conflicting objectives in the decision-making processes. While safety considerations require a larger staircase area and better lighting (natural or artificial) [13], it might compromise sustainability principles, due to increased energy usage and material consumption. Therefore, careful planning and awareness of the specific parameters affecting safety and sustainability of internal staircases is required to achieve the balance between these two objectives. To the best of our knowledge, there are no scientific studies explaining how to select the most suitable staircase project, when multi-objective tasks involving stair safety and sustainability are considered.




1.2. MCDM Methods for the Assessment of Safety and Sustainability Tasks


Multi-criteria decision-making (MCDM) methods might be effective in addressing complex decision problems involving multiple objectives and multiple criteria. Various MCDM methods, such as AHP (Analytical Hierarchy Process) [22], COPRAS (COmplex PRoportional Assessment) [23], TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution Elimination) [24], PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) [25], ARAS (Additive Ratio ASsessment) [26] can be applied to sustainability and safety topics. For instance, Streimikiene et al. [27] employed interval TOPSIS to assess the sustainability of the insulation materials of the buildings. Klumbyte et al. [28] employed COPRAS and WASPAS [29] to assess sustainable decision making in the management of municipal residential building facilities. Fedorczak-Cisak et al. [30] applied WASPAS to identify the most sustainable solutions for the placement of 40 nearly-zero-energy buildings relative to each other. Sánchez-Garrido et al. [31] used SAW [32], COPRAS, TOPSIS, VIKOR [33], and MIVES to analyse the impact of different modern construction techniques on the sustainability of building structures in single-family houses. Velykorusova et al. [34] proposed an emotion recognition methodology for the evaluation of building renovation decisions by integrating BIM and the COPRAS multicriteria evaluation method.



Criteria identification is a fundamental task in any MCDM approach. However, it becomes particularly challenging in the context of multi-criteria tasks, where the identified criteria must be aligned with multiple objectives. Additionally, there is no particular MCDM method that can be used for all types of decision problems. Different MCDM approaches have different assumptions and requirements for the criteria structure, participation of decision makers, and the complexity of the calculations.



State-of-the-art analysis revealed that there is a lack of studies investigating safety and sustainability aspects of interior staircases installed in single-family houses. This multi-objective task requires careful consideration of the criteria affecting stair safety and sustainability, as well as the appropriately chosen multicriteria decision-making approaches. While selection of a single MCDM method is full of uncertainties, multiple MCDM methods can be applied to improve the accuracy and resilience of the decision-making results [35]. However, it is difficult to decide which of them is most suitable for the research task without additional calculations.




1.3. Assessment of the Suitability of MCDM Methods


The variability of available MCDM methods increases the complexity of their selection for specific tasks. Therefore, scientists recently presented different tools to assess the suitability of different MCDM methods for the specific tasks. For example, Guarini et al. [36] proposed a methodology that uses a suitability index to determine the most appropriate multi-criteria decision-making method for real estate and land management processes. Vasoney et al. [37] focused on measuring the level of agreement between different MCDM methods (AHP, TOPSIS, SAW, WPM, VIKOR, ELECTRE III, and SHARE MCA), employing nonparametric correlation tests (such as Kendall’s tau and Spearman’s rho). Baydaş and Pamucar [38] proposed a dual verification mechanism that involves the calculation of standard deviation (SD) and Spearman’s rho coefficient to compare the ranking results of different MCDM approaches.



In 2019, Vinogradova [39] proposed the MCDM stability index, determined by applying principles of sensitivity analysis. Sensitivity analysis is an important procedure that allows for the testing of the degree of change in the overall ranking of alternatives when the input data is slightly modified [40]. The stability index proposed by Vinogradova [39] was calculated based on the recurrence rate of the highest-ranking alternative (rank = 1). However, ignoring other ranks might increase uncertainties in decision making. It may not be precise in reflecting the preferences of the decision-maker, and it may not be effective for decision-making problems where the alternatives have similar rankings. Therefore, in this paper, the new method stability coefficient, which describes stability and reliability of the specific MCDM method by analysing the rank recurrence rate for all ranks of alternatives will be presented. Its implementation for the novel MCDM decision-making approach CORST (abbreviation for COmbining MCDM approaches using method stability coefficient) will also be presented.



The remainder of this paper is structured as follows. In Section 2, criteria affecting stair safety and sustainability in a single-family house will be identified and described. The new hybrid decision-making methodology CORST, employing the method stability coefficient to combine multiple MCDM approaches into a single value will be explained in Section 3. It application to the study case, presenting how to select both a safe and sustainable staircase project, will be presented in Section 4. Finally, discussion and conclusions will be presented in Section 5.





2. Criteria Affecting Stair Safety and Sustainability in a Single-Family House


Stair safety and sustainability in a single-family house might be affected by various criteria, including environmental factors, design guidelines, and maintenance. A well-designed, safe, and aesthetically pleasing staircase that blends harmoniously into the interior of the house and contributes to the overall comfort and functionality of the building, represents the general requirements frequently expressed by the house owners or residents. Homeowners’ involvement in the staircase-related decision making involves many different aspects: expressing preferences for staircase style, materials and finishes, setting a project budget, considering specific safety and accessibility features, and assessing how the staircase project fits into their daily lives. Consideration of environmentally friendly materials, natural lighting, effective space planning and the long-term maintenance may also be priorities of the homeowner. However, such important aspects as effective space planning, structural integrity, natural lighting, stair accessibility, aesthetics, and design, as well as the decision compliance with building safety regulations, are the responsibility of architects. Therefore, it is very important to ensure effective cooperation between architects and homeowners when making decisions about the installation or renovation of internal stairs. Raising awareness of inside-stair safety and criteria affecting sustainability may also help in achieving the best possible decision on the selection of staircase projects.



Based on state-of-the-art analyses and expert consultations, seven criteria have been identified as key factors contributing to safety and sustainability of inside stairs installed in a single-family house. These are staircase material, handrail construction, stair width, riser height and tread width, step coating, and natural lighting. Each of them can be described both from the safety and sustainability perspective.



Staircase material. The choice of material for the construction of a staircase can be linked to safety, aesthetics and environmental friendliness. Staircases installed in detached houses are usually made of wood, steel, or reinforced concrete. All these types of staircase can be robust and aesthetically pleasing, when designed and constructed using modern technologies. Wooden stairs are widely used in single-family houses to create a natural and warm atmosphere. They are appreciated for their aesthetics and comfort, harmony with the overall style of the house, safety, and compliance with space requirements. Since the production (and subsequent recycling) of a wooden staircase might be more sustainable compared to metal and reinforced concrete [41,42], its usage can be seen as an opportunity to reduce negative environmental impacts [43]. Steel staircases can be chosen to achieve a more modern, light, and minimalist staircase design. Reinforced concrete stairs are typically chosen where strength and durability are a priority, or where a distinctive design is required. However, this alternative is more expensive than others and may require more time and skill to construct.



Handrail construction. Handrails act as a physical barrier, helping prevent accidental slips, trips, or falls on stairs [14,15,44]. They promote safe movement and confidence in stair navigation. When talking about handrails, it is important to ensure that they should be chosen considering the height and width of the staircase, as well as the specific needs of the house residents. The fastening and infill of the handrails also affect the safety of the stairs. The top handrails are easier to grip; they also provide a continuous surface throughout the entire length of the staircase. The side handrails can be a good option where space is limited or the wall is not strong enough to support a top handrail. When analysing handrail fastening, it is important to consider the type of infill chosen. While horizontal fillers in balustrades can pose a climbing hazard for children and pets [45], it is recommended to choose vertical fillers (balusters).



Intermediate landings. These are an important safety feature in staircase construction, as they may help to minimise the consequences of falling from stairs. To reduce the staircase flight length, house owners or architects frequently decide to add additional treads to the intermediate landings. This decision transforms the U-shaped staircase into a spiral S-shaped staircase, with variable width. The consequences of falling from an S-shaped staircase are more severe compared to the pure U-shaped alternative; therefore, the number of treads installed on the intermediate landings might be associated with the stair safety aspect. The size of the intermediate landing can be determined, based on the geometric parameters of separate steps.



Stair width. The stair width has no straightforward impact on stair safety and sustainability, but it is well known that wider and more spacious stairs are more comfortable to climb. Staircase width also ensures faster evacuation in case of emergencies [13,44,46]. Narrow staircases make it difficult for several people to use stairs at the same time, but it is easier to grab the handrail in the event of a fall. From a sustainability point of view, narrow staircases also mean lower energy consumption. While it is not obvious whether narrower or wider staircases are safer and more sustainable, the recommended width of staircases in single-family houses is considered to be 90–100 cm. Therefore, the staircase with the smallest deviation from the most comfortable (ergonomic) width can be considered as the safest and most sustainable option among the alternatives.



Riser height and tread width. Many scientific studies [13,14,15,44,47] proved that the dimensions of stairs have a significant influence on the speed, style, and behaviour of pedestrian movement [48]. For example, the tread depth affects the occupant’s foot stability when stepping onto the stairs, while a narrow tread can lead to slipping off the edge [49]. Conversely, if the riser is too high, the foot may be overstretched when walking downstairs, and if the riser is too low, the foot may land too heavily on the step. Tread nosing that projects too far might cause individuals to catch their feet on the nosing and fall. However, artificial lightening or other contrast-enhancing decisions regarding tread nosing may benefit stair safety by increasing the visibility of steps. This allows conclusions to be drawn that a ratio of step width and height is crucial for stair safety [46]. This ratio helps to ensure comfortable stride, reduces fatigue, maintains stability and balance, and improves the overall safety on stairs. Blondel’s theorem checks the coherence between the step height and going, and states that the sum of the height of two steps (risers) plus one tread is equal to the variation of one step [50]. A study presented by the architect [51] specified that dwellings with no more than two floors have an affective step variation of 63 cm [52]. This ratio may vary according to local building codes, but many professionals use Blondel’s formula, expressed as 2C + 1H = 63 cm, where H is the riser height and C is the tread width. Thus, steps where the 2C+1H measure has the smallest deviation from 63 cm can be considered as the safest rise-to-tread ratio among the alternatives.



Step coating. The proper material and texture of the step surface may help reduce slippage and increase the safety and sustainability of stairs. The most popular step coatings are carpet, wood, and ceramic. Carpet has the advantage of softness and warmth, which is a comfort factor and a contributor to injury prevention. It is also a good sound insulator. However, carpets are prone to wear, tear, and peeling; they also collect dust and allergens. Therefore, they require more frequent maintenance than other floor coverings. The wooden coating is aesthetically pleasing and natural looking, non-slip, good at reducing noise when walking on stairs, and durable if maintained properly. Although relatively robust, this type of cover cannot withstand heavy loads. It can also become slippery and dangerous if the surface is wet or damp. Ceramics are resistant to abrasion and wear, making them stronger and more durable than other coatings. However, ceramic surfaces can be cold and slippery, especially in wet conditions.



Natural lighting. Both artificial and natural lighting are important factors affecting stair safety and sustainability [14,15,51,53]. Stair nosing with sufficient luminance using LED lights is a cost-effective, energy-efficient and safety-enhancing solution, which should be considered by homeowners when building a staircase. Although artificial lighting is a reasonable option for areas with insufficient natural light, natural lighting should be a priority wherever possible.



Incorporating natural light sources such as windows, skylights, or windowed doors into the design of the dwelling not only ensures that the staircase receives sufficient daylight, but also helps prevent smoke inhalation and improve the chances of safe escape during emergencies. In addition, by reducing the need for artificial lighting, energy consumption and environmental impact can be reduced. The orientation and position of the house must be taken into account to balance natural light in the stairwell area. For example, if a stairwell is illuminated from the east, south, or west, there is a lower chance of an accident happening at dusk, compared to situations where the stairwell is located on the north side of the house or lacks windows and natural light. Planning for efficient natural lighting is made easier by knowing which direction (north, south, east, or west) the windows illuminating the staircase will face.



Following the above analysis, seven criteria and their identifiers have been determined as impacting stair safety and sustainability in a two-storey single-family house. They are presented in Table 1 (c1–c7):



Table 1 also includes units for the evaluation of the identifiers and their min/max value for stair safety and sustainability. It should be noted that these criteria do not include an assessment of the area occupied by the staircase. In this article, we are going to assess and compare single-family house plans featuring U-shaped staircases, where this parameter is dependent on the value of the stair width.




3. Methodology


The overall structure of the methodology presented to assess safety and sustainability of several staircase projects (alternatives) can be described by the diagram presented in Figure 1.



3.1. Criteria Weight Determination Using AHP-MEREC Approach


Selecting an appropriate criteria-weighting method for a specific multi-criteria decision-making problem is a challenging task. Various subjective, objective, and integrated approaches can be used for this purpose. Avan et al. [54] conducted a comprehensive review of the criteria-weighting methods proposed in the last decade, including the FUCOM [55], SAPEVO-M [56] and MEREC [57] approaches. A significant increase in the number of publications related to MEREC (Method based on the Removal Effects of Criteria) was detected [58]. It is an objective criteria-weighting method, which analyses criteria removal effects to calculate objective weights. MEREC is also capable of minimising the influence of subjective preferences on the criteria weights. This is different from Entropy [59] which is another widely used criteria-weighting approach calculating criteria weights, based on the randomness of the analysed data.



Integrated criteria-weighting approaches are often proposed to reduce potential biases and inconsistencies that may arise from using single methods [24]. The Analytic Hierarchy Process (AHP) [22] is a widely used subjective criteria-weighting method that retains its popularity due to its effectiveness in analysing complex decisions. AHP also allows for the consideration of both qualitative and quantitative information, making it suitable for the decision-making problem presented in this paper.



The integration of the subjective AHP and objective MEREC approaches could be beneficial in providing a more holistic and comprehensive assessment of the criteria weights, taking into account both the preferences of decision-makers and the removal effects of criteria. However, to the best of our knowledge, there are no studies proposing AHP and MEREC integration. Thus in this paper, we present the novel AHP-MEREC integrated criteria-weighting approach, which aims to leverage the strengths of both methods, making it suitable for working with both objectively and subjectively gathered data.



3.1.1. Subjective Weight Calculation Using AHP Approach


The Analytic Hierarchy Process (AHP) [22] estimates criteria weights through pairwise comparisons, when decision makers compare each pair of criteria using a five-point scale (1-3-5-7-9). Here, 1 signifies equal importance between two criteria, and 9 represents the biggest difference between two criteria weights. All the judgments of a single expert   κ = 1 , … , K   are recorded in a pairwise comparison matrix     P   κ    , where the diagonal elements are equal to 1, and the non-diagonal elements are filled with the judgments of the experts. Before the final definition of the AHP weights, the consistency ratio CR and Kendall’s [60] coefficient of concordance should be calculated.



For each     P   κ    , the criteria weights wk and the consistency ratio (CR) should be calculated to check whether the expert has not contradicted himself (Equation (4)). The consistency index (CI) can be calculated by Equation (5), where     λ   m a x     is the maximum eigenvalue of the pairwise comparison matrix     P   κ     and m is the number of criteria. RI is the function of determining the expected level of consistency. It can be shown that (    λ   m a x   − m  ) is equal to the sum of the products of the elements in each row of the pairwise comparison matrix. Here, RI is the random value of the consistency index [22]. When the CR value is 0.1 or less, it implies acceptable consistency in the AHP approach.


  C R =   C I   R I    



(1)






  C I =     λ   m a x   − m   m − 1    



(2)







Since multiple experts are going to be involved in the criteria-weighting tasks, it is essential to verify the level of agreement among experts. The concordance coefficient     W   κ    , proposed by Kendall [60], will be computed for each of the pairwise decision matrix constructed from the expert κ. Kendall’s coefficient of concordance W is a non-parametric statistic varying between 0 and 1, where W > 0.7 indicates excellent compatibility of opinions, W > 0.5 is good, 0.2 < W < 0.4 is satisfactory, and W < 0.1 is unsatisfactory compatibility.



The Pearson chi-square test     χ   2     can be used to determine whether there is a statistically significant difference between the criteria that were ranked. The     χ   2     value shows the consistency of the expert assessment if it is higher than the critical value     χ   T a b l e   2     from the table of     χ   2     distributions. For example, when the significance level α = 0.05, based on the search results, and there are 7 degrees of freedom, the critical chi-squared value is 14.067.



If     W   κ   > 0.1     for each of the expert κ, and     χ   2   >   χ   T a b l e   2    , local AHP weights for each of the experts can be calculated. The normalised sum of local weights calculated for criterion j can be determined as the final AHP weight value     w   j    .




3.1.2. Objective Weight Calculation Using MEREC Approach


MEREC (Method Based on the Removal Effects of Criteria) is an objective criteria-weighting method that analyses the impact of each criterion on the overall performance of the alternatives [55]. It can be described by the following steps:




	1.

	
Identify the criteria to be used in the decision-making process. Create the decision matrix D consisting of the values     d   i j     in Equation (3). Here,   i = 1 , … , n   denotes the number of alternatives, and   j = 1 , … , m   denote the index of the criterion.


  D =        d   11       d   12     …     d   1 n         d   j 1       d   j i     …     d   j n       ⋮   ⋮   ⋱   ⋮       d   m 1       d   m 2     ⋯     d   m n         



(3)








	2.

	
Calculate the concordance coefficient W and Pearson χ2 for the values presented in the decision matrix D.




	3.

	
If W > 0.1 and     χ   2   >   χ   T a b l e   2    , normalise D by applying linear normalisation and calculate the overall performance of the alternatives (    S   i    ). This can be calculated by Equation (4).


    S   i   = l n   1 +     1   m     ∑  j        ln  ⁡      n   i j   d                



(4)













Here,     n   i j   d     denotes the elements of the normalized matrix and m defines the number of the criteria.








	4.

	
Remove each criterion, one by one, and recalculate the overall performance of the ith alternative with respect to the removal of jth criterion (    S   i j   ′    ).




	5.

	
Determine the objective weights     a   j     of the criterion j based on the removal effects     E   j     (Equation (5)).


    a   j   =     E   j       ∑  k      E   k       ,     E   j   =   ∑  i        S   i j   ′   −   S   i        



(5)














3.1.3. Calculation of Integrated AHP-MEREC Weights


Global AHP-MEREC weight     w   j   ∗     for each of the criterion j is calculated from the objective MEREC weights     a   j     and the subjective AHP weights     w   j    , applying (Equation (6)) [24].


    w   j   ∗   =     a   j     w   j       ∑  j = 1   m      a   j     w   j       ,   j = 1 , 2 , … , m .  



(6)









3.2. Alternatives Ranking Employing Different MCDM Approaches


In the present study, four MCDM methods were chosen for the assessment of alternatives: ARAS [29], SAW [37], TOPSIS [27], and PROMETHEE [28]. The same decision matrix D and AHP-MEREC weight vector     w   j   ∗     (  j = 1 , 2 , … , m  ) should be applied for these calculations. All the applied methods are described briefly in Table 2.




3.3. The Method Stability Coefficient Calculation to Analyse Mcdm Robustness toward the Variation in the Parameters


The practical significance of mathematical models involves their robustness toward the chosen parameters. In this paper, the solution for aggregating the alternative ranking results produced by   τ   different MCDM methods is proposed. The method stability coefficients     Φ   τ     can be calculated to determine the complex final ranking of the alternatives. It can be interpreted as its sensitivity to the variation of the parameters provided for it.



Consider   D =     d   i j       as the decision matrix where     i = 1 , … , n   are the alternatives assessed against the criteria   j = 1 , … , m  . The importance of separate criteria is denoted as the weight vector   ω =     ω   j      , where   j = 1 , … , m   and the sum of the weights is equal to 1. The following steps can be used to describe the proposed solution:



Step 1. Primary data processing. The decision matrix D and the weight vector   ω   are used to assess alternatives     A   i    ,   i = 1 , … ,   n   using   τ   different MCDM methods.



Step 2. For reach of the   τ   approaches, data matrices   M =     m   v i       are created to store the results. In each of them,   i = 1 , … ,   n   defines the alternatives assessed, and rows   v = 0 , … ,   10,000   determine their numerical values gathered by applying the specific MCDM method to the original decision matrix D and its variations.



Step 3. Obtaining a modified decision matrix     D   ∗     and weight vector     ω   ∗     with slight changes. Without knowing the distribution of the parameters, a uniform distribution is applied to generate random values of     x   n e w     from the [    X   m i n    ,     X   m a x    ] interval, where     x   n e w   =   X   m i n   +     q  ~    ς   ·     X   m a x   −   X   m i n      ,       q  ~    ς     ϵ [0, 1].



Step 4. The modified decision matrix D* and weight vector    ω ∗    are saved and processed by   τ   different MCDM approaches. The calculated results are stored in the next empty row of the data matrices     M   τ    .



Step 5. Steps 3–4 are repeated 10,000 times.



Step 6. For each row   v   in the data matrices     M   τ    , the alternative i ranks     r   v i   τ     are determined, where 1 determines the best rank in a row.



Step 7. The difference of the first rank vector     r   0 i   τ     values and the rest of the 10,000 vectors in data matrices     M   τ     is compared separately, capturing the frequency of the original rank repetition for each of the alternatives. The frequency values are stored in a separate matrix     L   τ   =     l   k i   τ      , where   k = 1 , … , 10  .



Step 8. Steps 3–7 are repeated 10 times.



Step 9. Calculation of the stability value     S   τ     for each of the   τ   methods.     S   τ     value is determined as the median of the frequencies determined for each of the alternatives in data matrix     L   τ    . It represents the percentage stability of the   τ   method.



Step 10. The method stability coefficients     Φ   τ     (Equation (7)) [39] for the separate multicriteria decision-making method   τ   is determined by normalizing the stability values     S   τ    , determined for all the analysed MCDM approaches:


    Φ   τ   =     S   τ       ∑  τ = 1   T      S   τ       ,   ∑  τ = 1   T      Φ   τ     = 1  



(7)








3.4. Alternatives Rating Applying the Novel CORST Methodology


The CORST methodology employs Method stability coefficient     Φ   τ     to combine different MCDM approaches into a single value:



Step 1. The alternatives evaluation results calculated using different MCDM methods are obtained on different measurement scales; thus, the first step in the methodology includes the normalisation of the values obtained by each of the MCDM methods   τ   (Equation (8)) [39]:


      ρ  ~    i   =     ρ   i   −   ρ  ¯    σ   , i = 1 , … , n  



(8)




Here, i determines the index of the alternatives assessed, and     ρ   i    —their numerical values gathered applying the MCDM method. The mean of the evaluation results obtained by the specific MCDM method is determined as     ρ  ¯   , while σ is the standard deviation of alternative rating values, applying the τ approach.



Step 2. The best alternative can be determined by calculating the     i   b e s t     value by Equation (9) [39]:


    i   b e s t     ρ   =   arg  ⁡    max  ⁡    ∑  τ = 1   T      Φ   τ       ·   ρ  ~    i , τ        



(9)




where       ρ  ~    i , τ     is the normalized value of the   τ  th decision-making method applied to the   i  th alternative and     Φ   τ     is the method stability coefficient calculated for   τ     different MCDM methods.





4. Safety and Sustainability Assessments of U-Shaped Stair Projects: A Case Study


In preparation for the study case, the authors of this article analysed 53 standard home designs offered in Lithuania, and found that U-shaped staircases are the most common type of staircase in single-family houses. A total of 72% of the projects had U-shaped staircases, 17% had I-shaped staircases and 11% had L-shaped or alternative staircases. This study also revealed three general trends concerning the placement of the staircase: in the living room or lounge (when the functional purpose is adapted not only to communication between floors, but also as an interior ascent)—29%, in a separate room (with a window, possibly without a door to the corridor)—49%, and in the corridor (not adjoining an external wall, therefore requiring artificial lighting)—22%.



Based on the information collected, nine projects with a U-shaped staircase were selected for the study case analysis. Each of them represents a two-storey house (floor height approximately 3 m) for a working-class family of 3–5 people, with different plot orientations in relation to the countries of the world. Three trends relating to the placement of the staircase in a house were determined: stairs are located in the open living room; stairs are in a separate room, usually with a window; and stairs are in the corridor, mostly without windows.



However, many different choices of materials, stair geometries or step coatings are possible, even for the same staircase design project. Therefore, based on the recommendations of staircase constructors and manufacturers, nine alternatives have been determined for the study case presented in this paper: A1–A3—stairs are located in the open living room, A4–A6—stairs are in a separate room, usually with a window, and A7–A9—stairs are in the corridor, mostly without windows.



The schemes of the alternatives that will be analysed and compared are visualised in Figure 2.



The detailed depiction of the alternatives is given in Table 3. It refers to the criteria and their identifiers, determined as affecting stair safety and sustainability.



4.1. Decision Makers


When choosing a staircase design for a single-family house, it is important to consider the opinions of architects and interior designers, to ensure that the structure, form, dimensions and aesthetic features of the staircase are in harmony with the existing spatial layout or interior-design decisions. For original and specific staircase projects that are going to be implemented in the open-plan living area, consultations with engineers are recommended, to ensure the appropriate selection of staircase-support elements. The expertise of staircase company specialists may complement the preceding expertise, as staircase sellers have a direct linkage with house owners and an extensive knowledge of customer needs, behavioural tendencies, usability, and safety and durability demands. Finally, experts in environmental protection and fire safety possess valuable knowledge regarding the sustainability of staircase materials, as well as fire safety features.



Considering the previous reasons, seven experts (DM 1–DM 7) were invited to participate in the study case. They are:




	
DM 1 and DM 2. Architects who can assess the overall visual and aesthetic value of the building, and advise on the design, shape, and proportions of the staircase;



	
DM 3. An engineer who can advise on the design of the staircase and the choice of materials, taking into account the strength, stability, and weight of the staircase;



	
DM 4. The specialist of the staircase company who can assess staircase safety, design, choice, and other aspects;



	
DM 5. An environmental specialist with expertise in sustainability for construction projects. The choice of stair materials and their environmental impact could be advised upon by this expert;



	
DM 6. A fire safety expert who can advise on the type and materials of the staircase in relation to the building plan and other aspects related to preventing fire;



	
DM 7. An interior designer who can advise on the choice of stair coverings in terms of style, functionality, and lighting solutions.








All these experts were asked to determine the final list of criteria related to the analysed topic, to conduct a pairwise comparison for the AHP-based calculation of the subjective weights, and to convert linguistic values to numerical values for some of the criteria describing the alternatives.




4.2. Construction of the Decision Matrix


The construction of the decision matrix requires assigning numerical values to the criteria determined earlier. Parameters c3, c4 and c5 can be objectively assessed, while criteria c1, c2, c6 and c7 values are presented linguistically (Table 3). The expert-based judgements are required to convert linguistic values to the numerical values, considering both safety and sustainability. For instance, criterion c1 (staircase material) can be described by one of the linguistic values: reinforced concrete, steel, or wood. In order to carry out the mathematical calculations, experts were asked to provide feedback on how each of these materials affect the safety and sustainability of a staircase, on a 7-point scale. (Here, 7 means the value having the strongest possible impact on stair safety and sustainability.)



However, such a subjective conversion includes many uncertainties. For instance, during the assessment of criterion c1, all experts agreed that wooden stairs should be rated higher than steel stairs, but their opinions on how strongly wooden stairs affect stair safety and sustainability differed. To account for inconsistencies, the arithmetic mean of the criteria scores provided by seven decision makers was calculated, and later used for the construction of the decision matrix D (Table 4).



While criteria c3, c4 and c5 can be calculated objectively, they did not require expert-based judgements. The final decision matrix D, constructed for the comparison of safety and sustainability of U-shaped interior-staircase projects (alternatives), is presented in Table 5.




4.3. Criteria WEIGHTS Determination Using Integrated AHP-MEREC Approach


The calculation of criteria weights is a crucial part of any multi-criteria decision-making approach. The combination of subjective and objective weights helps to reduce the uncertainties of scenarios, when a group of experts with different backgrounds are involved in the decision-making process.



The AHP approach was applied to calculate subjective weights. Its theoretical basis was explained in Section 3.1.1. Firstly, pairwise comparison matrices were constructed for each of the seven experts. Later, the local AHP weights were calculated for each of the experts DM 1–DM 7. The normalised sum of local weights was determined as the final AHP weights. Their values are presented in Table 6.



During the AHP weight calculations, the consistency ratio (CR) was calculated for each pairwise comparison matrix Pκ, where κ is the expert identification number, applying the Equations (4) and (5). CR values ranged from 0.04–0.06, suggesting that experts did not contradict themselves during the evaluation process. The concordance coefficient W = 0.51 suggested that consistency of experts’ opinions is average. Furthermore, Pearson’s chi-square value of 21.38 was calculated. This result exceeds the critical score of 12.591 derived from the χ2 distribution table, with K = 6 and a significance level of α = 0.05. This provides evidence to support the validity of the criteria weights obtained.



The initial data for the MEREC approach are presented in the decision matrix, in Table 5. The MEREC weights were calculated using the algorithm presented in Section 3.2. Linear normalisation was applied to the initial decision matrix using the Equation (4), to calculate the overall performance of the alternatives (Table 7).



Later, each criterion was removed, one by one, and the overall performance of the ith alternative with respect to the removal of the jth criterion was recalculated (    S   i j   ′    ). Finally, removal effects     E   j     were determined (Equation (5)) and the objective weight     a   j     for each criterion was determined by normalising the     E   j     values (Table 8).



Finally, normalized     E   j     values were determined as MEREC weights. They are presented in Table 9, as well as the subjective AHP weights. The integrated AHP–MEREC weights for all criteria that impact stair safety and sustainability were calculated by applying Equation (6).



Table 9 shows that safety and sustainability of the stair projects are mostly impacted by criteria c3 (intermediate landings) and c5 (rise height and tread width). The importance of natural lighting (c7) was rated as the lowest. According to experts, the importance of natural lighting is relatively low, since natural lighting is not always possible. In such cases, artificial lighting can be installed to maintain optimal lighting levels. However, the experts also agreed that natural lighting should be considered as a more sustainable option, compared to artificial lighting.




4.4. Safe and Sustainable Stair-Project Selection, Applying the Novel CORST Methodology


Using the same decision matrix presented in Table 5, and the criteria weight vector depicted in Table 9, alternatives A1–A9 were rated, using four different MCDM approaches: ARAS, SAW, TOPSIS and PROMETHEE. Alternative rating results     ρ   i     for each of the alternative i are presented in Table 10.



The evaluation results for the alternatives, calculated using different MCDM methods, are obtained on different measurement scales; therefore, the normalisation of the values presented was carried out using Equation (8), to obtain values       ρ  ~    i     (Table 11).



According to the algorithm, the final stability values     S   τ    , for each of the analysed MCDM methods, are calculated as the median of 10 attempts. The method stability coefficients     Φ   τ     were determined by normalizing the stability values     S   τ     which were determined for the ARAS, SAW, TOPSIS, and PROMETHEE approaches (Equation (7)). Their values are presented in Table 12.



The analysis of the results presented in Table 12 shows that the ARAS and SAW approaches show similar method stability coefficients (namely,     Φ   A R A S     = 0.281,     Φ   S A W     = 0.276, and TOPSIS     Φ   T O P S I S     = 0.262), while PROMETHEE shows the lowest robustness toward minor changes in criteria valuations (    Φ   P R O M E T H E E     = 0.181).



The novel CORST methodology presented in this paper was applied to make a final decision for the most suitable stair-project selection, considering stair safety and sustainability. According to Equation (9), values       ρ  ~    i     are multiplied by the method stability coefficient     Φ   τ     of the specific MCDM method. The products are summed from the alternatives to give the combined estimate     i   b e s t     ρ    , which is also used to identify the best alternative for the analysed problem, by applying the CORST methodology (Table 13).



Data presented in Table 13 show that the best inside-stair project with respect to safety and sustainability is A2, which represents U-shaped wooden stairs (width 120 cm) located in the open living room, with natural lightning from the southwest and southeast, and with carpet coating. The second best alternative is A5, which also represents wooden stairs (width 120 cm), located in a separate room with a window. Both of alternatives A2 and A5 have stairs with step height and tread width of 17 × 29, and zero additional steps on the intermediate landing.



Alternative A3, which has concrete steel stairs (width 100 cm) and four steps on the intermediate landing, was determined as the worst one, with regard to stair safety and sustainability. Experts explained that this type of stair can be understood as an S-shaped alternative, with narrow stairs. This combination of parameters might cause injury hazards for house residents, and, thus, it is neither safe nor sustainable.



To verify the effectiveness of the CORST methodology, alternative rankings gathered by ARAS, SAW, TOPSIS, and PROMETHEE and the combined CORST approach, are presented in Figure 3.



It can be seen from Figure 3 that the two approaches with the highest method stability coefficients (    Φ   A R A S     = 0.281 and     Φ   S A W     = 0.276) show equal alternative ranking results. They have the highest impact on the CORST results. Nonetheless, TOPSIS     Φ   T O P S I S     = 0.262 and PROMETHEE     Φ   P R O M E T H E E     = 0.181 also influence alternative rankings, especially for the alternatives A6, A9, and A7.





5. Conclusions


An increasing number of people considering building, buying, or renovating a detached house are looking for sustainable solutions for the exterior and interior details of the house. Indoor stairs are one of the most important means of communication between floors, and a they are a major source of injuries. Safety considerations are paramount for stair design and placement decisions in a two-storey single-family house; however, sustainability becomes another important factor in these deliberations. Nevertheless, safety and sustainability of the interior stairs can be seen as conflicting objectives in decision-making processes (i.e., while a larger staircase area positively affects residents’ climbing ability, it also causes higher energy consumption and material usage).



Therefore, careful examination of various factors affecting the analysed multi-objective task were necessary. Seven criteria (staircase material, handrail construction, stair width, riser height and tread width, step coating, and natural lighting) were determined to affect stair safety and sustainability in a single-family house. Properly designed staircases should have strong, continuous, and stable handrails on both sides, with intermediate handrails where necessary. Their risers and treads should be properly proportioned, with close tolerances, slip-resistant treads, and step nosing. Regular maintenance checks are also crucial to ensure that the staircase remains clean, safe, and dry. Incorporating features such as natural lighting also promotes the safety and sustainability of stairs.



The assessment of safety and sustainability in indoor-staircase projects is a complex multi-objective task, which can be solved by applying multi-criteria decision-making theory. The integrated AHP-MEREC criteria-weighting methodology was proposed, and was applied to denote the importance of criteria. The study case showed that structure of intermediate landings (c3) together with riser-height and tread-width ratio (c5) were identified as the most important parameters for the analysed task.



In this article, a novel combined multi-criteria decision-making methodology called CORST was presented, to combine valuation from several MCDM (ARAS, SAW, TOPSIS and PROMETHEE) approaches into a single value, applying the method stability coefficient     Φ   τ    . The research revealed that the ARAS and SAW approaches have the highest method stability coefficients, which means the strongest robustness toward minor changes in the criteria estimation.



Nine U-shaped inside-staircase projects (alternatives) dedicated to a single-family house were evaluated in the study case, applying the CORST methodology. Alternative A2, representing U-shaped wooden stairs (staircase width 120 cm) located in the open living room, with carpet coating, a step-free intermediate landing, and natural lighting from the southwest and southeast, was determined to be the most sustainable and safe staircase project.



Combining several MCDM methods into a single numerical value allows researchers to overcome the drawbacks of individual MCDM approaches. However, it may also entail certain considerations. One of them is the loss of transparency and interpretability of the results. Another is the compatibility between different MCDM methods. This aspect should also be carefully considered, as some methods may be more suitable for certain types of problem or decision contexts than others. Further validation of the CORST methodology and its effectiveness in different datasets, scenarios and country-dependent regulations might be a valuable addition to this research.



From a practical point of view, determination of the criteria related to the safety and sustainability of inside-staircase projects is a valuable resource for staircase manufacturers, architects, and interior designers, when talking with sustainability orientated clients. However, it should be noted that the study case presented in this paper focuses only on U-shaped staircase projects. Different staircase structures and technological innovations may present new factors affecting staircase safety and sustainability. For instance, smart changing-colour lighting might elevate stair safety and sustainability in unexpected ways. It might be interesting to analyse such effects in further studies.



Finally, it is well known that the applicability of specific MCDM approaches depends on the decision makers’ ability to understand their usage algorithms. The development of user-friendly tools/frameworks could be particularly valuable in enabling the safety and sustainability analysis of staircase projects for practitioners without a strong background in decision-making theory.
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Figure 1. Structure of the proposed methodology. 
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Figure 2. Staircase layout and geometric parameters according to nine schemes: (a) alternative A1, (b) alternative A2, (c) alternative A3, (d) alternative A4, (e) alternative A5, (f) alternative A6, (g) alternative A7, (h) alternative A8, (i) alternative A9. 
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Figure 3. Comparison of the alternative rankings gathered by ARAS, SAW, TOPSIS, and PROMETHEE and the novel combined CORST approach. The numbers 1–9 represent the alternative rank calculated by different MCDM approaches. 
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Table 1. Criteria and their identifiers impacting stair safety and sustainability in a two-storey single-family house.
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	ID
	Criteria
	Identifiers
	Units
	Min/Max





	c1
	Staircase material
	Material of the staircase. Possible values: wood, steel, reinforced concrete.
	scores
	max



	c2
	Handrail construction
	Handrail-fastening type (top, side) and handrail-filling type (horizontal, vertical) combination.
	scores
	max



	c3
	Intermediate landing
	The number of additional treads installed on the intermediate landing. When intermediate landings do not have additional steps, criteria value is equal to 0.
	quantity
	min



	c4
	Stair width
	Measure calculated by formula: 95—stair width.
	cm
	min



	c5
	Riser height, Tread width
	Measure calculated by formula:

63−2C + H), where H—riser height, C—tread width.
	cm
	min



	c6
	Step coating
	Step-coating material. Possible values: carpet, wood, or ceramics.
	scores
	min



	c7
	Natural lighting
	Cardinal direction where windows/doors illuminating the staircase will be orientated toward. Possible values: S (South), N (North), E (East), W (West), SE, SW, NE, NW.
	scores
	max










 





Table 2. Review of MCDM methods used for the alternatives ranking.
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	Method Name

(References)
	Description and Calculation Characteristics





	ARAS [26]
	The Additive Ratio Assessment (ARAS) method is a Multiple Criteria Decision Making (MCDM) method that aims to simplify complex decision-making problems and select the “best” alternative through the relative indicator (utility degree), which can reflect the difference between the alternatives and the ideal solution, and eliminate the influence of different measurement units. ARAS uses a bottom-up approach, starting with the lowest level of the hierarchy and constructing outranking relations at the upper levels, allowing for a decomposed analysis of the results, not only at one level, but also at the intermediate levels of the hierarchy.



	SAW [32]
	The Simple Additive Weighting (SAW) method is a simple, intuitive, and easy-to-apply MCDM method. It assigns weights to criteria, based on their relative importance (the weights should sum up to 1). The weighted scores for each alternative are calculated by summing the products of the criteria weights and the alternative performance values. The sum normalisation method is applied for final alternatives rating. The alternative with the highest total score is considered the best option.



	TOPSIS [32]
	The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method has gained popularity in addressing multi-criteria decision-making problems, due to its ability to consider the shortest distance of each alternative to the ideal and the maximum distance to the worst solutions, thereby allowing for a more nuanced evaluation of the alternatives. This method obviates the need for transforming minimized (maximized) criteria into maximized (minimized) criteria. Moreover, the results of this method are obtained on a scale from 0 to 1, making it easy to convert into percentage values.



	PROMETHEE [25]
	PROMETHEE (Preference Ranking Organization METHod for Enrichment Evaluations) is an MCDM approach which works by calculating the difference between each alternative’s performance and the best and worst performances observed in the set of alternatives for each criterion. PROMETHEE uses pairwise comparisons to determine the relative importance of each criterion. Priority function is applied to aggregate the differences for each criterion into a single overall preference value, where 0 means that the alternative is strongly inferior to another, and 1 means that it is superior. The normalised difference is weighted according to the weight of each criterion, and summed to a total. The algorithm calculates the difference twice, reversing the order of the alternatives among themselves and recording the intermediate results as positive and negative values. The final result is calculated as the difference between the positive and negative values. It can be either positive or negative.










 





Table 3. Description of alternatives representing U-shaped stair projects in single-family house.
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	Alternatives
	Staircase

Material
	Handrail Construction
	Steps on Intermediate Landing
	Stair Width, cm
	Step Height × Step Width, cm
	Tread Coating
	Lighting





	A1
	Steel
	Side mounting, horizontal infill (s/h)
	2
	80
	15 × 25
	Ceramic
	E and N



	A2
	Wood
	Top mounting, vertical infill (t/v)
	0
	120
	17 × 29
	Carpet
	SW and SE



	A3
	Reinforced concrete
	Top mounting, horizontal infill (t/h)
	4
	100
	15 × 30
	Wood
	W and N



	A4
	Reinforced concrete
	Side mounting, vertical infill (s/v)
	3
	90
	18 × 25
	Ceramic
	E



	A5
	Wood
	Top mounting, horizontal infill (t/h)
	0
	110
	17 × 29
	Wood
	N



	A6
	Steel
	Side mounting, vertical infill (s/v)
	1
	70
	18 × 30
	Carpet
	NE



	A7
	Steel
	Side mounting, horizontal infill (s/h)
	3
	70
	18 × 30
	Wood
	No windows



	A8
	Reinforced concrete
	Top mounting, vertical infill (t/v)
	4
	100
	17 × 29
	Ceramic
	No windows



	A9
	Wood
	Side mounting, horizontal infill (s/h)
	3
	80
	18 × 25
	Carpet
	No windows










 





Table 4. Expert-based linguistic-to-numerical values conversion for the criteria c1, c2, c6 and c7.
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Experts

	
c1

	
c2

	
c6

	
c7




	
Reinforced Concrete

	
Steel

	
Wood

	
s/v

	
s/h

	
t/v

	
t/h

	
Ceramic

	
Carpet

	
Wooden

	
A1

	
A2

	
A3

	
A4

	
A5

	
A6

	
A7–A9




	
DM 1

	
1

	
2

	
5

	
7

	
5

	
4

	
2

	
7

	
3

	
4

	
3

	
6

	
7

	
3

	
4

	
5

	
2




	
DM 2

	
1

	
2

	
6

	
7

	
5

	
3

	
2

	
6

	
2

	
4

	
5

	
7

	
6

	
4

	
5

	
6

	
2




	
DM 3

	
1

	
2

	
5

	
7

	
5

	
2

	
1

	
7

	
1

	
3

	
7

	
7

	
7

	
5

	
3

	
4

	
1




	
DM 4

	
1

	
2

	
4

	
5

	
2

	
2

	
2

	
6

	
1

	
4

	
5

	
5

	
4

	
6

	
4

	
4

	
2




	
DM 5

	
1

	
1

	
7

	
5

	
3

	
2

	
1

	
6

	
2

	
3

	
4

	
4

	
3

	
4

	
3

	
4

	
2




	
DM 6

	
2

	
1

	
3

	
6

	
5

	
4

	
1

	
7

	
1

	
3

	
6

	
6

	
5

	
5

	
5

	
6

	
1




	
DM 7

	
2

	
3

	
5

	
4

	
2

	
2

	
2

	
6

	
4

	
5

	
5

	
6

	
6

	
5

	
4

	
5

	
2




	
Average

	
1.3

	
1.9

	
5

	
5.9

	
3.9

	
2.7

	
1.6

	
6.4

	
2

	
3.7

	
5

	
5.9

	
5.4

	
4.6

	
4

	
4.9

	
1.7











 





Table 5. Decision matrix D, constructed for the comparison of safety and sustainability of U-shaped interior-staircase projects A1–A9.
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	Criteria
	Units
	Opt
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9



	c1
	scores
	max
	1.9
	5
	1.3
	1.3
	5
	1.9
	1.9
	1.3
	5



	c2
	scores
	max
	3.9
	2.7
	1.6
	5.9
	1.6
	5.9
	3.9
	2.7
	3.9



	c3
	units
	min
	2
	0
	4
	3
	0
	1
	3
	4
	3



	c4
	cm
	min
	15
	25
	5
	5
	15
	25
	25
	5
	15



	c5
	cm
	min
	8
	0
	3
	2
	0
	3
	3
	0
	2



	c6
	scores
	min
	6.4
	2
	3.7
	6.4
	3.7
	2
	3.7
	6.4
	2



	c7
	scores
	max
	5
	5.9
	5.4
	4.6
	4
	4.9
	1.7
	1.7
	1.7










 





Table 6. Calculation of the AHP weights, based on the individual judgements from 7 experts.
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	DM 1
	DM 2
	DM 3
	DM 4
	DM 5
	DM 6
	DM 7
	Sum
	Final AHP Weights



	c1
	0.370
	0.156
	1.798
	0.286
	0.533
	1.664
	0.384
	5.19
	0.106



	c2
	0.725
	0.449
	0.685
	0.169
	0.642
	2.277
	1.076
	6.02
	0.123



	c3
	2.513
	1.386
	0.787
	2.236
	2.041
	0.788
	2.372
	12.12
	0.247



	c4
	0.300
	0.541
	0.197
	0.708
	1.195
	0.282
	0.262
	3.49
	0.071



	c5
	1.893
	2.648
	2.122
	1.996
	2.041
	1.439
	1.957
	14.10
	0.288



	c6
	1.016
	1.710
	0.434
	1.216
	0.352
	0.376
	0.758
	5.86
	0.120



	c7
	0.183
	0.110
	0.976
	0.389
	0.196
	0.174
	0.191
	2.22
	0.045










 





Table 7. Overall performance     S   i     of the alternatives, calculated using Equation (4).






Table 7. Overall performance     S   i     of the alternatives, calculated using Equation (4).

















	
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9



	c1
	0.968
	0.000
	1.347
	1.347
	0.000
	0.968
	0.968
	1.347
	0.000



	c2
	0.414
	0.782
	1.305
	0.000
	1.305
	0.000
	0.414
	0.782
	0.414



	c3
	7.601
	0.000
	8.294
	8.006
	0.000
	6.908
	8.006
	8.294
	8.006



	c4
	1.099
	1.609
	0.000
	0.000
	1.099
	1.609
	1.609
	0.000
	1.099



	c5
	8.987
	0.000
	8.006
	7.601
	0.000
	8.006
	8.006
	0.000
	7.601



	c6
	1.163
	0.000
	0.615
	1.163
	0.615
	0.000
	0.615
	1.163
	0.000



	c7
	0.166
	0.000
	0.089
	0.249
	0.389
	0.186
	1.244
	1.244
	1.244



	     S   i     
	1.365
	0.294
	1.337
	1.288
	0.397
	1.260
	1.381
	1.041
	1.287










 





Table 8. Calculations of the removal effects     E   j     for the MEREC criteria-weighting approach.
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	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9
	     E   j     



	c1
	0.036
	0.000
	0.052
	0.055
	0.000
	0.040
	0.035
	0.070
	0.000
	0.288



	c2
	0.015
	0.087
	0.050
	0.000
	0.134
	0.000
	0.015
	0.040
	0.016
	0.358



	c3
	0.325
	0.000
	0.373
	0.379
	0.000
	0.328
	0.339
	0.542
	0.379
	2.665



	c4
	0.041
	0.188
	0.000
	0.000
	0.112
	0.067
	0.059
	0.000
	0.044
	0.512



	c5
	0.398
	0.000
	0.357
	0.356
	0.000
	0.392
	0.339
	0.000
	0.356
	2.198



	c6
	0.043
	0.000
	0.023
	0.047
	0.061
	0.000
	0.022
	0.060
	0.000
	0.257



	c7
	0.006
	0.000
	0.003
	0.010
	0.038
	0.008
	0.046
	0.065
	0.050
	0.226










 





Table 9. AHP, MEREC and the integrated AHP–MEREC weights for criteria impacting stair safety and sustainability.
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	Criteria
	AHP
	MEREC
	AHP-MEREC Weights





	c1
	0.106
	0.044
	0.021



	c2
	0.123
	0.055
	0.031



	c3
	0.247
	0.410
	0.456



	c4
	0.071
	0.079
	0.025



	c5
	0.288
	0.338
	0.438



	c6
	0.120
	0.040
	0.022



	c7
	0.045
	0.035
	0.007










 





Table 10. Multicriteria decision-making results     ρ   i    , calculated by applying ARAS, SAW, TOPSIS and PROMETHEE approaches.
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	Method
	A0
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9





	ARAS
	0.278
	0.008
	0.272
	0.010
	0.012
	0.270
	0.011
	0.008
	0.118
	0.012



	SAW
	
	0.010
	0.387
	0.011
	0.015
	0.384
	0.014
	0.009
	0.157
	0.014



	TOPSIS
	
	0.236
	0.970
	0.455
	0.584
	0.970
	0.659
	0.512
	0.607
	0.584



	PROMETHEE
	
	−0.559
	1.568
	−0.613
	−0.511
	1.542
	−0.511
	−0.559
	0.201
	−0.559










 





Table 11. ARAS, SAW, TOPSIS, and PROMETHEE normalized values       ρ  ~    i    .
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	Method
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9





	ARAS
	−0.708
	1.885
	−0.693
	−0.667
	1.863
	−0.674
	−0.712
	0.375
	−0.669



	SAW
	−0.698
	1.895
	−0.686
	−0.664
	1.878
	−0.671
	−0.702
	0.313
	−0.666



	TOPSIS
	−1.839
	1.678
	−0.789
	−0.170
	1.679
	0.189
	−0.514
	−0.063
	−0.170



	PROMETHEE
	−0.682
	1.914
	−0.748
	−0.624
	1.882
	−0.623
	−0.682
	0.245
	−0.682










 





Table 12. Calculation of the stability value     S   τ     and method stability coefficients     Φ   τ     for the chosen MCDM methods.
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	Method
	      S   τ   1      
	      S   τ   2      
	      S   τ   3      
	      S   τ   4      
	      S   τ   5      
	      S   τ   6      
	      S   τ   7      
	      S   τ   8      
	      S   τ   9      
	      S   τ   10      
	      S   τ      
	      Φ   τ      





	ARAS
	77.57
	77.32
	77.85
	77.44
	77.54
	77.61
	77.69
	77.37
	77.49
	77.46
	77.515
	0.281



	SAW
	75.89
	75.73
	76.33
	75.91
	75.89
	75.93
	76.15
	75.68
	75.83
	75.80
	75.890
	0.276



	TOPSIS
	72.51
	72.12
	72.06
	71.95
	72.10
	72.12
	72.24
	72.37
	71.94
	72.13
	72.120
	0.262



	PROMETHEE
	49.95
	49.72
	49.94
	49.96
	49.90
	49.73
	49.87
	49.93
	50.12
	49.92
	49.925
	0.181










 





Table 13.     i   b e s t     values and CORST ranks calculated for each of the inside-stair projects.
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	Method
	A1
	A2
	A3
	A4
	A5
	A6
	A7
	A8
	A9





	ARAS
	−0.199
	0.530
	−0.195
	−0.188
	0.524
	−0.190
	−0.200
	0.106
	−0.188



	SAW
	−0.192
	0.522
	−0.189
	−0.183
	0.517
	−0.185
	−0.193
	0.086
	−0.183



	TOPSIS
	−0.482
	0.439
	−0.207
	−0.045
	0.440
	0.049
	−0.135
	−0.016
	−0.044



	PROMETHEE
	−0.124
	0.347
	−0.136
	−0.113
	0.341
	−0.113
	−0.124
	0.044
	−0.124



	     i   b e s t     ρ     
	−0.997
	1.839
	−0.726
	−0.528
	1.822
	−0.438
	−0.652
	0.220
	−0.540



	CORST ranks
	9
	1
	8
	5
	2
	4
	7
	3
	6
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