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Abstract

:

Cadastral parcels valuation is a very important aspect when defining the priorities for the selection of newly formed parcels in the reallocation processes. Land reallocation involves a new redistribution of land parcels in the project implementation area. In doing so, it is necessary to take into account the preferences of private owners, the value of cadastral parcels, and their bonitet values, whose determination is the basic task of this research. The main goal is to propose a model to assess the bonitet of private cadastral parcels based on Expert System (ES) of fuzzy logic within the knowledge component, which would reduce uncertainty and increase the objectivity of the evaluation. Expert knowledge is included in the evaluation process by defining weighting coefficients for optimizing the rule base, and linear and nonlinear value functions for criteria standardizing. By applying the newly formed ES in the bonitet assessment, with the created base of expert knowledge, the processes of estimating attribute values have been improved, especially in the form of reducing uncertainty in the assessment of urban land parcels, as well as increasing objectivity by involving a group of experts in the model creation. The proposed model also provides equal access to all stakeholders in the process of urban renewal with different requirements and desires. The model also provides support in conducting the negotiation procedures and planning of land reallocation implementation. The proposed model was tested on the field of the construction of the Campus of University of Split.






Keywords:


urban consolidation; urban renewal; land reallocation; land valuation; expert system; fuzzy logic; value function












1. Introduction


Given the diversity of spatial planning issues that occur in urban and suburban areas, urban consolidation, as a technique of planning, encompasses a wide range of procedures provided that all functional, sociological, environmental, and economic requirements are met. Therefore, its definition differs from state to state, i.e., from author to author depending on the problem to be solved while respecting its key determinants that primarily relate to the transformation of area by the development plan and protection of property and values. According to Simpson [1], urban consolidation is defined as a planning policy aimed at providing guidelines for more efficient use of existing and future resources of land and taking into account the constant growth of the population. Urban consolidation is used for area development without involving the acquisition process [2] by merging all parcels that are part of the urban consolidation area into a single land consolidation mass and redistributing land (including the possibility of compensation in cash) to all original landowners with the allocation of areas for public use as well as areas for sale to cover the costs of consolidation. Urban consolidation planning procedures require an interdisciplinary approach that includes the integration of the economy, planning, defining rights, and land management to form a comprehensive urban development strategy [3]. It can be said that urban consolidation is the key to the sustainable development of the environment, while the key to its successful implementation is found through the participation of all stakeholders in the planning and decision-making process influenced by decisions made to implement it [4]. Important to emphasize is its self-sustainable character, which benefits not only the local community, whose main task is the development of a functional urban environment, but also the inhabitants of the urban environment through its basic outcome, which is improving the quality of life. The result to strive for is the construction of a strong urban environment that successfully copes with the constant changes in society and space caused by global urbanization, the trend of which is predicted to continue in the future. A good legal framework is a basic condition for its effective implementation.



1.1. Research Focus


Analyzing the available scientific and professional literature and the legal regulations of the countries that have a long tradition of implementing urban consolidation, the advantages and disadvantages in the definition of its procedure were noticed. Based on the studied literature, new insights were gained for the definition of two key segments of urban consolidation. The first refers to the definition of the urban consolidation act that would allow owners to participate in the decision-making process, while the second refers to the definition of the urban consolidation term, which describes its characteristic procedures. The commonly used definition of urban consolidation refers to urban consolidation in the function of urban development of settlements (urban reallocation). Urban consolidation is most often carried out for areas that are developed without prior planning and where their development is not accompanied by the simultaneous development of technical and social elements of urban infrastructure. It has the priority of preserving the original position of real estate in the area of implementation (primarily related to built-up parcels). The cadastral parcels were redistributed to private owners with a percentage deduction related to the development of urban infrastructure elements (infrastructural elements of social purpose) (Figure 1).



Although some countries have been using these procedures for more than 100 years, unfortunately, due to the lack of planned development of cities in a large number of countries, it does not find practical application. The initial position of the built-up parcels does not provide great opportunities to improve the existing or build new infrastructure elements. The solution lies in the complete urban renewal of the whole area. Existing residential houses are being demolished, and buildings are being constructed to accommodate a larger number of residents in a smaller area (Figure 2). Unfortunately, this procedure also rarely finds practical application. The reasons are most often related to the consent of the residents for its implementation. This is also the case in Croatia where private owners have a low level of confidence in the protection of their property rights.



The exception is urban renewal for implementation of state interest projects. With the realization of state interest projects, land reallocation is carried out from residential or residential-commercial to public land use. Most often, most of the area is used for public use, while a smaller part is left for the realization of residential buildings that allow accommodation of residents in a relatively smaller area (buildings or complexes of buildings). Given that the subject of this research is related to urban renewal, i.e., planning the implementation of a project of public interest, the consent of private owners for its launch is not necessary, but reaching an agreement for reallocation is in the interest of all stakeholders involved in its implementation. The allocation of private owners is carried out on the basis of a reallocation plan, the development of which should primarily involve spatial planners. This research will be based on defining part of the data (bonitet of cadastral parcels) needed for its development.



The reallocation process is based on data that is the product of three key elements: collected preferences of private owners, real estate valuation (includes real estate valuation before and after urban renewal), and assessing the bonitet of cadastral parcels [5]. Given that urban renewal is carried out for the purpose of implementing a large public project, land for allocation is very limited, but the formation of the land fund opened opportunities for land allocation outside the implementation area while maintaining the principle of preserving property rights and legal security. Therefore, in relation to the preferences of land owners, real estate value and parcels bonitet as well as existing land resources of investors, parcels are compared and the priority choosing of future parcels is defined.



This research is narrowed down to the development of a model to assess the bonitet of private cadastral parcels (MB). Bonitet is a generally applicable term with which it is possible to describe the quality of a business entity, the creditworthiness of a company or a client, the quality of goods in a technological and economic terms, but also land can be estimated to determine its quality, taking into account the characteristics associated with its agricultural or construction utilization [6]. Bonitet is a term that defines the difference between an “ideal” and an observed case, and is determined based on criteria identified by expert assessment. Identifying the attributes that are criteria based on which its assessment is obtained depends on the individual task as well as on the availability of data for all variant solutions (cadastral parcels). The term bonitet can be found in the Ordinance of standards for the determination of particularly valuable land for cultivation (P1) and the valuable agricultural land (P2). The basis for the valuation of P1 and P2 land, but also lower value land is based on the values of soil, climate, relief, and certain other natural conditions for agricultural production [7]. In this paper, bonitet is presented as an assessment of cadastral parcels in the process of urban renewal. The assessment of the bonitet of construction cadastral parcels determines their ratio, which defines how much better or worse an individual cadastral parcel is compared to other land plots. The main goal is to propose a model to assess the bonitet based on an expert system of fuzzy logic which would reduce uncertainty and increase the objectivity of the evaluation. The main hypothesis is whether it is possible to improve the planning of urban renewal by appropriate design of the model to assess the bonitet of cadastral parcels based on fuzzy expert system. The research is related to the project planning of the construction of the Campus of the University of Split.



After reviewing the literature and defining the research focus, the second chapter (Materials and methods) gives the general form of the model as such is adaptable to another research area (by adding or removing criteria for bonitet assessment). The model was validated in the Campus area, and the results are presented in Chapter 3. Answers to the set hypothesis and goals are given in the Conclusion together with the recommendations for further research.




1.2. Literature Review


Urban consolidation involves a new reallocation of parcels in the project implementation area. As said above, it is necessary to take into account the preferences of private owners, the real estate values, and their bonitet values, whose determination is the basic task of this research. Given that the proposed approach requires the inclusion of a large amount of data as well as different stakeholders with their own preferences, there is a need to implement a system that will support decision-making. In the existing scientific and professional, as well as legislative literature, no approach has been found to evaluate the bonitet of cadastral parcels for the purpose of fairer urban reallocation. Most often, the urban reallocation process is the result of a spatial planner’s study taking into account the preferences of private owners. Unfortunately, a more detailed insight into the whole procedure was not found in the existing literature. The conclusion is that the whole procedure is still based on subjective assessment. The initial questions:




	
Is it possible to develop a model that will provide an approach to the valuation of existing urban land parcels, with a view to a fairer reallocation process?



	
Is it possible to develop a flexible model that will be able to adapt to another research area?



	
Is it possible to increase objectivity when adopting a reallocation plan?








The research of the existing literature moved in the direction of seeking solutions to the questions asked. The initial goal of this research was to study methods and systems to support decision-making in solving any other kind of spatial issue, whether it is agricultural or urban land. The state of the existing scientific literature related to land valuation is given below, which served as the basis for the development of the MB.



Kilić et al. [8] developed a model of index fragmentation assessment. They proposed a methodology to assess the urban land fragmentation during the implementation of sustainable Urban Renewal. Particular importance is attached to the issue of ownership within the area of construction, which, along with the financial segment, is the main limiting factor for the realization of the project. The spatial distribution of private parcels, their relationship, and utility to the larger whole they belong to are the basis for defining the influential criteria to assess the index fragmentation. The methods used to solve the task are Simple Additive Weighting method (SAW) for ranking alternative solutions, i.e., cadastral parcels, spatial elements, and areas of future construction, and Fuzzy Analytic Hierarchy Process method (FAHP) for defining the criteria weights. This model is part of a large study divided into four phases, and itself belongs to the 3rd phase of the urban consolidation implementation. The research presented in this paper is part of the 4th phase of the implementation, which refers to land reallocation processes.



Branković et al. [9] propose a methodology for land assessment in the GIS environment and the application of GIS techniques and technology as a primary tool in the evaluation of agricultural land in the land consolidation process. Demetriou et al. [10] state the reasons for the development of a new decision support system (DSS) for designers when planning the land consolidation process and finally provide a prototype framework for the proposed system. Uyan et al. [11] state that the core of the land consolidation problem is land reallocation. They developed a model of agricultural land reallocation based on the spatial DSS (SDSS), compared its results with conventional methods, and tested it with agricultural production stakeholders. Cay and Uyan [12] proposed the expression of stakeholder preferences with weight coefficients determined by the AHP method in the process of reallocation in land consolidation. Zou et al. [13] used SDSS with integrated fuzzy logic in assessing the potential of land consolidation through four key factors: the efficiency potential of new aggregated arable land, the potential to improve productivity, the potential to reduce production costs, and the potential to improve the environment. Kilić et al. [6] developed an expert fuzzy logic system that improved and optimized the process of the relative valuation of agricultural land as one of the critical steps in the implementation of land consolidation. The proposed expert system provided effective support in conducting the negotiation procedures and planning of land consolidation implementation with the involvement of different stakeholder groups with different requirements and wishes. Cay et al. [14], Cay and Iscan [15], Cay and Iscan [16], Cay and Iscan [17], and Kagita et al. [18] dealt with the application of fuzzy logic in land reallocation procedures. Ertunca and Cay [19] used it in an inland classification processes.



For the definition of the MB, which is the subject of this research, fuzzy logic was applied to make decisions in intelligent and transparent way. The integration of the fuzzy logic into the decision-making processes was found only in the assessment in agricultural land consolidation procedures, while its application in the classification of land in urban consolidation was not found. Certainly, the biggest reason contributing to the still insufficiently researched possibilities of optimizing and objectifying urban consolidation procedures lies in the complexity of the procedure itself and the need to consider a much larger number of influential parameters. Fuzzy logic enables the implementation of expert, engineering experience of a particular process into the inference algorithm. The objectivity of inference is achieved by including a larger number of experts in the process of defining an expert system, which is why those, most often, small differences in expert thinking define fuzzy data sets. The proposed model was tested on the field of the construction of the Campus of University of Split.





2. Materials and Methods


Assessing the bonitet values of cadastral parcels is an important segment when defining the priorities for the selection of newly formed real estate in the reallocation processes. In doing so, a list of bonitet values of cadastral parcels will be defined as a result of this research. Figure 3 shows the implementation of fuzzy logic for defining a MB in Urban Renewal processes. The diagram is divided into two parts; the first part refers to preparatory procedures and implementation procedures.



2.1. Preparatory Procedures


Preparatory procedures include steps defining and describing research problems, forming an expert group, selection a method for cadastral parcels bonitet valuation, and spatial analysis of the research area. The main goal is to define a model to assess the bonitet of private cadastral parcels. Given that the initial requirement was to increase objectivity in decision-making, a group of experts was engaged who participated in the creation of all the steps of this model. Experts were selected according to their scientific and professional experience in solving similar spatial problems. The next step is the choice of method which is determined by expert judgment. Experts agreed to choose the method that should have enabled the modeling of expert knowledge in a form understandable to the computer language that would objectify the decision-making process, and the procedure itself could be applied in solving similar spatial tasks. Based on the defined requirements, the fuzzy logic method is selected, as part of artificial intelligence that enables modeling of human knowledge into mathematical form. The goal of artificial intelligence methods is to turn the human way of thinking into an algorithm by applying appropriate mathematical methods [20].



ESs have evolved primarily from the need to provide problem-solving and decision-making assistance to non-expert users in a particular field who require expert support. This particular system is usually limited to narrow applications, and its use for tasks that exceed the domain of its definition can result in inaccurate and poor quality data unsuitable for later use. The selected ES is the fuzzy logic method. Fuzzy logic is based on the embedding of human knowledge through the form of a set of rules into algorithms which allow mathematical analysis of a given problem. The difference between classical set theory and fuzzy set theory is in the way an element belongs to a particular set [21]. While in classical theory, the element either belongs or does not belong to a set, in fuzzy set theory the degree of belonging of an element to a particular set is defined, which is called fuzzy set. In the following, the mathematical basis of fuzzy logic will be presented through steps adapted to the problem of this research. Although the problem of fuzzy logic dates back to history, its creator is considered to be Lotfi Zadeh who introduced the idea of fuzzy or “soft” belonging to sets when describing individual phenomena or features [22]. Zadeh explored the possibility of transforming human knowledge, often expressed in words that cannot be clearly and precisely defined, into a computer-understandable form. As human language is difficult to translate into absolute terms, 0 or 1, there is a need to develop logical models that will know how to handle such knowledge [23]. The final step is spatial analysis of project area. The attributes of cadastral parcels were identified, based on which the criteria for their comparison will be defined. The definition of criteria, the manner of assessing cadastral parcels according to them, the relationship according to their importance, and bonitet assessment are obtained based on the assessment of experts involved in the decision-making process.




2.2. Implementation Procedures


The first step of the implementation procedures concerns the definition of cadastral parcels set to assess their bonitet values. The following steps, which are grey colored, define fuzzy logic algorithm.



The fuzzy logic algorithm is defined in ten key steps:




	
Defining criteria for cadastral parcels comparison (input data), linguistic variables and terms (initial phase)



	
Cadastral parcels evaluation by all criteria



	
Normalization of input data—linear and value functions (input data—”crisp” input)



	
Defining membership functions—MFs (initial phase)



	
Defining the rule base in the knowledge base (initial phase)



	
Conversion of input crisp values into fuzzy values using MFs (fuzzification)



	
Evaluation of rules (inference mechanism)



	
Combination of results according to each rule (aggregation)



	
Conversion of output fuzzy values into their crisp values (defuzzification)



	
Output data set (“crisp” estimated bonitet value of cadastral parcels)








Each of these steps will be explained in more detail below.



Step 1—Defining criteria for cadastral parcels comparison (input data), linguistic variables, and terms (initial phase)



With the definition of cadastral parcels set and their initial analysis, the criteria for their comparison need to be identified. The choice of criteria depends on the specific task, and their general set includes the following criteria: construction utility, orientation, access to the registered road, distance from main roads, micro-locations, infrastructure, aspect, slope, shape, ecology, vegetation, and compliance between cadastre and land registry. As the proposed methodology is flexible, depending on the specific task, the criteria can be added or removed from the initial set of criteria.



There are two types of input data in fuzzy logic processes: The first type refers to phenomena that are qualitatively described and define fuzzy ranges that have unclear numerical boundaries, while the second type refers to phenomena that can be expressed numerically (parcel shape, distance from main roads), but their classification is based on an expert judgment that cannot be determined by a simple mathematical model. In the second case, which is the case in this research, fuzzy sets are defined based on their numerical values. They are joined to linguistic variables for simplicity of presentation. They represent fuzzy sets that are determined by membership functions depending on the character of individual data that are grouped (countable or innumerable, discrete, or continuous), or the type of domain over which they are assigned.



Step 2—Cadastral parcels evaluation by all criteria



In this step, the evaluation of cadastral parcels is performed according to the defined criteria. The data set is divided into training and testing sets. One of the advantages of fuzzy logic is the possibility of its application in cases where there are uncertainty and inaccuracy of any kind. Given the above, fuzzy logic can be used in cases when it is difficult to determine the measure of the data, i.e., when there is not enough recorded input data required for quantitative analysis.



Step 3—Normalization of input data—linear and value functions (input data—“crisp” input)



For combining and comparing the defined criteria with each other, it is necessary to normalize the input data, i.e., to reduce their values to relation from 0 to 1. Sometimes the relationship between source data and their normalized values is much more complex and cannot be described by a linear function. For this reason, the normalization (or standardization) of certain criteria is carried out by applying value functions that are not only related to information, but also the experiential judgments of experts involved in its definition. Creating value functions is an important and complex task because their values directly affect the accuracy of later calculations [24]. Value functions are the result of a specially designed interview conducted between decision-makers and experts involved in the decision-making process [24]. In this research, the direct value rating method was chosen for defining value function.



Direct value rating involves the following five steps for each criterion [24,25]:




	
Selection of the score range for a criterion, i.e., the ideal or goal value (i.e., maximum value) and the minimum value which corresponds to values of 1 (best) and 0 (worst), respectively.



	
Definition of the qualitative characteristics of the value function, i.e., monotonicity, convexity, concavity, etc.



	
Assignment of values for selected criterion scores that have been defined by dividing the attribute range into 3 to 6 equal intervals resulting in 4 to 7 points, respectively.



	
Fit a mathematical equation through these points using appropriate software (interpolation, curve adjustment).



	
Consistency checks to confirm the validity of the functions as representations of preference.








Step 4—Defining MFs



Defining MFs also belongs to the initial phase of the fuzzy logic algorithm, and together with the rule base, it forms an expert knowledge base. For each input variable, it is necessary to determine a certain number of fuzzy sets and their MFs. A triangular MF was selected. The number of membership functions of the input and output variables, as well as their shape, is the result of an agreement between the experts involved in the decision-making process. As the shape of the membership functions does not have a large influence on the functioning of the model, attention should be paid to the choice of the number of membership functions of the input and output variables. The decision is made by selecting the minimum number of membership functions that describe the variables precisely enough (the speed of the system should be optimal). Membership function together with a rule base form knowledge base.



Step 5—Defining the rule base in the knowledge base



By forming specific rules that define the relationship between the input and output values the case of insufficient input data is covered; the output values are much more precise than with the application of mathematical models whose analysis results directly depend on the density of the available input set. The set of language rules that determine the output value is called the rule base. Expert knowledge is modeled by fuzzy rules. It can be said that the rule base stores the empirical knowledge of experts who, according to their expertise in a particular field, are involved in the decision-making process. Knowledge base includes rule base and membership functions of the input and output variables. This step involves two actions:



(a) Optimizing the development of the rule base



The first action refers to the proposal of the methodology to optimize the process of creating a complex rule base for the bonitet assessment in the implementation of Urban Renewal. Creating a rule base is a complex and time-consuming process. Given the above, efforts need to be focused on defining the optimal number of rules for describing a particular problem. The total number of rules, i.e., the total number of combinations of fuzzy sets of input variables, is obtained according to the expression


  Z =   ∏   i = 1  n   p   μ F     F i       



(1)




where Z represents the total number of rules, while    p   μ F     F i        represents the total number of MFs, i.e., fuzzy sets for each input variable    F i   . Although the optimal number of input variables is from 3 to 5, it is often necessary to define a larger number of inputs due to the specificity of each task and several elements influencing its definition, which, in proportion to the number of MFs, increases the number of rules that need to be determined. When defining the number of MFs of each input variable, it is necessary to start from their minimum value, i.e., from number three. However, although the reduced number of MFs affects the reduction of the number of rules, and thus the system speed, their smaller number must not result in an incomplete description of input variables.



All this affects the complexity of the fuzzy system, and determining the number of rules whose number can exceed tens of thousands, as well as maintaining consistency in defining them becomes a very difficult, almost impossible task. Although the scientific literature states that the definition and the optimal number of fuzzy rules is an expert judgment [26], during this research, the absence of a methodology that would enable the definition of systematic and logical relationship of input and output variables, and thus facilitate and accelerate expert assessment can create a major obstacle when performing a task. The fact that each of the input variables does not have an equal influence on the definition of the output variable should also be taken into account. Thus, already during the initial set-up of the system, which included the definition of criteria, it was noticed that their ratio is not equal and that accordingly they cannot be observed in the same way, i.e., with a definition of equal importance.



These reasons influenced the need to define the methodology proposed by this research, which is based on expert assessment of weighting coefficients that will take into account the definition of the relative ratio of input variables, and on the other hand, allow logical connection of input and output values. The aim of the methodology is to optimize the rule base.



The weights of the input variables were defined using the AHP method. Each expert involved in the research separately conducted the assignment of weights that were entered into the weight matrix:


            F 1       F 2      …      F n           W =         E 1         E 2        …        E m               w  11        w  12       …      w  1 n          w  21        w  22       …      w  2 n         …     …     …     …        w  m 1        w  m 2       …      w  m n             



(2)




where    F i    (i = 1, 2, …, n) represents the input variable, and    E k    (k = 1, 2, …, m) represents the expert involved in the research. Each row of the matrix represents the estimated weight assigned by one expert to each input variable, while each column represents one input variable with the assigned weights. The final weight for each input variable is obtained by summing the values of the weights by columns using the expression for the ordinary arithmetic mean:


   w   F i    =     ∑   k = 1  m   w  k i    m    f o r   i = 1 , 2 , … , n  



(3)




where    w   F i      is the final weight of each input variable    F i   ,     ∑   k = 1  m   w  k i     is the sum of the weights assigned by the experts for each input variable    F i   , and m is the number of experts involved in the assessment.



Weights are normalized by percentage normalization and the final weighting factor for each input variable is


  w  ′   F i    =    w   F i        ∑   i = 1  n   w   F i        f o r   i = 1 , 2 , … , n  



(4)




where   w  ′   F i      is the normalized weight of the input variable    F i   ,    w   F i      is the weight of the input variable    F i   , and     ∑   i = 1  n   w   F i      is the total sum of the weights of all input variables. The sum of all normalized weights should be equal to one.



Each input variable    F i   (i = 1, 2, …, n) is associated with a number of fuzzy sets represented by the MFs of the input variables    p   μ F     F i       , and each output variable    G i    (i = 1, 2, …, d) is associated with a number of fuzzy sets represented by the MFs of the input variables    p   μ F     G i       . The output value of a variable is a function of the input values of the variable   f    x 1  ,  x 2  , … ,  x n    → y  , i.e., the output function of the membership of an individual variable is a function of the input functions of the membership of the variable   f    μ F     F 1    ,  μ F     F 2    , … ,  μ F     F n      →  μ F   G   . To define which fuzzy set of output variables belongs to a particular combination of fuzzy sets of input variables, the expression is used:


   r   μ F     F 1      × w  ′   F 1    +  r   μ F     F 2      × w  ′   F 2    + … +  r   μ F     F n      × w  ′   F n    =  t G   



(5)




where    r   μ F     F 1        represents the standardized ordinal number of the fuzzy set of each input variable, and    t G    represents the weighting coefficient for defining the ordinal number of the fuzzy set of the output variable. The coefficient range is from 0 (for cadastral parcels whose standardized input values of each variable are in the first, worst fuzzy set) to 1 (for cadastral parcels whose standardized input values of each variable are in the last, best fuzzy set). Depending on the number and shape of the class of the output variable, the distribution of the coefficient   max    t G      according to its fuzzy sets is defined.



By applying the methodology of optimizing the definition of the connections of input and output variables, several advantages were observed, primarily related to shortening the time of defining the rule base, as well as maintaining consistency in the expert assessment of defining rules of many different fuzzy sets variables combinations. As the rule base together with the MFs defines the knowledge base of the fuzzy logic system, the expert knowledge in the proposed methodology primarily referred to defining the relative relationship of input variables, respectively their weighting coefficients to optimize the definition of a combination of input and output fuzzy sets. Likewise, and especially in complex systems characterized by a large number of input variables and their fuzzy sets, the proposed methodology eliminates inconsistencies in defining a large number of rules, thus increasing certainty in the correctness of their inference.



(b) Defining basic operations on fuzzy sets



Finally, it is necessary to define the basic operations on fuzzy sets, i.e., the ways of defining the connections of the conditional part of the rule with its conclusion. Given the specificity of the task, it was decided to use the T-norm as the basic operation on the sets.



Step 6—Conversion of input data crisp values into fuzzy values using MFs (fuzzification)



The process of converting crisp values of input data into their fuzzy values is called the fuzzification or softening process. Fuzzification is the process of modeling the numerical values of input variables into the appropriate form of the degree of belonging to one or more fuzzy sets appropriate to the fuzzy decision-making process [27].



Step 7—Evaluation of rules (inference mechanism)



The process of transformation of input fuzzy sets into output fuzzy sets is called the process of inference, and is carried out in two steps:




	
Selection of inference operators.



	
Application of the implication method, which is divided into:




	(a)

	
Determining the resulting degree of membership of the conditional part of the equation,




	(b)

	
Determining the output set.














Fuzzy systems can be divided into two categories depending on the inference mechanism [28]:




	-

	
Global system: the whole database of rules is used, and the accuracy of the relation depends on the discretization density of the domains of input and output variables.




	-

	
Local system: only those rules that are relevant to the value of the input variables are used.









In the research presented in this paper, the Mamdani model of local fuzzy inference was used. Its process involves steps 7, 8, and 10 of the fuzzy logic algorithm.



Depending on the fuzzy values of the crisp input data (Step 6) and the choice of the local inference model, the generated rule base was optimized, i.e., the elimination of redundant rules that burden and slow down the system was performed. The rules were eliminated in two cases:




	-

	
As all possible combinations of fuzzy sets of input data are determined when defining the rule base, those rules that do not correspond to the defined data set for which the research is conducted are eliminated from the rule base and thus do not affect the output values.




	-

	
Redundant rules are eliminated, i.e., those rules that refer to the same combination of fuzzy sets of input variables.









Step 8—Combination of results according to each rule (aggregation)



The aggregation of all fuzzy output sets, to which the truncation and scaling techniques were previously applied, into a single fuzzy set of each output variable was performed using an aggregation operator. For this research, the Mamdani inference operator was chosen. Mamdani inference operator or max-min operator is a combination of minimum T-norm for implication and maximum T-conorm for aggregation and is defined by the expression [29]


   μ   R i    = max   min    μ   F A    ,  μ   F B         



(6)







By applying the Mamdani inference operator, the resulting fuzzy set is formed as a union of previously defined segments and the reduction of the output sets of all valid rules.



Step 9—Conversion of output fuzzy data values into their crisp values (defuzzification)



Defuzzification is the process of obtaining a resultant crisp number from the output of the aggregated fuzzy set. Different methods of fuzzy–crisp conversion are used to determine the crisp output value, and for this research the Center of Gravity method was chosen. The Center of Gravity method, i.e., centroid method represents the center of gravity of a geometric figure defined by the resulting fuzzy set of an individual output variable. The crisp value of the output variable is obtained through the expression [30].


   z o  =   ∫  μ C   z  z d z   ∫  μ C   z  d z    



(7)




where    μ C   z    is the degree of membership of the aggregate output variable z with a fuzzy set C. The Centroid method due to good interpolation properties is the most commonly used defuzzification method.



The highest value of membership to the n-set is obtained as [30].


   z o  =   max  μ C   z     



(8)







Implementation procedures were completed with a process of defuzzification, and the result are cadastral parcel bonitet values.



Step 10—Output data set (“crisp” estimated bonitet value of cadastral parcels)



Given that cadastral parcels are assessed in relation to the reference values of the criteria, the result is an assessment of the bonitet from 0 to 1, where the total grade of 0 is given to the cadastral parcel that received a grade of 0 according to all defined criteria. Opposite of that, the total grade of 1 is given to the cadastral parcel that received a grade of 1 according to all criteria.



The AHP Method


The AHP method is one of the most applied multicriteria decision-making methods. It is used to determine the ranking of alternative solutions that have been evaluated according to predefined criteria. In addition, it allows the determination of importance factors (weight) for several stakeholders or groups of stakeholders involved in the decision-making process. Stakeholders are most often formed into groups according to the common preferences they share. The weights of criteria are of a subjective nature, and the way of determining the final weight for each group of stakeholders is a matter of mutual agreement of the stakeholders. The final score for each alternative solution is obtained by combining the weights and the evaluation of alternative solutions.



At the very beginning, it is necessary to create a pairwise comparison matrix A which has dimension n × n (n is the number of considered evaluation criteria). Its purpose is to calculate the weights of different criteria. Element ajk defines relationship j-th to k-th [31]:




	-

	
ajk > 1—j-th criterion is more important than the k-th criterion,




	-

	
ajk < 1—j-th criterion is less important than the k-th criterion,




	-

	
ajk = 1—j-th and k-th are equal important.









The Saaty [31] numerical evaluation scale is used to measure the relative importance between criteria. After defining the matrix A, it is necessary to determine its normalized shape (Anorm). Each element (     a  j k    ¯   ) of the matrix (Anorm) is calculated as


     a  j k    ¯  =    a  j k       ∑   l = 1  m   a  l k      



(9)







Sum of all elements by each column give the value 1.



The final weights for each criterion are equal to the arithmetic mean of each row in the normalized matrix [31]:


   w j  =     ∑   l = 1  m     a  j k    ¯   m   



(10)







The vector of relative weight and maximum eigenvalue (λmax) is calculated followed by a calculation of the consistency index (CI) of n × n matrix [31]:


CI = (λmax − n)/(n − 1)



(11)







The consistency ratio (CR) to validate comparisons is calculated as [31]


CR = CI/RI



(12)




where RI value is the random consistency index.



Acceptable value of CR is determined depending on tthe matrix dimensions (0.1 for matrices n ≥ 5). Evaluation within the matrix is allowable if the CR value is equal to or less than the specified value [30].






3. Results


3.1. Preparatory Procedures


The validation of the MB was carried out in the area of the Campus project, the University of Split in the city of Split, Republic of Croatia (Figure 4). MATLAB R2007b was used to solve the fuzzy model.



Given that fuzzy logic is based on modeling expert knowledge, the involvement of experts in defining and implementing the MB is crucial. A group of experts included 4 experts from the Faculty of Civil Engineering, Architecture and Geodesy of University of Split, 2 experts from the University of Split, and 3 experts from the Faculty of Geodesy of University of Zagreb dealing with spatial planning, land management, and land systems. The first step of brainstorming with the experts included the selection of the method for cadastral parcels bonitet valuation. The next step was spatial analysis of the project area in order to identify a set of cadastral parcels and define criteria for their comparison.




3.2. Implementation Procedures


Spatial analysis is defined by the urban plan of the Campus project. The result is identification of 62 private cadastral parcels in the research area.



Step 1—Defining criteria for cadastral parcels comparison (input data), linguistic variables, and terms (initial phase)



The definition of cadastral parcels set and their initial analysis identified the criteria (input variables) used in their comparison. The final set includes the seven input variables (Figure 2). Given that cadastral parcels share some of the same spatial properties, the set of criteria is reduced for those related to location and infrastructural characteristics (microlocation, aspect, infrastructure, ecology, and vegetation). Figure 5 shows the general structure of the fuzzy logic model; the left shows the defined seven criteria as input variables and the right shows the output variable (the bonitet assessment).



Step 2—Cadastral parcels evaluation by all criteria



By determining the ideal shape of the cadastral parcel, the deviation of each cadastral parcel from its ideal shape according to the criteria selected for their comparison was determined. The difference is defined by a crisp number, but before determining the fuzzy input values, and in order to compare cadastral parcels according to the criteria of different character, it is necessary to carry out their standardization, i.e., reduction to the relation from 0 to 1.



Step 3—Normalization of input data—linear and value functions (input data—“crisp” input)



The input variables (criteria for comparing cadastral parcels) are defined below, and linear and nonlinear (value) functions are determined for the purpose of the standardization procedure. Standardization is carried out for the purpose of definition of input variables values in the range from 0 to 1 which allows their comparison.



Construction utility



The criterion is determined by the official data of the cadastre and land register, and its standardization is defined based on data for the size and construction of the building parcel for the area of the City of Split. Section 2.2.1.1. Paragraph 15 of the Official Gazette of the City of Split [32] defines the minimum sizes of building parcels for construction in the urban area. Based on the minimum values prescribed by the Official Gazette and expert assessment, the classes of cadastral parcels evaluation are defined:



1 st class: cadastral parcels whose area does not exceed 200 m2. The upper limit is defined in accordance with the provisions in the Official Gazette on the minimum size of the cadastral parcels for buildings that are built in a row,



2 nd class: cadastral parcels with an area in the range of 200 to 400 m2. The boundaries are defined in accordance with the provisions on the minimum size of the cadastral parcel: the lower limit for the buildings in the row (minimum parcel area is 200 m2) and the upper limit for free-standing buildings (minimum parcel area is 400 m2).



3 rd class: cadastral parcels with an area in the range of 400 to 1000 m2,



4 th class: cadastral parcels with an area in the range of 1000 to 2000 m2,



5 th class: cadastral parcels with an area of more than 2000 m2.



Standardized values of construction utility are defined by a linear transformation of the area of cadastral parcels and are given in the range from 0 (cadastral parcels that are not constructionally usable) to 1 (cadastral parcels whose area exceeds 2000 m2) and are shown by the graph in Figure 6.



The graph shows five linear functions depending on the defined classes of cadastral parcels area. The linear transformation is defined for each class separately and is expressed by the formula (   A j    is the area of the cadastral parcel j,    V i   A    is the linear function for the i class):



1st class:


   V 1   A  = 0.0005 ⋅  A j  − 3 ⋅   10   − 17    



(13)







2nd class:


   V 2   A  = 0.0035 ⋅  A j  − 0.6  



(14)







3rd class:


   V 3   A  = 0.0001  6 ·  ⋅  A j  + 0.7  3 ·   



(15)







4th class:


   V 4   A  = 0.0001 ⋅  A j  + 0.8  



(16)







5th class:


   V 5   A  = 1  



(17)







Standardized area values are hereinafter referred to as   A  ′ j   .



Orientation



The criterion was determined based on slope orientation data for each cadastral parcel towards the sides of the world (showing slope exposure towards N, NE, E, SE, S, SW, W, NW, and flat areas) obtained by the Aster digital relief model analysis. The value of each cell in the output grid defines the direction in which the slope faces each side of the world. It is measured in degrees clockwise from 0° (north direction) to 360° (again north direction). Flat surfaces without slope are given a value of −1. In Table 1, the sides of the world with defined value ranges [33] are shown.



Values of orientation are standardized using a fourth-order polynomial value function defined by the expression (   O j    is the orientation of cadastral parcel j, and   V  O    is the value function defined for the orientation):


  V  O  = 1.3 ⋅   10   − 9   ⋅  O j    4  − 9.1 ⋅   10   − 7   ⋅  O j    3  + 1.7 ⋅   10   − 4   ⋅  O j    2  − 37.04 ⋅   10   − 4   ⋅  O j  + 1.4 ⋅   10   − 12    



(18)







Standardized orientation values are given in the range from 0 to 1, where grade 1 is defined for the south direction, i.e., 180° within the class south, and grades 0 for the north direction, i.e., 0° to 22.5° and 337.5° to 360° within class north. Grades of 0.5 were assigned to the east (90°) and west (270°) directions.



In Figure 7, a graphical representation of the specified function is given.



Standardized orientation values are hereinafter referred to as   O  ′ j   .



Road access



Access to the registered road is defined by a binary evaluation of the criteria:




	-

	
cadastral parcels that have access to a registered road are assigned a grade of 1.




	-

	
cadastral parcels that do not have access to a registered road are assigned a grade of 0.









As this is a criterion for evaluating cadastral parcels with two crisp grades (0 and 1), only two MFs are defined, which is a case that is very rarely applied when defining the functions of input variables. It is known that for less than three MFs it is not possible to differentiate the set. However, the experts decided to include this criterion because the absence of the same would not result in a complete analysis and objective approach when comparing cadastral parcels.



Distance from main roads



The distance from the main roads is determined as the shortest distance of the cadastral parcels to one of the four main streets: Matica Hrvatska, Vukovarska Street, Bruno Bušića Street, and Velebitska Street, and it is expressed in meters. Given the linear character of the criteria values, for the purposes of their standardization the linear transformation was defined. The distance from the main roads is defined from 0 to 1 as a criterion of minimum, i.e., grade 1 is given to cadastral parcels whose distance from the road is 0 m, while grade 0 is given to t cadastral parcels that are 1000 meters and more away from roads. The linear function of the distance from the main roads is defined by the expression (   D j    is the distance from the main road of the cadastral parcel j, and   V  D    is the linear function defined for the distance):


  V  D  = − 0.001 ⋅  D j  + 1  



(19)






   D j  ≥ 1000 → V  D  = 0  



(20)







In Figure 8, a graphical representation of the linear function for the specified criterion is shown.



Standardized values of distance from main roads are hereinafter referred to as   D  ′ j   .



Slope



The criterion was determined based on terrain slope data for each cadastral parcel obtained by analysis of the Aster digital relief model and it is expressed in degrees. Given the linear character of the criteria values, for the purposes of their standardization the linear transformation was defined. The slope is defined from 0 to 1 as a criterion of minimum, i.e., grade 1 is given to cadastral parcels that have a slope from 0° to 2°, while grade 0 is given to those cadastral parcels that have a slope of 33° and more. The linear slope function is defined by the expression (   S j    is the slope of the cadastral parcel j, and   V  S    is the expression for the linear function):


  V  S  = − 0.0323 ⋅  S j  + 1.0645  



(21)






   S j  ≤ 2 → V  S  = 1  



(22)






   S j  ≥ 33 → V  S  = 0  



(23)







In Figure 9, a graphical representation of the linear slope function is shown.



Standardized slope values are hereinafter referred to as   S  ′ j   .



Shape



The shape of the cadastral parcel was determined based on three independent, one-parameter indices: the index of compactness, the index of rugosity, and the index of boundary points. The choice of criteria is the same as for agricultural land (proposed in the doctoral dissertation of Iva Odak [34]) with the difference in the choice of the cadastral parcel optimal shape. For an urban area, a solid with all equal sides (a square) is defined as the optimal cadastral parcel shape. Although the shape of the cadastral parcel is determined by the urban plan and the parameters defined in the plan should be taken in a more detailed assessment, to identify general guidelines to assess the cadastral parcels bonitet, the square was chosen as the most favorable form for building on it.



Compactness is determined by the expression [35]


   I  c o m  p j    =   4 π  A j     C j    2     



(24)




where    A j    is area of the cadastral parcel j, the    C j    is the circumference of the cadastral parcel is j, and the compactness is expressed in the range of values from 0 to 1 (compactness of the circle).



As the optimal shape of the cadastral parcel in urban areas is equal to a square with a side ratio of 1:1, it is necessary to standardize the function in such a way that its maximum value is defined for the compactness of the square that is    I  c o m  p j    = 0 , 785  .



The compactness values are standardized using a sixth-order polynomial value function defined by the expression (   I  c o m  p j      is the compactness of the cadastral parcel j and   V    I  c o m p       is the value function defined for compactness):


      V    I  c o m p     = − 6.2734 ⋅  I  c o m  p j      6  + 31.8470 ⋅  I  c o m  p j      5  − 54.7421 ⋅  I  c o m  p j      4        + 35.9444 ⋅  I  c o m  p j      3  − 6.5223 ⋅  I  c o m  p j      2  + 0.4911 ⋅  I  c o m  p j    −       0.0004      



(25)







Standardized values, as well as values before standardization, are defined by an absolute grade ranging from 0 (cadastral parcels of the most unfavorable shape) to 1 (cadastral parcels of square shape). Standardized values of compactness are graphically shown in Figure 10 and are hereinafter referred to as the index of compactness.



Rugosity is defined as the ratio of the circumference of a cadastral parcel convex hull, which represents the smallest circumference of a solid and the circumference of that same cadastral parcel and is defined by the expression [36]


  I  ′  r u g o s i t  y j    =    O  c  h j       O j     



(26)




where    O  c  h j      is the circumference of the convex hull of the cadastral parcel j,    O j    the circumference of the cadastral parcel j, and    I  r u g o s i t  y j      the index of rugosity of the cadastral parcel j.



The rugosity values are defined in the range 0 to 1, where grade 1 represents those cadastral parcels whose circumference is equal to the circumference of the convex hull (cadastral parcels with optimal circumference).



The number of boundary points is determined based on defining the optimal number of points (sides) of the cadastral parcels and defining their standardized function. The optimal number of points is defined concerning the optimal shape of the cadastral parcel that is equal to a square. Accordingly, the optimal number of boundary points is equal to 4.



The number of boundary points are standardized using a fifth-order polynomial value function defined by the expression (   I  b o u n d . p o i n  . j      is the number of boundary points of the cadastral parcel j, and   V    I  b o u n d . p o i n .       is the value function defined for the number of boundary points) [37]:


      V    I  b o u n d . p o i n .     = 14.45 − 407.76 /  I  b o u n d . p o i n .   + 4280.97 /  I  b o u n d . p o i n .     2  − 2095.32 /  I  b o u n d . p o i n .     3        + 49414.25 /  I  b o u n d . p o i n .     4  − 45677.80 /  I  b o u n d . p o i n .     5       



(27)







Standardized values of the number of boundary points are graphically shown in Figure 11.



The index of shape is ultimately defined as the arithmetic mean of the three listed indices:


  I  ′  s h a p  e j    =   I  ′  c o m  p j    + I  ′  r u g o s i t  y j    + I  ′  b o u n d . p o i n  . j     3   



(28)




where   I  ′  c o m  p j      is the index of compactness of the cadastral parcel j,   I  ′  r u g o s i t  y j      is the index of rugosity of the cadastral parcel j, and   I  ′  b o u n d . p o i n  . j      is the number of boundary points of the cadastral parcel j. The values of the index of shape are defined in the range from 0 to 1, where grade 1 represents cadastral parcels with optimal shape (square shape), while 0 is assigned to cadastral parcels of extremely irregular shapes.



In Table 2 the values of the index of compactness, index of rugosity, index of the number of boundary points, and the index of shape are shown. For the sake of transparency, the indices are shown for 10 of 62 cadastral parcels.



Compliance between cadastre and land registry



The compliance of the cadastre and the land register is defined by a binary evaluation of the criteria:




	-

	
Cadastral parcels for which the data in the cadastre and land register are harmonized have been assigned a grade of 1.




	-

	
Cadastral parcels for which the data in the cadastre and land register are not harmonized were assigned a grade of 0.









As is the case with the road access criteria, cadastral parcels are evaluated with two crisp grades, 0 and 1, and accordingly, two MFs are defined with clear, crisp boundaries of belonging to a particular set (cadastral parcels belongs or does not belong to a particular set).



The evaluation of cadastral parcels was performed according to the defined criteria and is shown in Table 3. For the sake of transparency, the evaluation is shown for 10 of 62 cadastral parcels.



Step 4—Defining MFs



A triangular MF has been selected to define the membership of the input variables. The shape, number, and range of MFs of input and output variables are shown below.



Construction utility



The input variable construction utility is defined with six MFs depending on the classes of construction utility evaluation of cadastral parcels shown in step number 3. In Table 4, fuzzy sets of construction utility and their associated linguistic values are presented.



In Figure 12, the shape, number, and range of MFs for the construction utility criterion are presented.



Orientation



The input variable orientation is defined by five uniformly distributed MFs with the degree of overlap depending on the value function of the cadastral parcel orientation shown in step 1. In Table 5, fuzzy sets of cadastral parcels orientation and their associated linguistic values are presented.



In Figure 13, the shape, number, and range of MFs for the orientation criterion are presented.



Road access



The input variable road access is defined with two functions representing two crisp sets. In Figure 14 the shape, number, and range of MFs for the input variable road access are shown.



Distance from main roads



The input variable distance from the main roads is defined with six uniformly distributed MFs with the degree of overlap   μ = 0.20  . In Table 6, fuzzy sets and their associated linguistic values are shown.



In Figure 15, the shape, number, and range of MFs for the distance from the main roads criterion are presented.



Slope



The input variable slope is defined with seven MFs depending on the value function of the cadastral parcel slope shown in step 3. In Table 7, fuzzy sets of cadastral parcels slope and their associated linguistic values are shown.



In Figure 16, the shape, number, and range of MFs for the slope criterion are presented.



Shape



The input variable shape, as well as the distance from the main roads, is defined with six uniformly distributed MFs with the degree of overlap   μ = 0.20  . In Table 8, fuzzy sets and their associated linguistic values are shown.



In Figure 17, the shape, number, and range of MFs for the shape criterion are presented.



Compliance between cadastre and land registry



The input variable compliance between cadastre and land registry is defined with two functions representing two crisp sets. In Figure 18, the shape, number, and range of MFs for the input variable compliance between the cadastre and land registry are shown.



Bonitet



The output variable bonitet of the cadastral parcels is defined with eleven uniformly distributed MFs with a degree of overlap   μ = 0.10  . In Table 9, fuzzy sets of bonitet and their associated linguistic values are presented. The reason for choosing a larger number of output fuzzy sets is the need for greater accuracy of the output data when comparing cadastral parcels with small differences in the attribute values of the input variables.



In Figure 19, the shape, number, and range of MFs for the output variable bonitet are shown.



Step 5—Defining the rule base in the knowledge base



As already mentioned, the development of a rule base is a complex and time-consuming process. The total number of rules that need to be defined within this research is


  Z =   ∏   i = 1  n   p   μ F     F i      = 6 × 5 × 2 × 6 × 7 × 6 × 2 = 30240  



(29)







Given the large number of rules that need to be defined, as well as the impossibility of maintaining consistency when defining the relationships of their causal and consequential relations, the methodology used to mathematically define the logical relationship of input and output variables was applied in creating the rule base. The advantage of the proposed methodology is primarily found in maintaining consistency in defining the rules, and then in facilitating and accelerating expert assessment. In contrast to the traditional approach to defining rules based on individual expert assessment of the input–output relationship in logical equations, by application of this methodology expert knowledge was primarily used to define weights, which on the one hand took into account the relative ratio of input variables, and on the other hand defined their association with the output variable. Using the AHP method, the weights (W) of the input variables were defined by expert evaluation. Further, the consistency ratio was determined, CR < 0.1, and for each expert, criteria weights satisfied this condition. In Table 10, their mean values determined by the arithmetic mean are shown. Averaging by the arithmetic mean was primarily chosen because in such a defined result all input values are equally represented. After defining the weight mean values, their percentage normalization (W ‘) was performed. The distribution of the weighting coefficient value according to the number of membership functions of the output variable (seven MFs) determines the relationship between the individual causal part of the logical equation and its consequences, i.e., its bonitet value. After the elimination procedure, which includes the elimination of rules that do not correspond to the defined data set and the elimination of redundant rules, the rules were reduced to 861. Table 10 shows a part of the rules that are associated with cadastral parcel 6505/1, i.e., the MFs of its input and output variables.



Step 6—Conversion of input data crisp values into fuzzy values using MFs (fuzzification)



In the process of fuzzification, fuzzy values are assigned to the input crisp values. Fuzzy sets are described by triangular MFs, i.e., for each given crisp value are two fuzzy values. Each input value has got the sum of the membership degrees equal to one. Input values which membership is defined only by one fuzzy set are called singleton set (they membership to that set is one hundred percent, i.e.,    μ F   x  = 1  ). Singleton sets of input variables are




	-

	
Construction utility:    μ F     A ′    =   0 , 0.1 , 0.45 , 0.8 , 0.9 , 1    




	-

	
Orientation:    μ F     O ′    =   0 , 0.25 , 0.5 , 0.75 , 1    




	-

	
Distance from the main roads:    μ F      D M R  ′    =   0 , 0.2 , 0.4 , 0.6 , 0.8 , 1    




	-

	
Slope:    μ F    S ′   =   0 , 0.2893 , 0.5154 , 0.6769 , 0.7738 , 0.8707 , 1    




	-

	
Shape:    μ F       I ′    s h a p e     =   0 , 0.2 , 0.4 , 0.6 , 0.8 , 1    









The membership of cadastral parcels for the input variables “Road access” and “Compliance of cadastre and land registry” is defined with two singleton sets (cadastral parcels belong to either one or the other set).



Steps 7–9—Mamdani Fuzzy Inference System



The Mamdani model of local fuzzy inference was used to implement the fuzzy logic model. In the first step of the implementation, the interference operator is selected, i.e., the logical operator T-norm, by which the connection in the logical equations is defined by the intersection of the input variables MFs. The “AND” logical minimum operator is selected because it best defines the character of the input variables. In the second step of the reasoning process, the Mamdani implicator, i.e., the minimum operator, was applied. Accordingly, the resultant value of the causal part of the equation always corresponds to the minimum value of the input variables membership degrees (Step 7).



Clipping method was chosen to define the output fuzzy set. The conclusion of each equation is cut to a height determined by the minimum membership degree of the input variables. By applying the aggregation operator, all output fuzzy sets were combined into a single fuzzy set. For the decision operator, which includes the implication and aggregation operators, the Mamdani decision operator is selected, i.e., the max-min operator. The resultant value is defined as the union of previously defined segments of all fuzzy sets of one output variable (Step 8).



The conversion of the resulting output fuzzy values into their crisp numerical values is called the process of defuzzification, i.e., process of sharpening (Step 9). Defuzzification is performed by the center of gravity method (centroid method).



Step 10—Output data set (“crisp” estimated bonitet value of cadastral parcels)



By determining the ideal shape of the cadastral parcel (parcel with a bonitet value of 1), the deviation of each cadastral parcel from their ideal shape was determined according to the criteria selected for their comparison. The difference is defined by crisp number, i.e., bonitet value in the range from 0 (lowest bonitet value) to 1 (highest bonitet value). The bonitet values for all private cadastral parcels in the project area of the Campus, University of Split are shown in Table 11.



Values of the private cadastral parcels bonitet values in the project area of the Campus, University of Split range from BV (6528/8) = 0.354 as the minimum value (smallest bonitet value) to BV (6566/2) = 0.900 as the maximum value (highest bonitet value). Most cadastral parcels, more precisely 52 of 62, have a bonitet value greater than 0.5 (84% of all parcels). The obtained bonitet values will be used for land reallocation in Urban Renewal process.



In Figure 20, the distribution of private cadastral parcels in the project area of the Campus, University of Split with their bonitet values is shown. Light red tones show those cadastral parcels with relatively small bonitet values, while dark red tones indicate the best rated cadastral parcels according to defined criteria (with the highest bonitet values).





4. Conclusions


In this paper, the authors proposed the calculation of bonitet as an assessment of cadastral parcels when defining the reallocation procedure in the urban renewal of a particular area. The final, 4th phase in planning the implementation of the urban renewal includes reallocation processes within a reallocation model (MR) that integrates the model to assess the bonitet of cadastral parcels (MB), the real estate valuation model (MRE), and the preferences of private parcels owners. MB, which is the subject of this research, was realized as an ES based on the principle of fuzzy logic within the knowledge component.



Initially, it is important to emphasize its difference in relation to the bonitet of agricultural land, which is defined in Croatian law through the Ordinance of standards for the determination of particularly valuable land for cultivation (P1) and the valuable agricultural land (P2). In the process of valuing agricultural land, to optimize the procedure, cadastral parcels are classified according to similar properties to assess their (bonitet) value. Criteria that may affect the value of the agricultural land are soil quality, climate, relief, and certain other conditions for agricultural production (location, its distance from the farmyard, built road, etc.). Certified appraisers perform the land valuation. The whole procedure is based on expert assessment, while the boundaries of individual classes are expressed unambiguously by a sharp, binary membership to sets (an individual cadastral parcel either belongs or does not belong to an individual set). Although the process is accelerating by classifying cadastral parcels, the main problem arises when it is necessary to determine the optimal number of classes. There is often a problem that expert decisions are ambiguous even after the agreement, and the aforementioned problem cannot be defined by a simple mathematical expression. The question is: what is the optimal number of classes for the classification of parcels, while maintaining the accuracy when comparing them? The main problem is the sharp bounds of the classes which often result in the classification of parcels with small numerical differences into two classes, while parcels with much larger numerical differences are sometimes classified into the same class. This affects the loss of precision while comparing them. Likewise, simple mathematical estimation systems do not have the ability to fine-tune changes in cadastral parcel attribute changes as well as their mutual interactions. A large number of influential elements results in complex and incomplete knowledge of experts and the impossibility of systematic consideration of the problem. Conditions that change depending on alternations in the cadastral parcel attribute values prevent its stochastic description. A frequent case is the insufficient number of recorded input data required for the quality implementation of quantitative analysis, the results of which depend only on the modeling of the data ratio of the available input set. Based on the above, there is a need to apply a model built on the experience of experts that offers the possibility of detailed description and analysis of complex interactions between input and output data.



This approach of classifying cadastral parcels could also be applied to the valuation of urban land, with the establishment of specific criteria for each task. However, based on these shortcomings, and taking into account the fact that the valuation of urban land (during urban renewal) is a much more specific procedure than the valuation of agricultural land, this study proposed an approach to objectify the process while increasing the accuracy of valuation.



To realize these requirements, an expert system based on fuzzy logic was selected. Its central part is its knowledge base, which was created based on expert assessment of the impact of different input variables (cadastral parcel attributes) on the output variable (expressed in the form of logical rules in the rule base). Given the complexity of the procedure due to a large number of input variables and the extensive rule base, the procedure was optimized by introducing weighting coefficients to shorten the time of defining the rule base, as well as maintaining consistency when defining rules of many different combinations of input variables and output variable fuzzy sets. A set of linear functions and nonlinear value functions for standardizing the ratings of alternatives for the seven defined comparison criteria. Defining weighting coefficients for optimizing the rule base and linear functions and nonlinear value functions for standardizing demonstrate how expert knowledge is included in the evaluation process. By applying the newly formed ES in the bonitet assessment, with the created base of expert knowledge, the processes of estimating attribute values have been improved, especially in the form of reducing estimation uncertainty (crisp class boundaries are replaced by fuzzy boundaries, as well as increasing objectivity by involving more experts in research).



The initial questions were confirmed and the final conclusions were given:



1. Is it possible to develop a model that will provide an approach to the valuation of existing urban land parcels, with a view to a fairer reallocation process?



The authors proposed a unique model of urban land valuation for the purpose of implementing the reallocation process in urban renewal. A review of the existing scientific and professional literature did not find a procedure that would be applicable in its original or modified form during the implementation of urban consolidation (or its specific form of urban renewal). The conclusion was that there is still no system that would provide support in solving such a complex task. MB was realized as a fuzzy expert system. The advantages of fuzzy logic are the ability to monitor small changes of input parameters and their interactions based on the expert definition of membership functions and inference rules that logically connect input and output data. The output crisp value is one of the data based on which a plan for reallocating private owners is proposed and adopted. The proposed approach provides a fairer allocation of private owners because each stakeholder can gain insight into the whole process thus gaining confidence in the protection of their property rights.



2. Is it possible to develop a flexible model that will be able to adapt to another research area?



The proposed model is flexible because it allows adaptation to a specific task. Apart from urban renewal, it can also be used in land valuation and in other specific urban consolidation procedures, as well as in the valuation of agricultural land. The logic of the model allows easy addition or removal of certain criteria as well as modification of the knowledge base with respect to a specific problem. If there is a requirement to expand the whole system, experts from the field of research should be included in the modification of the knowledge base again.



3. Is it possible to increase objectivity when adopting a reallocation plan?



The proposed model primarily provides an opportunity for an objective approach to the problem, which is achieved by involving a group of experts in the field of research, reducing uncertainty in the evaluation of urban land parcels, and giving equal access to each stakeholder in the urban renewal process.



By satisfying the set supportive questions/goals, it can be concluded that the hypothesis has been confirmed. The proposed approach provide the improvement of urban renewal planning by appropriate design of the model to assess the bonitet of cadastral parcels based on fuzzy expert system. Future research will certainly go in the direction of developing an overall reallocation system that will suggest an interaction between model to assess the bonitet of cadastral parcels (MB), the real estate valuation model (MRE), and the preferences of private parcels owners. Each of these components has been developed separately, but the task remains on the development of a system that will automatically propose a future urban spatial plan. Equally, the collection of preferences of private owners would go in the direction of developing the application in which they would, in addition to insight into the current situation and appraisal of their own real estate, express their own preferences by accessing the created questionnaire. The development of large public projects is most often realized over many years, so in addition to the spatial component, it is necessary to include the time component in the entire system. Real estate values change over time, so the question arises as to how to propose allocation plans: before the start of urban renewal or at different time intervals? Kilic et al. proposed a methodology when valuing agricultural land, but there is certainly space left for the development of system components that would be applicable during agricultural land consolidation (integration of preferences of private owners, real estate valuation, and bonitet of cadastral parcels).
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Figure 1. Urban consolidation in the function of urban development of settlements. 
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Figure 2. Urban renewal. 
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Figure 3. Model to assess the private cadastral parcels bonitet. 
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Figure 4. The University of Split Campus in the city of Split, Republic of Croatia. 
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Figure 5. Input and output variables to estimate of cadastral parcel bonitet. 
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Figure 6. Graph of a piecewise linear area function. 
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Figure 7. Graph of the value function of the orientation. 
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Figure 8. Graph of the linear function of the distance from the main roads. 
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Figure 9. The graph of the linear slope function. 
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Figure 10. Graph of the value function of cadastral parcel compactness. 
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Figure 11. Graph of number of boundary points value function [37]. 
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Figure 12. MFs of the input variable “Construction utility”. 
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Figure 13. MFs of the input variable “Orientation”. 
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Figure 14. MFs of the input variable “Road access”. 
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Figure 15. MFs of the input variable “Distance from the main roads”. 
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Figure 16. MFs of the input variable “Slope”. 
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Figure 17. MFs of the input variable “Shape”. 






Figure 17. MFs of the input variable “Shape”.



[image: Land 10 00009 g017]







[image: Land 10 00009 g018 550] 





Figure 18. MFs of the input variable “Compliance between cadastre and land registry”. 
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Figure 19. MFs of the output variable “Bonitet”. 
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Figure 20. Bonitet values of private cadastral parcels in the project area of the University of Split Campus. 






Figure 20. Bonitet values of private cadastral parcels in the project area of the University of Split Campus.



[image: Land 10 00009 g020]







[image: Table] 





Table 1. Ranges of slope orientation values towards the sides of the world [33].
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	Side of the World
	Class (°)





	Flat area
	−1



	North
	(0–22.5)



	North-East
	(22.5–67.5)



	East
	(67.5–112.5)



	South-East
	(112.5–157.5)



	South
	(157.5–202.5)



	East-West
	(202.5–247.5)



	West
	(247.5–292.5)



	North-West
	(292.5–337.5)



	North
	(337.5–360)
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Table 2. Index of compactness, index of rugosity, index of the number of boundary points, and the index of shape.
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	Cadastral Parcel ID
	       I ′    c o m  p j       
	         ′    r u g o s i t  y j       
	       I ′    b o u n d . p o i n  . j       
	       I ′    s h a p  e j       





	6505/1
	0.4122
	1.0000
	1.0001
	0.6031



	6505/2
	0.9727
	0.6260
	0.9938
	0.6481



	6541/1
	0.3709
	0.3223
	0.9397
	0.4082



	6545
	0.9857
	0.1040
	0.9800
	0.5174



	6541/2
	0.4356
	0.0000
	1.0001
	0.3589



	6523
	0.8125
	1.0000
	1.0000
	0.7031



	6536/2
	0.1626
	0.0020
	0.8742
	0.2597



	6535/1
	0.9035
	0.0020
	0.9652
	0.4677



	6535/2
	0.9236
	0.6260
	0.9994
	0.6373



	6535/3
	0.6146
	0.1040
	0.9711
	0.4224
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Table 3. Standardized results of cadastral parcels.
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	Cadastral Parcel ID
	Construction Utility
	Orientation
	Road Access
	Distance from the Main Roads
	Slope
	Shape
	Compliance between Cadastre and Land Registry





	6505/1
	0.0620
	0.9831
	1
	0.4650
	1.0000
	0.6031
	0



	6505/2
	0.8170
	0.9831
	1
	0.4600
	1.0000
	0.6481
	0



	6541/1
	0.4745
	0.9812
	0
	0.8660
	0.7031
	0.4082
	1



	6545
	0.8245
	0.9907
	1
	0.8870
	1.0000
	0.5174
	1



	6541/2
	0.0790
	0.9835
	1
	0.8600
	0.7148
	0.3589
	0



	6523
	0.6985
	0.9831
	0
	0.5520
	1.0000
	0.7031
	0



	6536/2
	0.8210
	0.9831
	1
	0.8920
	1.0000
	0.2597
	1



	6535/1
	0.8490
	0.9959
	0
	0.8070
	0.9802
	0.4677
	1



	6535/2
	0.8498
	0.9937
	0
	0.8070
	0.8031
	0.6373
	1



	6535/3
	0.8503
	0.9754
	0
	0.8900
	0.7163
	0.4224
	1
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Table 4. Defining fuzzy sets and values of the linguistic variable “Construction utility”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Construction Utility”





	mf1
	(0, 0, 0.1)
	cadastral parcel is not constructionally usable (very small area)



	mf2
	(0, 0.1, 0.45)
	cadastral parcel usable only for buildings in a row (small area)



	mf3
	(0.1, 0.45, 0.8)
	cadastral parcel usable for buildings in row and double buildings (medium area)



	mf4
	(0.45, 0.8, 0.9)
	cadastral parcel usable for all types of buildings—1st level of evaluation of construction utility for independent buildings (moderately large area)



	mf5
	(0.8, 0.9, 1)
	cadastral parcel usable for all types of buildings—2nd level of evaluation of construction utility for independent buildings (large area)



	mf6
	(0.9, 1, 1)
	cadastral parcel usable for all types of buildings—3rd level of evaluation of construction utility for independent buildings (very large area)
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Table 5. Defining fuzzy sets and values of the linguistic variable “Orientation”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Orientation”





	mf1
	(0, 0, 0.25)
	north-facing cadastral parcel (very poor orientation)



	mf2
	(0, 0.25, 0.50)
	cadastral parcel oriented to the northeast or northwest (poor orientation)



	mf3
	(0.25, 0.50, 0.75)
	cadastral parcel oriented to the east or west (medium good orientation)

land parcel oriented to the east or west (middle orientation)

land parcel oriented to the southeast or southwest (good orientation)

south-facing plot of land (excellent orientation)



	mf4
	(0.50, 0.75, 1)
	cadastral parcel oriented to the southeast or southwest (good orientation)



	mf5
	(0.75, 1, 1)
	south-facing cadastral parcel (excellent orientation)
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Table 6. Defining fuzzy sets and values of the linguistic variable “Distance from the main road”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Distance from the Main Road”





	mf1
	(0, 0, 0.2)
	very great distance



	mf2
	(0, 0.2, 0.4)
	great distance



	mf3
	(0.2, 0.4, 0.6)
	medium distance



	mf4
	(0.4, 0.6, 0.8)
	moderately small distance



	mf5
	(0.6, 0.8, 1)
	small distance



	mf6
	(0.8, 1, 1)
	very small distance
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Table 7. Defining fuzzy sets and values of the linguistic variable “Slope”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Slope”





	mf1
	(0, 0, 0.2893)
	abrupt slope



	mf2
	(0, 0.2893, 0.5154)
	extremely steep slope



	mf3
	(0.2893, 0.5154, 0.6769)
	very steep slope



	mf4
	(0.5154, 0.6769, 0.7738)
	steep slope



	mf5
	(0.6769, 0.7738, 0.8707)
	moderately steep slope



	mf6
	(0.7738, 0.8707, 1)
	moderately mild slope



	mf7
	(0.8707, 1, 1)
	very mild slope
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Table 8. Defining fuzzy sets and values of the linguistic variable “Shape”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Shape”





	mf1
	(0, 0, 0.2)
	very irregular shape



	mf2
	(0, 0.2, 0.4)
	irregular shape



	mf3
	(0.2, 0.4, 0.6)
	medium irregular shape



	mf4
	(0.4, 0.6, 0.8)
	moderately regular shape



	mf5
	(0.6, 0.8, 1)
	regular shape



	mf6
	(0.8, 1, 1)
	very regular shape
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Table 9. Defining fuzzy sets and values of the linguistic variable “Bonitet”.
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	MF
	Construction Utility Fuzzy Sets
	Values of the Linguistic Variable “Bonitet”





	mf1
	(0, 0, 0.1)
	extremely low bonitet value



	mf2
	(0, 0.1, 0.2)
	distinctly low bonitet value



	mf3
	(0.1, 0.2, 0.3)
	very small bonitet value



	mf4
	(0.2, 0.3, 0.4)
	small bonitet value



	mf5
	(0.3, 0.4, 0.5)
	moderately small bonitet value



	mf6
	(0.4, 0.5, 0.6)
	average bonitet value



	mf7
	(0.5, 0.6, 0.7)
	moderately high bonitet value



	mf8
	(0.6, 0.7, 0.8)
	high bonitet value



	mf9
	(0.7, 0.8, 0.9)
	very high bonitet value



	mf10
	(0.8, 0.9, 1.0)
	distinctly high bonitet value



	mf11
	(0.9, 1.0, 1.0)
	extremely high bonitet value
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Table 10. Part of fuzzy rules with a definition of weighting coefficients (cadastral parcel 6505/1).
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	W
	9
	
	1
	
	8
	
	3
	
	4
	
	6
	
	2
	sum
	33
	





	W’
	0.2727
	
	0.0303
	
	0.2424
	
	0.0909
	
	0.1212
	
	0.1818
	
	0.0606
	sum
	1
	



	MF
	6
	
	5
	
	2
	
	6
	
	7
	
	6
	
	2
	
	
	



	
	A’
	
	O’
	
	RA
	
	DMR’
	
	S’
	
	I’shape
	
	CCLR
	
	Bonitet
	tg



	IF
	1
	&
	4
	&
	2
	&
	3
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5318



	IF
	2
	&
	4
	&
	2
	&
	3
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5864



	IF
	1
	&
	5
	&
	2
	&
	3
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5394



	IF
	2
	&
	5
	&
	2
	&
	3
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5939



	IF
	1
	&
	4
	&
	2
	&
	4
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5500



	IF
	2
	&
	4
	&
	2
	&
	4
	&
	7
	&
	4
	&
	1
	THEN
	7
	0.6045



	IF
	1
	&
	5
	&
	2
	&
	4
	&
	7
	&
	4
	&
	1
	THEN
	6
	0.5576



	IF
	2
	&
	5
	&
	2
	&
	4
	&
	7
	&
	4
	&
	1
	THEN
	7
	0.6121



	IF
	1
	&
	4
	&
	2
	&
	3
	&
	7
	&
	5
	&
	1
	THEN
	6
	0.5682



	IF
	2
	&
	4
	&
	2
	&
	3
	&
	7
	&
	5
	&
	1
	THEN
	7
	0.6227



	IF
	1
	&
	5
	&
	2
	&
	3
	&
	7
	&
	5
	&
	1
	THEN
	6
	0.5758



	IF
	2
	&
	5
	&
	2
	&
	3
	&
	7
	&
	5
	&
	1
	THEN
	7
	0.6303
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Table 11. Bonitet values of private cadastral parcels.
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	ID
	Bonitet
	ID
	Bonitet
	ID
	Bonitet
	ID
	Bonitet





	6505/1
	0.537
	6565/1
	0.875
	6598/14
	0.471
	6565/9
	0.625



	6505/2
	0.756
	6565/2
	0.688
	6598/15
	0.653
	6565/10
	0.614



	6541/1
	0.520
	6565/3
	0.537
	6528/1
	0.748
	6565/11
	0.656



	6545
	0.787
	6565/4
	0.632
	6528/2
	0.552
	6565/12
	0.582



	6541/2
	0.415
	6565/5
	0.805
	6528/3
	0.685
	6565/13
	0.385



	6523
	0.650
	6565/6
	0.806
	6528/4
	0.554
	6536/1
	0.720



	6523
	0.729
	6565/7
	0.767
	6528/5
	0.501
	6519
	0.595



	6535/1
	0.688
	6537/1
	0.817
	6528/6
	0.665
	6518
	0.534



	6535/2
	0.675
	6633/1
	0.559
	6528/7
	0.659
	6515/2
	0.466



	6535/3
	0.594
	6633/2
	0.497
	6528/8
	0.354
	6515/3
	0.499



	6566/2
	0.900
	6542/1
	0.644
	6513/1
	0.478
	6565/14
	0.498



	6550
	0.783
	6542/2
	0.506
	6513/2
	0.474
	6552/2
	0.824



	6543
	0.769
	6551/3
	0.650
	6538/1
	0.782
	6566/3
	0.512



	6551/1
	0.672
	6551/2
	0.709
	6539/1
	0.682
	6552/3
	0.524



	6516
	0.660
	6538/2
	0.697
	6539/2
	0.789
	13662/2
	0.557



	6520
	0.780
	6565/8
	0.621
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