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Abstract 
This study presents an approach for integrating GIS with fuzzy logic multi-criteria evaluation for locating emergency 
facilities in Istanbul region. In the proposed fuzzy logic model, six influencing criteria were fuzzified (or standardized) 
into appropriate fuzzy membership values by a semantic import (SI) procedure that relied on expert input to define 
values of criteria suitability. Using these appropriate fuzzy membership functions, values ranging from 0 to 1 were then 
assigned to each criterion in a GIS environment. Based on these analyses, the criteria layers were subsequently 
aggregated using the fuzzy OR and AND overlay operators and reclassified to produce a final raster suitability map of 
Istanbul that could be visualized to show favourable areas for new emergency facilities. The research result provided a 
model that could be used by decision-makers for enhancing the planning of emergency facility locations and supporting 
fire disaster mitigation efforts in parallel with future urban growth and developments. 
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1. INTRODUCTION 

Urban population growth and infrastructural expansion in tandem with human activities have had wide-ranging impacts 
on urban environments, worldwide (Dociu and Dunarintu, 2012). Prime among these impacts negatively affecting the 
sustainable development of urban regions is the increased risk of fires and the occurrence of fire-related incidences in 
Istanbul, a commercial and cultural centre of Turkey. Istanbul has a population of 15,519,267 people accounting for 
about a fifth of the country’s total population and a large population density of 2,869 people/km2 registered in the last 5 
years (TUIK 2019). Fire incidences surpassing 58,000 have been experienced in the province that had average response 
times of more than five minutes (IMM 2016). This study, therefore, suggests the use of GIS-based fuzzy logic multi-
criteria analytical methods for land-use suitability analysis of selecting new emergency facilities in Istanbul province. 

Combined usage of Multi-Criteria Decision Analysis (MCDA) techniques and Geographic Information Systems (GIS), 
hence referred to as GIS-MCDA, has been motivated by the need to enhance GIS capabilities for decision-making and 
planning (Sugumaran and Degroote, 2010). The GIS-MCDA integrates geographic data (input maps) and preferences of 
experts or decision-makers (DMs) to be processed into a decision (output) map (Malczewski 1999; Malczewski and 
Rinner, 2015). Over the years several multi-criteria or multi-attribute evaluation methods implemented in GIS for land-
use suitability assessment applications have included Weighted Linear Combination (WLC) or simple additive 
weighting (SAW) and its variations (Carver 1991; Eastman 1997), ideal point methods (Jankowski 1995), concordance 
analysis (Joerinet et al., 2001) and analytic hierarchy process (AHP) (Banai 1993; Nyimbili, Erden and Karaman 2018). 
In such methods, DMs or experts have been directly involved in assigning criteria weights to each attribute map layer 
for aggregation using overlay techniques to determine land-use suitability or composite (output) map layer. However, 
some limitations exist in the GIS-multicriteria evaluations in a decision-making procedure (Jiang and Eastman, 2000) 
such as the inaccuracy, imprecision, and ambiguity of the input-data (attribute values and expert preferences) that can 
be resolved by utilizing computational intelligence (AI) approaches, particularly, fuzzy logic (Malczewski 2004). 
Conventional land-use suitability analysis procedures have been criticized due to the unrealistic underlying assumptions 
that input data is crisp (precise) (Malczewski 2004). In complex real-world scenarios of land-use suitability analysis and 
decision-making, it is arduous to specify requisite precise mathematical information from conventional techniques 
based on Boolean algebra. For example, in many cases, attributes related to land use lack natural thresholds or 
constraints (cut-offs) that define distinct boundaries between suitable and unsuitable areas. There usually exists 
ambiguity, imprecision, and the assumption that criterion weights are provided in numerical form (contrary to linguistic 
variables that indicate the importance of weights) when defining such thresholds. Therefore, fuzzy logic and fuzzy set 
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theory (Zadeh 1965; Fisher 2000) can address these issues associated with ambiguity, vagueness, and imprecision for 
resolving land use suitability-related decision-making problems (Malczewski 2004; Nyimbili and Erden, 2020). 

An extension of the classic binary logic is described by fuzzy logic and is characterized by the likelihood of defining 
sets without crisp boundaries or partial membership of elements belonging to a particular set (Zadeh 1965).  A fuzzy set 
is defined as a class of objects with members having degrees or grades of membership ranging between 0 and 1 whereas 
the classical set contains elements that must have a membership degree of either 0 or 1. The membership function is the 
underlying concept of fuzzy set theory and is represented numerically as the degree to which a specified element 
belongs to the set. The fuzzy set theory describes a framework for resolving uncertainty related to vagueness, 
imprecision, and lack of information. Three (3) methods for fuzzy membership definition include the semantic import 
model, similarity relation model, and experimental analysis (Burrough and McDonnell, 1998; Fisher 2000). The 
semantic import model uses some form of expert knowledge to assign a membership relative to a property measurement 
while a similarity relation procedure runs data searches for fuzzy membership based on pattern recognition algorithms. 
Additionally, experiments involving humans can be used to empirically identify membership functions.  

Several GIS-based studies utilizing the concept of fuzzy logic and membership function have been reviewed in the 
literature involving site selection, risk susceptibility mapping and groundwater quality assessment (Ahmed, Rogers and 
Ismail, 2014; Alves et al., 2018; Charnpratheep, Zhou and Garner, 1997; Çakıt and Karwowski, 2018; Loro et al., 2016; 
Soroudi et al., 2018; Venkatramanan et al., 2015). To the best of our knowledge, no research applying fuzzy logic 
spatial multi-criteria evaluation techniques has ever been undertaken within the domain of emergency facility selection 
and suitability analysis for Turkey and Istanbul, in particular. Several advantages of applying fuzzy logic over 
conventional methods as applied to spatial decision-making problems and land suitability modelling have been stated by 
some researchers (Hall et al., 1992; Burrough and McDonnell, 1998; Fisher 2000). Burrough and McDonnell (1998) 
recommended the use of fuzzy membership procedures as ideal for boundary delineation between diverse land-use 
suitability classes. The authors demonstrated the resultant effects of information loss and an increase in the likelihood of 
errors when a spatial decision problem comprises imprecise data in conventional methods. Castanho (2005) further 
reinforced the advantages of using fuzzy logic as being able to mathematically model inaccurate information from 
natural to human language and the use of values without specifying rigid thresholds between classes.  The preservation 
of complete partial membership information while considering the uncertainty and imperfections is characteristic of the 
fuzzy logic approaches. 

This paper, therefore, proposes the use of a fuzzy-oriented GIS-based multi-criteria analysis approach and fuzzy overlay 
analysis for suitability mapping of new emergency facilities in Istanbul province. 

 

2. RESEARCH METHODOLOGY 

2.1 Criteria selection, data collection and processing 

Based on a previous study by Erden and Coskun (2010) that utilized the AHP method, as well as a literature and project 
report review (Gay and Siegel, 1987; IMM 1989; Johnston 1999) six criteria/attributes were established as influencing 
factors for suitability mapping of new emergency facilities in Istanbul province. These selected attributes were the 
distance from existing emergency/fire facilities (DEF), closeness or nearness to main roads (NMR), distance from 
earthquake risk-prone areas (DER), high population density (HPD), hazardous material density (HMD) and wooden 
building density (WBD). Most of the representative attribute data were collected from the Istanbul Metropolitan 
Municipality Fire Department and were in vector-based polygon data. Using ESRI ArcGIS software, these data were 
processed, standardized (fuzzified), and analysed in raster criteria map layer formats per sub-district area of Istanbul to 
a spatial cell resolution of 50 x 50 m2. Fuzzy overlay analysis was performed to aggregate the fuzzified criteria map 
layers into a fuzzy suitability map. Subsequently, defuzzification was carried out by a reclassification using the natural 
breaks (Jenks) classifier and converted into a conventional final suitability map for selecting new emergency facilities 
of Istanbul. 

2.2 Conceptual flow chart 

Implementation of the GIS-based fuzzy logic suitability modelling approach was conducted in a fuzzy expert system 
that involved expert knowledge in the structuring of the system elements. A fuzzy system is a system containing some or 
all variables which are fuzzy sets (Klir and Yuan, 1995; Qiu et al., 2014). The conceptual flow chart of this fuzzy model 
as illustrated in Figure 1, comprises of the selection factors, a fuzzification or standardization procedure for fuzzy 
suitability membership derivation, a fuzzy inference process, a fuzzy suitability map, defuzzification by reclassification 
into a final conventional suitability map. 
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Figure 1. The conceptual model for the study 

Within the proposed fuzzy logic model, fuzzification is carried out to convert the selection factors under evaluation for 
suitability mapping of new emergency facilities into the relevant fuzzy set expressed by grades of membership of each 
land unit respective of the suitability class it belongs to. These fuzzy membership grades acquired for all the six 
established criteria were then aggregated into a fuzzy suitability map by a fuzzy inference process based on particular 
fuzzy rules. The aggregated fuzzy suitability map defined the overall measure of suitability for the distribution of the 
new emergency facilities, ensuring a continuous suitability domain across the entire study region. Such a fuzzy 
suitability map is said to be more informative than the conventional crisply-defined suitability/unsuitability map (Qiu et 
al., 2014). In a defuzzification procedure, the fuzzy suitability map may be converted to a conventional suitability map 
with clearly defined boundaries.  

2.3 Implementation of the fuzzy logic model approach 

As earlier discussed, the fuzzification process is a form of standardization that converts raw criteria measurements into 
fuzzy membership grades based on fuzzy membership functions defined by an expert for each suitability index ranging 
from values between 0 and 1. In this study, the semantic import (SI) method was selected as appropriate to evaluate the 
fuzzy membership functions due to the non-availability of training data and the convenience of having a general idea of 
boundary definition of suitability classes based on expert knowledge (Burrough and McDonnell, 1998). Although 
difficult to precisely define criteria thresholds of suitability values using the SI approach, the previous study by Erden 
and Coskun (2010) provided a rationale for delineating the associated suitability boundaries between classes. 

Using the fuzzy logic analyses functionality in ArcGIS software, fuzzy membership functions were assigned to the 
relevant attribute values in the criteria map layers between 0 and 1 and the fuzzy overlay tool was used to merge the 
multiple fuzzy membership result maps into a composite fuzzy suitability index map (Caniani et al., 2011; Çakıt and 
Karwowski, 2018). The fuzzy overlay analysis utilizes the fuzzy logic concept and is applied in various GIS-based 
decision-making problems (Çakıt and Karwowski, 2018; Loro et al., 2016; Qiu et al., 2014; Venkatramanan et al., 
2015). The fuzzy overlay procedure permits analysis of the possibility of a phenomenon associated with multiple sets 
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and their inter-relationships in a multi-criteria overlay analysis in four key steps: collection/processing of source criteria 
map layers, fuzzy membership value assignment for each map layer, aggregation of the fuzzy criteria map layers into a 
fuzzy suitability map and result assessment (Çakıt and Karwowski, 2018). 

2.3.1 Fuzzy membership functions 

Comparing with conventional standardization procedures, a broader variety of suitability membership functions were 
reviewed for use with the semantic import (SI) method in this study to derive the fuzzy membership grades that 
included the sigmoidal shaped functions of fuzzy linear, fuzzy small and fuzzy large. A brief description and formula 
expression of these functions are given below (Raines, Sawatzky, and Bonham-Carter 2010). 

• Linear: An increasing linear or decreasing linear membership between two input values depicted by a 
linearized sigmoid shape.  

 

                                  𝜇𝜇(𝑥𝑥) = 0 𝑖𝑖𝑖𝑖 𝑥𝑥 < 𝑚𝑚𝑖𝑖𝑚𝑚, 𝜇𝜇(𝑥𝑥) = 1 𝑖𝑖𝑖𝑖 𝑥𝑥 > 𝑚𝑚𝑚𝑚𝑥𝑥,                                                                           (1) 

                           𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒 𝜇𝜇(𝑥𝑥) = (𝑥𝑥 − min)
(𝑚𝑚𝑚𝑚𝑥𝑥 − min)� , 

                            

                           where 𝑚𝑚𝑖𝑖𝑚𝑚 and 𝑚𝑚𝑚𝑚𝑥𝑥 are user inputs. 

 

• Small: Large membership for small input values represented by a sigmoid shape. 

 

                                                          𝜇𝜇(𝑥𝑥) = 1
1 + 𝑥𝑥𝑓𝑓1

𝑖𝑖2�
�                                                                                           (2) 

 

                            where user inputs 𝑖𝑖1 is the spread and 𝑖𝑖2 is the midpoint. 

 

• Large: Large membership for large input values represented by a sigmoid shape.  

 

                                                           𝜇𝜇(𝑥𝑥) = 1
1 + 𝑥𝑥−𝑓𝑓1

𝑖𝑖2�
�                                                                                        (3) 

 

                            where user inputs 𝑖𝑖1 is the spread and 𝑖𝑖2 is the midpoint. 

 

Table 1 shows the membership functions subjectively determined for modelling the selected criteria to define the fuzzy 
suitability membership grades used in this research.  
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Table 1. Fuzzy membership and respective minimum and maximum suitability values of the selected criteria  

Criteria 

Fuzzy membership 
function for 
fuzzification 

Minimum value of 
suitability 

Maximum value of 
suitability 

DEF (coverage area in 
minutes) Increasing linear 1 5 

NMR (metres) Decreasing linear 300 0 

DER (PGA values in g) Small 2.38 0.05 

HPD (people per hectare) Large 0 1,333.2 

HMD (no. of, per sub-
district) Large 0 153 

WBD (ratio of, per total 
building numbers) Large 0 1,781.8 

 

The representative fuzzy membership functions for the criteria are as illustrated in Figure 2 a) – f). 

 

                         a) DEF (increasing linear)                                                            b) NMR (decreasing linear) 

 

 

 

 

 

 

                              c) DER (small)                                                                                    c) HPD (large) 
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                               e) HMD (large)                                                                               f) WBD (large) 

Figure 2. Representative fuzzy membership functions for the a) DEF, b) NMR, c) DER, d) HPD, e) HMD and f) WBD 
criteria 

The fuzzy increasing linear function for the DEF criterion assigned high fuzzy membership to large user-specified 
travel distance values (in minutes) which increase at a constant rate while the fuzzy decreasing linear function for the 
NMR criterion assigned high fuzzy membership to small distance values (in metres) that decrease steadily. Small PGA 
(peak ground acceleration value in units of gravity) values for the fuzzy small function of the DER criterion were 
allocated high fuzzy membership. The fuzzy large function for the remaining HPD, HMD, and WBD criteria distributed 
high fuzzy membership to their respective large values.  

The corresponding fuzzified criteria map layers were as displayed in Figure 3 a) – f). 

 

 

                       a) Fuzzified DEF criterion map layer                                      b) Fuzzified NMR criterion map layer 
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                      c) Fuzzified DER criterion map layer                                        d) Fuzzified HPD criterion map layer 

 

 

                  e) Fuzzified HMD criterion map layer                                         f) Fuzzified WBD criterion map layer 

Figure 3. Fuzzified map layers for the a) DEF, b) NMR, c) DER, d) HPD, e) HMD and f) WBD criteria 

2.3.2 Fuzzy overlay operators 

The following fuzzy operators were reviewed for use as appropriate overlay aggregator types of each raster cell’s 
membership to the multiple input criteria map layers relative to the desired fuzzy suitability map output: Fuzzy OR, 
Fuzzy AND, Fuzzy PRODUCT, Fuzzy SUM, and fuzzy GAMMA (Raines, Sawatzky and Bonham-Carter 2010). 

1. Fuzzy OR 

The Fuzzy OR is a maximum operator described by the union function based on the Boolean OR logic, which 
takes the maximum (largest) membership value for a particular location of the output map layer.  

It is specified by the equation: 

 

                                                𝜇𝜇(𝑥𝑥) = 𝑀𝑀𝑚𝑚𝑥𝑥 (𝜇𝜇𝐴𝐴, 𝜇𝜇𝐵𝐵, 𝜇𝜇𝐶𝐶 , … )                                                                (4) 

 

where 𝜇𝜇(𝑥𝑥) indicates the degree of membership of 𝑥𝑥 in a specified map layer and 𝜇𝜇(𝐴𝐴),𝜇𝜇(𝐵𝐵),𝜇𝜇(𝐶𝐶) etc. 
are the membership values of the map layers 𝐴𝐴,𝐵𝐵,𝐶𝐶 at a particular location. 
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2. Fuzzy AND 

The Fuzzy AND is defined by the intersection function, given as the minimum (smallest) membership value 
for a particular location of the output map layer, expressed by the equation: 

 

                                                𝜇𝜇(𝑥𝑥) = 𝑀𝑀𝑖𝑖𝑚𝑚 (𝜇𝜇𝐴𝐴, 𝜇𝜇𝐵𝐵, 𝜇𝜇𝐶𝐶 , … )                                                                (5) 

 

3. Fuzzy PRODUCT 

The Fuzzy PRODUCT operator generates an output function at a particular location that is less than or equal to 
the given lowest function of all the input map layers and therefore has a decreasing effect because of the 
multiplication of each map layer’s membership value.  

It is given by the equation:  

 

                                                            𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ∏ 𝜇𝜇𝑖𝑖𝑛𝑛
𝑖𝑖=1                                                                  (6) 

 

where 𝜇𝜇𝑖𝑖  is the membership value of the ith map layer at a specified location and 𝑚𝑚 is the number of 
respective maps to be multiplied. 
 

4. Fuzzy SUM 

The Fuzzy SUM is complementary to the fuzzy product operator and can be described by the following 
equation: 

 

                                                    𝜇𝜇𝑠𝑠𝑝𝑝𝑠𝑠 = 1 −∏ (1 −𝑛𝑛
𝑖𝑖=1  𝜇𝜇𝑖𝑖)                                                              (7) 

 

where 𝑚𝑚 is the number of map layers to be integrated and 𝜇𝜇𝑖𝑖 is the membership value of the ith map layer. 
The combined effect of the input map layers is larger (or equal to) the largest membership value and therefore 
this operator has a resultant increasing effect at a defined location. 

 

5. Fuzzy GAMMA 

The Fuzzy GAMMA operator is an algebraic product of the two Fuzzy SUM and Fuzzy PRODUCT, which are 
both raised to the power of gamma therefore moderating the increasing and decreasing effects, respectively. 

The general form of the function is characterized by the equation: 

 

                                             𝜇𝜇𝛾𝛾 = (∏ 𝜇𝜇𝑖𝑖)1−𝛾𝛾𝑛𝑛
𝑖𝑖=1 .  (1 −∏ (1 − 𝜇𝜇𝑖𝑖))𝛾𝛾𝑛𝑛

𝑖𝑖=1                                          (8) 

 

where 𝛾𝛾 is a user input variable selected from the range [0, 1]. 

When the specified gamma is 1, the output is equivalent to the Fuzzy SUM and if gamma is 0, the combination 
is the same as Fuzzy PRODUCT. In-between values permit combinations between these two extremes, thereby 
establishing relationships between input criteria without returning the value of a single membership function as 
does either the Fuzzy OR and Fuzzy AND. Therefore, the optimization of membership combination can be 
achieved by the proper selection of the gamma. 

Fuzzy GAMMA can be used when values greater than Fuzzy PRODUCT but less than Fuzzy SUM are 
desired. 
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3. RESULTS AND DISCUSSION 

3.1 Development of the fuzzy overlay model  

The fuzzy overlay analysis was implemented in ESRI ArcGIS 10.3 software using the fuzzy membership tool for 
assigning appropriate ratings of 0 to 1 scale for the input criteria raster map layers based on the respective fuzzification 
algorithms. Aggregation of the multiple fuzzy membership result layers into the fuzzy suitability map was performed 
using the fuzzy overlay tool. Figure 4 shows the fuzzy logic model that was executed using the ModelBuilder application 
of ArcGIS for automating the sequences of geoprocessing tools and workflows. 

 

 

Figure 4. The fuzzy overlay model geoprocessing workflow for fuzzy suitability map generation 

In the fuzzy overlay analysis, as shown in Figure 4, the fuzzy AND operator was used to merge the fuzzified DEF, 
NMR, and DER criteria while the fuzzy OR operator was performed to combine the remaining HPD, HMD and WBD 
criteria. The selection of the appropriate combinations of fuzzy overlay operators was subjectively done based on the 
visual inference of outputs and how the evidence rasters interact. The use of these operators provided a greater 
flexibility level compared to the weighted-sum or weighted-overlay procedures because they allowed for the 
incorporation of greater sensitivity based on expert knowledge and inference of desired result rasters (Raines, Sawatzky 
and Bonham-Carter 2010). For the final procedure, the fuzzy AND operator was used to aggregate the preceding map 
results from both the fuzzy AND and OR operators to generate a fuzzy suitability map of new emergency facility 
locations. The fuzzy suitability result map produced in this process is illustrated in Figure 5. 
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Figure 5. Fuzzy suitability map  

As observed from the fuzzy suitability map, the fuzzy values ranging from 0 to 1, represent areas of lowest and highest 
suitability, respectively which also coincide with corresponding zones of lowest and highest risk of urban fires. This 
fuzzy map result indicated the continuous spatial variation of the suitability indices for new emergency facility sites as 
well as the potential urban fire risk phenomenon under investigation in this study. The fuzzy membership methodology 
was considered appropriate for boundary definitions between the suitability classes and as reiterated by Burrough and 
McDonnell (1998), is a better approach compared to conventional methods which tend to lose information and increase 
the likelihood of errors. This is characteristic of spatial problems involving imprecise data.   

3.2 Final suitability map of new emergency facilities 

Defuzzification procedure was executed using the reclassify tool, to convert the fuzzy scaled values of the map into a 
final suitability map with the new re-scaled range of crisp values that could be easier to visually interpret by most users. 
The natural breaks (Jenks) classifier method was used to classify the map into five class values ranging from 1 to 5, 
indicating the least and highest suitability, respectively as shown in Figure 6. 
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Figure 6. Final reclassified suitability map of new emergency facilities in Istanbul province 

From the final conventional suitability map shown in Figure 6, the clear-cut boundary class values labelled 1, 2, 3, 4, 
and 5 represent classes depicting suitability ranging from very low, low, medium, high, and very high respectively. 

Most of the areas with high suitability shown in yellow, orange, and red colour were concentrated around the most 
densely populated city centres of Istanbul. These are highly urbanized clusters of large commercial/industrial, trading 
and tourist activities that are prone to the risk of urban fire and are in urgent need of new emergency facilities for 
adequate fire protection and related services. Particularly, these potentially high-risk areas are situated in the district 
regions that include Fatih, Beyoğlu, Şişli on the European side of Istanbul while those on the Asian side consist of 
Üsküdar, Kadikoy and Ümraniye.  

4. CONCLUSIONS 

The potential of the use of fuzzy logic multi-criteria evaluation in a GIS-based suitability modelling framework has 
been demonstrated by mapping the optimal distribution of new emergency facility locations in Istanbul province to 
augment complex planning and decision-making processes. The fuzzy logic modelling procedures involved data 
collection and processing into criteria map layers, fuzzification (fuzzy membership assignment) of each raster criterion 
map layer, aggregation into a fuzzy suitability map by use of fuzzy overlay analysis using a fuzzy inference process, 
reclassification into a final suitability map and result evaluation.  

Visual interpretation of the final suitability map output indicates favourable locations for planning new emergency 
facilities distributed around the most densely populated and industrial zones of Istanbul. These areas ranging from 
moderate to very high suitability shown in corresponding yellow, orange, and red colours which also depict exposure to 
urban fire risk requiring urgent planning of new emergency facilities as a remedial action.   

The effectiveness of the use of the GIS-based fuzzy logic multi-criteria model approach that is easy to implement has 
been established in providing a suitability map. The model output could be used by decision-makers, planners and 
policy-makers to reliably and comprehensively plan for the necessary fire protection and emergency services as well as 
in solving spatial emergency facility location problems within the context of planned future urban growth. 
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